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Transgenic growth hormone mice (TGM) are a rec-
ognized model of accelerated aging with charac-
teristics including chronic oxidative stress, reduced
longevity, mitochondrial dysfunction, insulin resist-
ance, muscle wasting, and elevated inflammatory
processes. Growth hormone/IGF-1 activate the
Target of Rapamycin known to promote aging.
TGM particularly express severe cognitive decline.
We previously reported that a multi-ingredient die-
tary supplement (MDS) designed to offset five
mechanisms associated with aging extended lon-
gevity, ameliorated cognitive deterioration and sig-
nificantly reduced age-related physical
deterioration in both normal mice and TGM. Here
we report that TGM lose more than 50% of cells in
midbrain regions, including the cerebellum and

olfactory bulb. This is comparable to severe Alzhei-
mer’s disease and likely explains their striking age-
related cognitive impairment. We also demonstrate
that the MDS completely abrogates this severe
brain cell loss, reverses cognitive decline and aug-
ments sensory and motor function in aged mice.
Additionally, histological examination of retinal
structure revealed markers consistent with higher
numbers of photoreceptor cells in aging and sup-
plemented mice. We know of no other treatment
with such efficacy, highlighting the potential for
prevention or amelioration of human neuropatholo-
gies that are similarly associated with oxidative
stress, inflammation and cellular dysfunction. Envi-
ron. Mol. Mutagen. 57:382–404, 2016. VC 2016
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INTRODUCTION

The brain is particularly vulnerable to free radical dam-

age with its high content of unsaturated fatty acids, high

oxygen metabolism (20% of total body consumption) and

relatively low levels of endogenous antioxidants. Accumu-

lation of oxidative damage in post-mitotic neurons is a cru-

cial factor in normal brain aging, and contributes directly to

cognitive, motor and sensory impairments [Antier et al.,

2004; Mattson and Magnus, 2006; Wang and Michaelis,

2010; Yin et al., 2014]. This appears to be exacerbated in

many neurodegenerative diseases, many of which are also

associated with aging [Markebury and Carney, 1999, But-

terfield et al., 2001; Ma et al., 2003; Butterfield, 2014].

Mitochondrial dysfunction and oxidative metabolism

are principal sources of oxidative stress leading to neuro-

degeneration, although NAD(P)H oxidase and other sour-

ces of free radicals also contribute [Rollo, 2002; Sonta

et al., 2004; Cui et al., 2012; Gandhi and Abramov,
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2012]. Neurons have high energy demands (ATP con-

sumption) associated with membrane ionic pumps, chan-

nel activity, and synaptic transmission [Erecinska et al.,

2004; Du et al., 2008], which can lead to increased free

radical production. Elevation in free radicals can increase

levels of glutathione disulfide (GSSG) which inhibits the

thiol-dependent enzyme NADH dehydrogenase, causing a

mitochondrial complex I defect [Cohen et al., 1997].

Mitochondrial dysfunction can lead to neuronal degenera-

tion via impaired production of ATP (through disruption

of the electron transport chain (ETC)), increased genera-

tion of reactive oxygen species (ROS), altered calcium

homeostasis and excitotoxicity [Shigenaga et al., 1994,

Lenaz, 1998; Sastre et al., 2003; Reddy and Beal, 2008;

Hattingen et al., 2009; Bratic and Larsson, 2013; Yan

et al., 2013]. Brains of aged animals have significantly

higher levels of oxidized proteins and lipids, and reduced

protease activities compared to young animals [Keller

et al., 1997; Dei et al., 2002; Grimm et al., 2011].

Age-related functional loss is not limited to cognition

and physical activity. Aging is associated with rapid dete-

rioration of sensory and somatosensory functions includ-

ing vision, olfaction, and motor coordination [Wallace

et al., 1980; Cain and Stevens, 1989; Spear, 1993; Foster

et al., 1996; Bickford et al., 1999; Nakayasu et al., 2000;

Rawson, 2006]. While not inherently fatal these condi-

tions are associated with substantially elevated morbidity

and mortality [Schiffman et al., 1990; Struble and Clark,

1992; Ter Laak et al., 1994; Devanand et al., 2000; Gir-

ardi et al., 2001; Schiffman et al., 2002; Tan et al., 2008;

Li et al., 2010; Baba et al., 2012; Doty, 2012], and

obvious impacts on quality of life.

Age-related deterioration of motor coordination is a

major cause of falls in the elderly, exacerbated by bal-

ance, arthritis, and declining physical strength [Girardi

et al., 2001]. Olfaction is of unique clinical importance,

as olfactory deficits precede and accurately predict onset

of debilitating neurodegenerative conditions such as

dementia, Alzheimer’s and Parkinson’s [Struble and

Clark, 1992; Devanand et al., 2000; Schiffman et al.,

1990, 2002; Li et al., 2010; Ter Laak et al., 1994; Baba

et al., 2012; Doty, 2012].

Regardless of the current debate regarding the free rad-

ical theory of aging, we predicted a priori that our trans-

genic rat growth hormone mouse (TGM) would express

elevated free radical processes and that these would be

correlated to aging rates. Subsequent examination of lipid

peroxidation (LP) and superoxide radical (SO) found ele-

vated free radical processes in all tissues examined, par-

ticularly the brain [see Rollo et al., 1996; Carlson et al.,

1999; Hauck and Bartke, 2001]. Levels of SO and LP

also increased with age and was highly correlated to lon-

gevity [Rollo et al., 1996]. TGM are substantially larger

than normal mice (Fig. 1A), have reduced lifespan (50%

of normal siblings), early mitochondrial deterioration,

accelerated kidney and liver disease, and early onset of

symptoms resembling normal murine aging (Fig. 1B)

[Steger et al., 1993; Wolf et al., 1993; Meliska et al.,

1997; Ogueta et al., 2000]. These include reduced cellular

replicative potential, early reproductive senescence,

increasing tissue oxidative and nitrosative damage, arthri-

tis, reduced motor activity, cataracts, sarcopenia, kypho-

sis, and altered fur quality [Bartke et al., 2002; Bartke,

2003; Lemon et al., 2005; Aksenov et al., 2010, 2013;

Long et al., 2012].

Young TGM (<7 mo.) have vastly superior cognition

than normal mice, learning an eight-choice radial maze in

roughly half the trials required by age-matched normal

mice (many of which did not learn at all) [Rollo et al.,

1999; Lemon et al., 2003]. However, cognitive abilities

of TGM rapidly deteriorated and by 11 months of age,

most were unable to learn the maze. The performance of

normal mice is essentially unchanged across the same age

range [Lemon et al., 2003; Long et al., 2012; Aksenov

et al., 2013]. Increasing levels of ROS, low-level inflam-

mation, impaired energy supply, loss of membrane fluid-

ity and mitochondrial dysregulation are all common

features of normal brain aging and neuropathologies

[Lyras et al., 1997; Mattson et al., 1999; Butterfield et al.,

2001; Mutlu-Turkoglu et al., 2003; Sastre et al., 2003;

Antier et al., 2004]. We hypothesized that an intervention

targeting multiple cellular processes might ameliorate pre-

mature aging in TGM and associated pathologies. Specific

development and testing of multipurpose, multi-ingredient

supplements is lacking. Most scientific studies examine

one or only a few ingredients at a time (usually antioxi-

dants or anti-inflammatories), which precludes obtaining

the benefits of synergistic or interactive effects which

may emerge in more complex formulations. We employed

a multiple ingredient dietary supplement (MDS) designed

to specifically target five critical processes associated

with aging [Lemon et al., 2003, Aksenov et al., 2010,

2013, Long et al., 2012]. Ingredients and dosages have

been described [Lemon et al., 2003, 2005]. The dietary

supplement completely abolished the age-related cogni-

tive decline in TGM. Remarkably, MDS supplemented

older TGM had significantly better maze performance

than younger control TGM and more than 2-fold faster

task learning than normal mice. TGM cognitive decline

was not only prevented, but augmented by the MDS. The

MDS supplement also benefited older normal mice (>24

mo.) [Lemon et al., 2003, Long et al., 2012, Aksenov

et al., 2013]. Increases in mean and maximal longevity

were also observed in supplemented TGM and normal

mice [Lemon et al., 2005]. Even in advanced ages, MDS

supplemented mice exhibited youthful cognitive and

motor abilities [Lemon et al., 2003, 2005, Aksenov et al.,

2010, 2013]. While intensity of physical activity was

reduced with age, the duration of daily locomotion was

unchanged from youth well into oldest ages (Aksenov
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et al., 2010). Thus, mice appear to retain the capacity for

youthful cognitive functionality, and to a large degree,

youthful motor abilities into advanced ages. Improved

cognition and physical abilities in supplemented animals

were attributed to reduced oxidative and nitrosative dam-

age and enhanced mitochondrial activity in MDS treated

animals [Lemon et al., 2003; Aksenov et al., 2010; Long

et al., 2012].

In previous work, we showed that age-related cognitive

and motor declines could be prevented or delayed by die-

tary supplementation. We postulated that, due to the

chronic oxidative stress experienced by TGM, increased

brain cell loss, likely through apoptosis, was a likely

mechanism underlying dramatic age-related cognitive

decline. Given that the MDS abolishes the early cognitive

decline in TGM, we speculated there would be a reduc-

tion in apoptotic cell loss in older TGM on the dietary

supplement. In the present work, we also examined

whether benefits of the MDS extended to sensory and

behavioral function in aging mice. Mice were subjected

to a battery of tests to assess motor coordination, vision,

olfaction, emotionality and contextual discrimination.

Remarkably, MDS supplemented mice showed significant

improvements on virtually all aspects examined.

MATERIALS ANDMETHODS

Animals

Heterozygous TGM males were mated to normal (Nr) females yield-

ing equal numbers of TGM and Nr offspring of similar genetic back-

ground. Heterozygote TGM were distinguishable from their normal

littermates by their larger size and phenotypic alterations at 28 d of age.

Mice were maintained in standard housing cages on a 12 : 12 h light:-

dark photoperiod at 22 6 28C. Food and water were supplied ad libitum.

Lifespan of our untreated Nr and TGM mice are consistent with pub-

lished lifespan of this mouse strain [Hauke et al., 2001; Bartke et al.,

2003; Lemon et al., 2008]. All procedures and protocols were approved

by McMaster University Animal Research Ethics Board and adhered to

the Canadian Council on Animal Care. Genders, genotypes, ages and

numbers of mice used in various studies are indicated as appropriate.

Multi-Ingredient Dietary Supplement

The MDS was designed to simultaneously ameliorate key processes

implicated in aging (oxidative stress, inflammatory processes, insulin resist-

ance, and membrane and mitochondrial deterioration). Materials were cho-

sen based on documented effectiveness for one or more of the targeted

features and could be safely taken orally. Dosages for the mice were refor-

mulated based on amounts commonly recommended for humans. Dosages

were adjusted for the smaller body size of the mice and increased by a fac-

tor of 10 based on the higher gram-specific metabolic rate (and conse-

quently faster utilization and turnover) of mice compared to humans

[Calder, 1984]. Biological actions of individual components have been pre-

viously summarized [Lemon et al., 2008]. The supplement was prepared in

liquid form and a 0.4ml volume was soaked into a 1 cm x 1.5 cm x 1 cm

piece of bagel and allowed to dry. Each mouse received 1 piece of dried

bagel with or without MDS, daily (midway through the photoperiod). The

bagel pieces were rapidly eaten by the mice within 20 min, ensuring mice

obtained full and equivalent doses. The formulation of the supplement has

been previously published [Lemon et al., 2003, 2005] and was maintained

for the duration of the study. At weaning mice were randomly assigned to

either MDS supplemented or untreated group. MDS mice were treated

daily from weaning throughout the lifespan of the animals.

Somatosensory Tests

The severity of age-related losses in motor coordination and overall

mobility of older TGM mice makes quantification of somatosensory defi-

cits difficult to delineate from impaired motor function [Lemon et al.,

2005], as such all somatosensory tests were conducted on Nr males and

females up to 2 years old.

Landing Response

Mice were held by the base of the tail and lowered onto a flat sur-

face, 3cm short of contact. Mice with intact vestibular function extend

their forepaws in anticipation of landing.

Fig.1. A: Young adult TGM (left side) and normal mouse (age-matched)

illustrates typical body size difference between strains, B) 12-month-old

TGM (diet supplemented mouse on right) displaying dramatic improve-

ment of body condition in supplemented old TGM; note difference in

hunching, fur quality and wasting (coat colour is not related to trans gene

or supplement).
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Negative Geotaxis

Similar to the landing response, this test assesses vestibular function

[Szechtman, 1988]. Mice were placed on a 30� inclined plane facing

down. Mice with uncompromised vestibular function quickly orient their

body position to face upward.

Visual Placing

This test has been used previously to grossly assess vision [Chaudhry

et al., 2008]. Mice held by the base of the tail were lowered past a black

table edge, far enough to prevent vibrissae contact. Mice with intact

vision reach for the table edge with their front paws.

Visual Acuity

Based on the principle underlying the visual placing test, a more pre-

cise assay for measuring visual acuity was developed. Instead of a single

visual cue, this test uses an array of increasingly more challenging visual

cues. Mice were suspended by the base of the tail and repeatedly low-

ered past a black horizontal wire at a distance of 5cm (to avoid vibrissae

contact). If able to see the wire, mice reached towards it with the fore-

paws. Lack of a reaching response on five consecutive attempts indi-

cated that mice were unable to see the wire. The next set of challenges

consisted of decreasing wire thickness, background contrast (i.e., white

or black background) and room lighting. Specifically, mice were chal-

lenged in bright illumination with: (a) 5 mm wire suspended over white

background, (b) 5 mm wire suspended over black background, (c) 1 mm

wire suspended over black background, (d) 0.5 mm wire suspended over

black background, (e) 0.5 mm wire suspended over black background in

dim light, and (f) 0.5 mm wire suspended over black background in near

darkness. Mice were tested in order of least to most challenging test

with 30 min inter-trial intervals.

Olfactory Sensitivity

Test protocols were adopted from Witt et al., [2009]. Three serial

dilutions were prepared by diluting 1.25, 2.50, and 5.00 mg of peanut

butter in mineral oil to a final volume of 100 ml. A fourth blank dilution

(mineral oil only) was used as a negative control. Mice were placed

individually placed in a 28 3 16 3 12 cm plastic enclosure and accli-

mated for 30 min. A camera was set up to record behavior. Just prior to

starting a trial, 1 ml of a peanut butter dilution was pipetted onto a 3 3

3 cm filter paper square. The filter paper was sealed inside a small Petri

dish with several round holes to allow dispersal of scent and placed in

the enclosure. Each mouse was tested on all four peanut butter dilutions

in a random order with 2–3 days in between trials. Olfactory sensitivity

was assessed by scoring the time spent exploring the Petri dish (e.g.,

sniffing, licking, biting) in a 10 min time interval. All behavior was

video recorded from above.

Pinch Re£ex

Mice were lightly pinched by the hind paw. Mice with normal pain

sensation and reflexes immediately withdraw the paw.

Behavioral Experiments

Behavioral experiments were performed on both Nr and TGM mice

with ages representing the lifespan of the both groups of mice.

Open Field

The bright open field test was previously applied to assess emotional-

ity [Chaudhry et al., 2008]. A square arena 70 cm (w)370 cm

(l)345 cm (h) constructed from white Plexiglas was illuminated by two

100 W white lightbulbs. A 50 3 50 cm square in the middle and the

10cm wide outside border constituted “central” and “peripheral” zones,

respectively. Mice were placed individually in the central zone and vid-

eotaped from above for 5 min. Arena was cleaned with ethanol between

runs to remove any scent trails from previous trials. Image tracking soft-

ware (Noldus EthovisionVR ) was used to score variables: (a) latency to

exit central zone, (b) distance traveled in central zone (c) distance trav-

eled in peripheral zone, and (d) mean running velocity.

Step-DownTest

Mice were placed individually on top of a circular 10cm diameter

platform, 7 cm high. Initially, trials were conducted in bright illumina-

tion (two 100 W white lights), the test was repeated in dim lighting (sin-

gle 25 W red light), with one week between tests. Latency to step down

was recorded with a 10-min time limit.

Circle Run

This test was developed in our lab and was used to assess emotional-

ity in mice [Chaudhry et al., 2008]. Mice have an aversive response to

bright, open areas, eliciting anxiety-like behavior; whereas dim illumina-

tion allows for observation of active or exploratory behavior [Trullas

and Skolnick, 1993; Chaudhry et al., 2008]. A circular white arena 1 m

in diameter was surrounded by a shaded overhang 5 cm high and 20 cm

wide. A 7 cm diameter, 5 cm deep depression was fitted in the center of

the arena. Each mouse was placed in the depression and videotaped

from above, latency to climb out of cup with four paws, followed by

latency to reach the shaded overhang were scored. Mice were tested on

two separate trials, two weeks apart, first in bright, and then in dim

illumination.

Rotarod

This standard test assesses motor coordination and balance [Carter

et al., 2001]. Mice were individually placed on a horizontal 6cm diame-

ter plastic cylinder, rotating at 12 rev/min. Latency to fall onto a cush-

ioned landing pad was scored on three consecutive trails. Improvement

was assessed by subtracting latency to fall on first trial from the latency

on the last trial.

Cerebellum,Olfactory Bulb, and Retinal Histology

In mid-photophase, untreated (n 5 6) and MDS supplemented (n 5 6)

mice, aged 14–17 months were decapitated and brains and eyes were

removed. Cerebellum and olfactory bulbs were separated. All tissues

were placed in 10% formalin solution, processed overnight and embed-

ded onto paraffin blocks. Tissues were sliced at 5 lm on a microtome

and stained with H&E and Nissl stain.

Cerebellum

Thickness of molecular layer and granule cell layer was assessed in

Lobules II and III using ImageJ software. Number of Purkinje cells in

Lobules II and III were counted. Some studies estimated total cerebellar

cellularity by interpolation of counts from an array of sections spanning

the entire width of the cerebellum [Woodruff-Pak, 2006]. However, we

were only interested in the relative difference between treatment groups;

hence, a single representative inter-hemispheric sagittal section was suf-

ficient [Rogers et al., 1984].

Retina

Mid-sagittal sections of eye were used to measure the thickness of

the outer nuclear layer and the outer fragment layer in retina. Age-

related loss of photoreceptors is most prominent in the central retinal

portions; therefore, measurements were performed on retinal cross-

Environmental and Molecular Mutagenesis. DOI 10.1002/em

Multidietary Supplement Protects Sensory, Behavioral Brain Function in Aging Mice 385



sections 1,000 lm inferior and superior to the position of optical nerve

attachment.

Olfactory Bulb

One olfactory bulb from each animal was randomly chosen. Thick-

ness of the glomerular layer, external plexiform layer and counts of

mitral cells were performed. Strict criteria were employed in the identifi-

cation of mitral cells in the olfactory bulb (refer to Fig. 13 caption).

Brain Collection and Preparation for Apoptosis, Cell
Counts

Fifty-two mice were used for brain weight assessment. Mice were

assigned to one of 16 experimental groups. The mice were divided by

the following criteria (n 5 3-4/group); age: consisting of mice aged 3-4

months or mice aged 11-12 months (old based on TGM lifespan of 12

months, but middle-aged for normal mice), genotype: TGM or normal

isogenic control mice, and treatment: standard rodent chow or standard

chow plus MDS. The brains used for the brain weight study were har-

vested and immediately weighed on a precision balance (AB204-S, Met-

tler Toledo, Mississauga ON), placed in a cryovial (Nalge Nunc

International, Rochester NY), flash frozen in liquid nitrogen and stored

at 2808C. To determine if the apparent weight discrepancy in old

untreated TGM was due to cell loss by increased apoptosis, the brains of

48 mice were harvested for apoptosis and brain cell density study, n 5 3

in the same 16 experimental groups. The brains were harvested, cut in

half along the longitudinal axis and placed in 10% neutral buffered for-

malin within 2 min of dissection. The brain tissue was left in the fixative

and stored at room temperature for a minimum of one week prior to

embedding in paraffin. The brains were sectioned sagittally from the lon-

gitudinal cerebral fissure in 10 mm thick sections using a rotary micro-

tome (Riechert Scientific Instruments, Buffalo NY). Sequential tissue

slices were placed on microscope slides, from one side of the longitudi-

nal axis for each mouse covering lateral 0.15 to 0.85.

Apoptosis and Cell Density

Slides were prepared following the protocol provided in the

ApoptagVR Fluorescein kit (Serologicals, Temecula CA). Briefly, the tis-

sue sections were deparaffinized using xylene, followed by an ethanol

rehydration and 1 wash in room temperature phosphate buffered solution

(PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM

KH2PO4). The tissue was then pre-treated with 20mg/ml proteinase K

(Sigma-Aldrich, Oakville ON) for 10 min at room temperature, followed

by a wash in 2 changes of PBS. Excess liquid was removed from the tis-

sue sections by blotting and an equilibration buffer (supplied) was

applied directly to the slide and incubated for 30 sec. The excess liquid

was removed and the terminal deoxynucleotidyl transferase enzyme with

nucleotides and a digoxigenated cytosine (supplied) was applied directly

to the tissue and covered with a plastic coverslip.

The slides were incubated in a humidified chamber for 1 h at 378C.

Slides were then immersed in stop/wash buffer (supplied) for 10 min

and washed with 3 changes of PBS. The excess liquid was removed and

anti-digoxigenin-fluorescein (FITC) conjugate was applied to the tissue

sections, covered with a plastic coverslip and incubated at room temper-

ature in a humidified chamber for 30 min. Slides were washed in 4

changes of PBS, the excess moisture was removed and the slides were

allowed to air dry. The tissue sections were counterstained with 0.4mg/

ml 4’,6-diamidino-2-phenylindole (DAPI), a fluorochrome that binds to

double-stranded DNA, in Antifade
VR

(Serologicals, Temecula CA) and

mounted under a glass coverslip. The slides were analyzed on the Zeiss

Axiophot 2 image analysis system, using a 63x oil immersion objective

(total magnification: 630X). Slides were scored using a dual bandpass

filter designed to simultaneously view FITC (apoptotic DNA) and DAPI

(total DNA). Apoptotic nuclei were identified as positive for both the

DAPI counter-stain and FITC with the dual bandpass filter. Apoptotic

cells were confirmed by viewing the positive cells individually with sep-

arate FITC (ex. 490nm & em. 520nm) and DAPI (ex. 365nm & em

480nm) filters. Apoptotic positive cells were also confirmed morphologi-

cally having a nucleus that was homogenously staining and crescent

shaped and overall smaller cell size.

The cell density in the brains of TGM and age-matched normal mice

was scored by manually counting cell nuclei stained with DAPI. The

slides were counted at a magnification of 630X to aid in the morphologi-

cal identification of nuclei. Total cell numbers per field of view were

counted for the entire tissue section.

SPECTand PET Imaging

Twelve male mice ages 11 2 12 months were used for imaging in

four experimental groups; untreated Nr, untreated TGM, MDS-Nr,

MDS-TGM (n 5 3) Mice used for SPECT imaging were injected via tail

vein with approximately 15 MBq 99mTc-HMPAO. The compound was

allowed to circulate for 15 min, at which time the animals were sacri-

ficed and imaged overnight to maximize image resolution. SPECT scans

were acquired on an X-SPECT system (Gamma Medica, Northridge,

CA) using dual sodium iodide crystals in combination with low energy

pinhole collimators with 1 mm aperture and a radius of rotation of

3.5 cm. The SPECT scan consisted of thirty-two 15-min projections and

was followed immediately by the collection of four rotations of 1024 X-

ray projections for CT, also acquired on the X-SPECT system with X-

ray tube characteristics of 75 kVp and 220 mA.

Mice used for PET imaging were injected with 11-14 MBq 18F-FDG

via the tail vein. The compound was allowed to circulate for 60 min, at

which time, the animals were sacrificed and imaged overnight to maxi-

mize image resolution. PET scans were acquired on a MOSAIC small

animal PET scanner (Philips, Andover MA). PET images were acquired

over an 8-hr period, followed immediately by the collection of four rota-

tions of 1024 X-ray projections for CT, acquired on the X-SPECT sys-

tem. All imaging work was completed at the McMaster Centre for

Preclinical and Translational Imaging (MCPTI) at McMaster University

(Hamilton, ON, Canada).

Statistical Analyses

Statistical tests applied are described in corresponding figure and

table captions. Briefly, where age-ranges were available, effects of treat-

ment, genotype, gender, and other independent variables were first

assessed with ANCOVA (covariate 5 age). If main effects or interaction

effects were not resolved for a given predictor variable, groups (or ages)

were pooled. Effects of the remaining variables were discriminated with

post-hoc SNK or Duncan’s tests. In the absence of other predictor varia-

bles, effects of treatment were resolved with a t-test. A two-tailed (Fish-

er’s) chi-square test was used when comparing number of animals

eliciting positive responses in each treatment group on behavioral tests

of visual acuity and somatosensory function. Where applicable, age-

related effects were analysed described with linear regressions.

RESULTS

Three-month-old Nr and TGM mice (Fig. 1A), illus-

trate the difference in adult body size in the mice. Aver-

age body masses for female Nr and TGM mice at 4

months of age were 30.1 6 2.36 g and 46.8 6 0.33g

respectively [Lemon et al., 2003]. Twelve-month old con-

trol and MDS supplemented TGM were shown in Figure

1B to illustrate the dramatic improvement in body
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condition of MDS supplemented TGM compared to age-

matched untreated TGM (coat colour has been previously

determined as an irrelevant variable).

Behavioral Analysis

Open Field

Nr and TGM mice aged between 4–18 months were

scored on four parameters in a brightly illuminated open

field (n 5 56); (a) Latency to exit the central zone was

not affected by age, genotype or treatment (data not

shown). (b) Distance traveled in peripheral zone was

affected by age and genotype but not treatment (Table I).

Oldest mice (15–18 months) traveled �15% less (data not

shown), and TGM covered �40% less distance than Nr

mice (Fig. 2). Slightly greater distances traveled by sup-

plemented mice were not significantly resolved (Fig. 2).

All mice traveled greater distances in peripheral com-

pared central zone (Fig. 2). (c) Distance traveled in cen-

tral zone was reduced across age-range (�30% from 4 to

18 months; Table I). A significant effect of genotype was

resolved, but this reflected a genotype*treatment interac-

tion mainly associated with changes in Nr behavior

(Table I). MDS Nr mice traveled more than double the

distance covered by untreated Nr (P< 0.003; Fig. 2). Sup-

plementation had no effect on distance traveled in the

central zone in TGM mice (Fig. 2). (d) Mean running

velocity was not affected by treatment (Table I). TGM

were slower compared to Nr mice by 24% and mean run-

ning velocity was negatively correlated with age (Table

I). Parameters (a–d) showed significant age-related regres-

sions when genotypes and treatments were pooled (Table

I). For each parameter, we assessed whether MDS supple-

mented and untreated Nr and TGM mice resolved differ-

ent slopes for age-related regressions. Differences in

slopes were not resolved with ANCOVA (Table I) indi-

cating that impacts of age were similar for all groups and

were unaffected by genotype or treatment.

Step-DownTest

Latency to step down from an elevated platform was

first measured under bright illumination, and following a

rest period, a repeat assessment was performed in near-

darkness. A small number of animals used in the dark tri-

als were different than those tested in bright illumination.

Latency to step down was significantly affected by MDS

treatment and level of illumination; however age and

genotype did not significantly influence latency (Table II).

To increase statistical power, ages and genotypes were

pooled. For untreated animals, the latency to step down

did not significantly differ between bright (n 5 67) and

dark (n 5 39) illumination (Fig. 3). However, in supple-

mented mice differences between bright (n 5 73) and

dark (n 5 21) illumination resulted in a significant 38%

decrease in step-down latency (Fig. 3). In bright condi-

tions, supplemented mice showed a non-significant

decrease (P> 0.151) in latency compared to untreated

controls. Latency to step down in dim illumination was

significantly reduced in MDS supplemented mice

(P< 0.038; Fig. 3).

Circle Run

Effects of age, genotype, treatment, and illumination

on latency to (a) emerge from cup and (b) escape to

shade are presented in Table III. The same group of mice

was tested in bright and dark conditions, with one week

between trials. Effects of age and genotype were not sig-

nificantly resolved (Table III), to increase statistical

Fig. 2. Open field: Average distance traveled in central and peripheral

zones by Nr untreated (n 5 14) and MDS (n 5 10) mice, and TGM

untreated (n 5 17) and MDS (n 5 15) mice in a 5-min period. MDS Nr

mice covered 113% (P< 0.003) more distance in the central zone com-

pared to untreated Nr controls. No treatment effects in TGM mice were

seen. Distance traveled in peripheral compared to central zone was greater

for all groups (P< 0.0001). Effects of treatment on travel distance in the

peripheral zone were not resolved. Combined, TGM covered a �40%

shorted distance in the peripheral zone compared to Nr mice

(P< 0.0005).

TABLE I. Open Field: Effects of Age, Genotype, and Treatment
on Distance Traveled by Zone, and Mean Running Velocity
(n 5 56)

Independent

variable

Central zone:

Distance

traveled

(ANCOVA)

Peripheral zone:

Distance

traveled

(ANCOVA)

Mean running

velocity

(ANCOVA)

Age P < 0.012 P < 0.016 P < 0.001

Genotype P < 0.001 P < 0.001 P < 0.001

Treatment P> 0.118 P> 0.518 P> 0.313

Genotype*Treatment P < 0.034 P> 0.733 P> 0.792

Difference in slopes

Genotype*Age P> 0.809 P> 0.913 P> 0.777

Treatment*Age P> 0.441 P> 0.543 P> 0.688

Genotype*

Treatment*Age

P> 0.935 P> 0.386 P> 0.655

Strong effects of age and genotype were resolved for all variables.

Treatment affected distance traveled in central zone only. Slopes of age-

related regressions were compared and found to be independent of either

genotype, treatment, or genotype*treatment.
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power Nr and TGM mice were combined across ages. (a)

Latency to emerge from cup. Untreated mice took the

same amount of time to emerge from the cup regardless

of illumination (Fig. 4). Compared to untreated mice,

MDS supplemented mice took 34% longer (P< 0.0001)

to emerge in bright illumination (Fig. 4). Alternatively,

when tested in near-darkness, supplemented mice

emerged from the cup significantly faster (P< 0.0001)

than in bright lighting (Fig. 4). (b) Latency to escape to

shade. Latency to escape to shade was unchanged in

untreated mice regardless of level of illumination (Fig. 4).

In bright conditions, MDS mice spent 17% (P< 0.048)

longer in the open zone before entering the escape over-

hang compared to controls. However, when tested in dim

illumination, escape time of MDS mice was 18% faster

relative to controls (P< 0.019; Fig. 4). This result was

also demonstrated in the significantly different escape

latency of MDS mice going from bright to dark illumina-

tion (P< 0.006; Fig. 4).

Rotarod

Latency to fall off a rotating cylinder was measured on

three consecutive trials. Mean (3–trial average) latency

was nearly 4 times lower in TGM compared to Nr mice;

but effects of treatment on mean latency were unresolved

in either genotype (Fig. 5A). A key aspect of this test,

however, is rate of improvement. Improvement was

scored by subtracting latency to fall on the first trial from

that on the last attempt. Improvement was not affected by

genotype (P> 0.390); hence we combined Nr and TGM

mice for better statistical power (Fig. 5B). Untreated mice

Fig. 3. Step-down test: Latency to step down was pooled across geno-

types (refer: Table II). Untreated mice showed no significant differences

in latency between bright (n 5 67) and dark (n 5 39) conditions. Supple-

mented mice were (38%) quicker to step down in dark illumination

(n 5 21) compared to bright illumination (n 5 73) (P< 0.05). Supple-

mented animals were quicker to step down than controls only in dark illu-

mination (P< 0.038).

TABLE II. Step-Down Test: Effects of Variables on Latency to
Step Down

Independent variable ANCOVA

Age P> 0.061

Genotype P> 0.075

Treatment P < 0.009

Illumination P < 0.037

Genotype*Treatment P> 0.972

Genotype*Illumination P> 0.985

Treatment*Illumination P> 0.589

Strong effects of treatment and illumination were found. Age and geno-

type were marginally resolved, which allowed pooling Nr and TGM

across ages. Total: n 5 141 mice.

Fig. 4. Circle run test: In bright illumination both the latency to emerge

from cup and the latency to reach the shaded overhang was significantly

elevated in supplemented mice by 34% (*P< 0.0001) and 17%

(*P< 0.048), respectively. Conversely, in dark conditions, latency to

escape to shade was significantly lower in supplemented mice by 18%

(*P< 0.019) compared to untreated controls. Going from bight to dark

illumination the latency to emerge from cup and to escape to shade was

significantly lowered only in supplemented mice by 25% (#P< 0.0001)

and 21% (#P< 0.006), respectively. Responses of untreated mice were

virtually identical in either illumination.

TABLE III. Circle Run Test: Effects of Variables on Latency to
(a) Emerge from Cup and (b) Escape to Shaded Overhang
Tested with ANCOVA

Independent

Variable

Latency to

emerge from

cup (ANCOVA)

Latency to

escape to shade

(ANCOVA)

Age P 5 0.0620 P 5 0.939

Illumination P 5 0.001 P 5 0.096

Genotype P 5 0.167 P 5 0.765

Treatment P 5 0.005 P 5 0.532

Illumination*

Genotype

P 5 0.221 P 5 0.055

Illumination*

Treatment

P < 0.001 P < 0.001

Genotype*

Treatment

P 5 0.837 P 5 0.080

Significant effects are bolded. Combined effects of illumination*treat-

ment were strongest for both latencies. Weak effects of age and geno-

type allowed for pooling of Nr and TGM data across all ages
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showed no improvement between by the last trial, but

supplemented mice improved by �40 sec, which was sig-

nificantly resolved (P< 0.044; Fig. 5B). This improve-

ment corresponded to one third of the initial latency.

Simple Somatosensory Tests

Results of the (a) landing response, (b) visual placing,

(c) negative geotaxis, and (d) pinch reflex are summarized

for Nr (�2-year-old) mice (Table IV). Virtually all mice

showed normal function in these simple somatosensory

tests and further improvement from supplementation was

not possible (Table IV).

Visual Acuity

A newly developed protocol was used to assess visual

acuity of 1.5- to 2-year-old Nr mice. Animals were chal-

lenged with six visual cues of increasing difficulty. A

reaching response indicated that mice were able to see

the cue. All mice showed a reaching response on the least

difficult challenge (#1; Table V). As difficulty increased

(challenges: #2–5), progressively fewer mice successfully

located the visual cue. The number of animals maintain-

ing positive responses was consistently greater in the

MDS group (Table V). On challenge #4, 63% of MDS

mice displayed a reaching response compared to 23% in

untreated mice (P< 0.014; Table V). A greater than 60%

drop-off in reaching responses occurred for untreated

mice between challenge #3 to #4.

In MDS mice, a comparable drop was observed, how-

ever it occurred between challenges #4 to #5. No mice

showed reaching responses on challenge #6 (Table V)

which employed nearly complete darkness, providing a

negative control, confirming that responses on the easier

challenges were indeed due to visual acuity.

Olfactory Sensitivity

Olfactory sensitivity was measured by quantifying the

duration of exploration in response to varying concentra-

tions of an attractive scent (peanut butter). Both supple-

mented and untreated mice spent little time (�130 sec)

investigating filter papers with zero or low (0.125 mg/10

ml) concentrations of peanut butter. When presented with

higher (0.250 mg/10 ml, and 0.500 mg/10 ml) concentra-

tions, supplemented mice increased exploratory behavior

duration by 68% and 105%, respectively. Plotting the

mean duration of exploratory behavior (Y-axis) over pea-

nut butter dilution (X-axis) for supplemented mice

returned a strong positive correlation (i.e., dose response)

(r2 5 0.976; P< 0.012; Fig. 6). Conversely, untreated

mice showed nearly no change (<10% increase) in explo-

ration going from zero to high peanut butter concentra-

tions (r2 5 0.069; P> 0.738; Fig. 6). Slopes of regressions

significantly differed for treatments (ANCOVA:

P< 0.036).

Brain Cell Number andWeight

There is significant difference in brain cell density in

12-month-old untreated TGM (Fig. 7A) and MDS TGM

(Fig. 7B). Brain cell number was determined by manually

counting the number of DAPI stained nuclei in each brain

slice at 630X magnification (same tissue sections as those

used for the ApoptagVR assay), and totalling the number

of cells from all brain sections. There was no significant

difference in total brain cell number between 3-month-old

untreated and MDS Nr mice (94,646.7 6 9,098.4 and

100,816.0 6 7,944.6, respectively, P> 0.636; Fig. 8A).

Three-month-old untreated Nr mice had 77.4% of the

brain cells found in age-matched untreated TGM. Three-

month old TGM also demonstrated no significant differ-

ences in brain cell number when MDS supplemented ani-

mals (118,194.7 6 6,337.2) were compared to control

TABLE IV. Number of MDS and Untreated Nr Mice Showing
Positive Responses in Crude Somatosensory Tests

Test

Mice showing positive

responses Untreated

Supplemented Chi-square

Landing response 27 of 29 27 of 27 P 5 0.492

Visual placing 34 of 37 28 of 29 P 5 0.625

Negative geotaxis 34 of 40 39 of 42 P 5 0.307

Pinch reflex 29 of 29 27 of 27 P 5 1.000

MDS treatment did not improve somatosensory scores as nearly all

untreated mice exhibited positive responses to all testing

Fig. 5. Rotarod motor balance test: (A) Mean latency to fall (3 trial

average) for untreated (n 5 12) and supplemented Nr (n 5 9) and

untreated (n 5 17) and supplemented TGM mice (n 5 7). Effects of age

(P> 0.625), body weight (P> 0.469) and treatment (P> 0.759) were not

resolved. Overall TGM mice were over four times quicker to fall com-

pared to Nr (effect of genotype: P< 0.002). B: The difference in latency

to fall between the first and last trial was calculated by subtracting latency

on the last trial from the latency on the first attempt. Nr and TGM mice

were pooled as effects of genotype were not resolved (P> 0.390).

Untreated mice showed no improvement on repeated attempts whereas

supplemented mice had a �40 sec improvement by the last trial

(*P< 0.044).
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mice (122,358.7 6 2,553.3; P> 0.575). Control and MDS

12-month-old Nr mice were not significantly different

with respect to brain cell numbers with mean values of

78,545.3 6 7,165.2 and 85,312 6 6,013.1, respectively

(P> 0.509). Untreated 12-month old TGM had a mean of

53,513.3 6 2,151.9 brain cells, significantly lower than

age-matched MDS TGM with mean brain cell number of

120,514.6 6 1,570.7 (P< 0.00001). 12-month old MDS

TGM did not differ significantly in brain cell number

from either 3-month-old untreated or MDS supplemented

TGM (P> 0.740 and P> 0.571, respectively). Analysis of

variance (ANOVA) detected a significant impact of geno-

type on mean brain weight (P< 0.000001), no other sig-

nificant main effect was detected for any other variable.

ANOVA did reveal a strong interactive effect between

genotype and supplement (P< 0.06) and between geno-

type and age (P< 0.05), with only the latter reaching sig-

nificance. Analysis of mouse brain weight (Fig. 8B)

demonstrates that 3-month-old Nr mouse brains were only

57.3% (483 6 34 mg) of the mass of young TGM controls

(843 6 79 mg; P< 0.0100). Three-month old supple-

mented Nr (487 6 40 mg) and supplemented TGM (851 6

47 mg) do not differ from their controls in brain weight

(P< 0.942 and P< 0.934, respectively).

Three-month old control TGM had significantly greater

brain mass than 12-month-old control TGM at 541 6

67mg (P< 0.011) and 12-month-old Nr mice at 534 6

73 mg (P< 0.013). Twelve-month old control TGM brain

mass was 64.2% of young control TGM brains. Twelve-

month old control TGM did not differ significantly in

brain weight from either age-matched control Nr

(P> 0.949) or 3-month old control Nr mice (P> 0.590).

The brain weight of 12-month-old supplemented TGM

(873 6 51 mg) was significantly greater than 12-month-

old control TGM (P< 0.003), but did not differ signifi-

cantly from 3-month-old control TGM (P> 0.770) or sup-

plemented TGM (P> 0.763). Twelve-month-old

supplemented Nr mice (522 6 38 mg) did not differ from

age-matched control Nr mice in brain weight (P> 0.896).

Apoptosis

Apoptotic cells were identified with ApoptagVR , a modi-

fied TUNEL assay, used to detect fragmented DNA asso-

ciated with apoptotic nuclei. Since the entirety of each

brain slice was scored for apoptotic cells, the total num-

ber of cells scored varied for each experimental group

(Fig. 8C), apoptotic cells are identified as a percentage of

the total number of cells in the brain slices. The results

from all groups (3-month-old and 12-month old, control

and supplemented) showed that only 3-month-old control

Nr mice had an elevated level of apoptosis (P< 0.05;

Fig. 8C). Although the level of apoptosis in young Nr

controls is significantly elevated compared to all other

groups it was still below 0.1%, so the biological signifi-

cance of this finding is undetermined.

TABLE V. Results of the Visual Acuity Test in MDS and Untreated Nr Mice (n 5 22 per group; age: 1.5–2 years)

Visual challenge Reaching responses Untreated (%) Supp (%) Chi-square

#1: 5mm wire, white background, room light 22 (100) 22 (100) P 5 1.000

#2: 5mm wire, black background, room light 20 (91) 21 (95) P 5 1.000

#3: 1mm wire, black background, room light 14 (63) 18 (82) P> 0.310

#4: 0.5mm wire, black background, room light 5 (23) 14 (63) P < 0.014

#5: 0.5mm wire, black background, dim light 1 (5) 4 (18) P> 0.345

#6: 0.5mm wire, black background, near-dark 0 (0) 0 (0) P 5 1.000

The proportion of mice exhibiting reaching responses decreased with increasing difficulty. A significant difference was resolved on a moderately dif-

ficult challenge (#4) indicating that supplemented mice had better visual acuity. All mice showed a reaching response on the easiest task (#1) and all

reaching responses were completely extinguished on the most challenging task (#6). Effects of gender were not resolved

Fig. 6. Olfactory sensitivity: Relationship between duration of explora-

tory behavior and concentration of olfactory cue (peanut butter) for sup-

plemented (n 5 11) and control (n 5 11) Nr mice (age: 1.5–2 years). Each

point is the mean value of exploratory duration averaged for 11 mice in

each treatment group. No significant regression was seen in untreated

mice. A strong positive relationship was observed in supplemented mice

indicating a dose response mechanism. Linear regressions: Untreated:

y 5 142.145 1 25.101*x; r2 5 0.069; (P> 0.738); Supplemented:

y 5 119.763 1 245.964*x; r2 5 0.976; (P< 0.012). ANCOVA (covaria-

te 5 concentration) resolved a significant difference in slopes of regression

lines between treatments (P< 0.036).
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Tissue Morphology

Cerebellum Histology

Purkinje cells (PC) in inter-hemispheric sagittal cere-

bellar sections of lobules II and III (Fig. 9A) were

counted in Nr mice aged 14–17 months (narrow age-

range precluded analysis of age-related trends; supple-

mented: n 5 6; untreated: n 5 6). PC are restricted to the

Purkinje cell layer (Figure 9B) and length of the Purkinje

cell line were accounted for when counting cells [Rogers

et al., 1984; Woodruff-Pak, 2006]. Supplemented mice

showed a 20% increase in PC number per mm of cell

line (P< 0.05; Fig. 10A). Figure 9D shows a close up of

PC from supplemented and untreated mice dyed with

Nissl stain. PC in a sample from an untreated mouse

show visibly reduced PC number compared to supple-

mented mice. Average thickness of the molecular layer

(ML) and granular layer (GL) in Lobules II and III were

calculated using ImageJ software according to schematic

shown in Figure 10C. Supplemented mice had a 16%

(P< 0.05; Fig. 10B) and 18% (P< 0.01; Fig. 10C)

increase in thickness of the ML and GL, respectively,

compared to untreated mice. Cerebella were collected

from three male and three female mice in each treatment

group. An effect of gender or gender*treatment interac-

tive effects were not resolved.

Fig. 7. Brain sections with DAPI stained nuclei at 630x magnification.

(A) 12-month-old control TGM (B) 12-month-old supplemented TGM.

The most acellular region was in an area encompassing the bed nuclei of

the stria terminalis and reticular nucleus of the thalamus (Lateral

0.675 mm; Bregma 20.25mm to 20.65mm, and 4.00 mm to 4.50 mm).

Fig. 8. Markers of brain deterioration in untreated TGM mice relative to

normal mice and MDS supplemented TGM. A: Total number of DAPI

stained brain cell nuclei from 4 brain slices (* 2P< 0.00001). B: Brain

weight for 3-month-old and 12-month-old mice, either control or diet sup-

plemented. Weight represents wet mass of brain taken immediately after

dissection (# 2P< 0.01; *2P< 0.013). C: Percentage of apoptotic cells

calculated from the total number of cells in 4 sequential brain slices.

Mean 6 standard error are given for each group (*2P< 0.05).
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Retina Histology

Mid-sagittal sections of eyes were stained with H&E in

supplemented (n 5 4) and untreated (n 5 4) 2-year-old Nr

females (Fig. 11A). In supplemented mice, thickness of

ONL and OS averaged over the length of proximal retinal

sections (Fig. 11) were 26% and 29% greater, respec-

tively, compared to controls (Fig. 12). Close-ups of

Fig. 9. A: Macrostructure of the mouse cerebellum: Interhemispheric sag-

ittal cerebellar section showing lobules I–V (H&E, 340 magnification).

Purkinje cells were counted in Lobules II and III. B: Microstructure of the

cerebellum: Showing molecular layer, ML; white matter, W; granule cell

layer, GL; and Purkinje cell layer, PC. Arrows point to individual Purkinje

cells which are organized in a single layer on the border of ML and GL

(H&E, 3100 magnification). C: Image processed using ImageJ software.

Dark area shows the section of ML used to calculate mean ML thickness.

Portion of the GL underlying the dark region was used to calculate mean

GL thickness. D: Representative slides from matching cerebellar areas of

supplemented and untreated mice (NISSL stain, 3100 magnification).

Notice the relative scarcity of Purkinje cells in untreated tissue compared

to supplemented. All tissue sectioned at 5 lm.

Fig.10. A: Number of Purkinje cells per mm of cell line length in cere-

bella of Nr mice. Supplemented mice had 20% more Purkinje cells com-

pared to controls (*P< 0.05). B: Average thickness of ML and (C) GL in

cerebellar Lobules II and III. Thickness of ML and GL was greater in

supplemented mice by 16 and 18%, respectively, compared to untreated

control (*P< 0.05, **P< 0.01). Effects of sex were not resolved, n 5 6

mice per group, age: 14–17 months.
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retinal sections from supplemented and control mice

showed visible differences (Figs. 11B–11E).

Olfactory Bulb Histology

Cross-sections of olfactory bulbs were obtained from

supplemented (n 5 6) and untreated (n 5 5) mice (ages:

14–17 months). ImageJ was used to calculate mean thick-

ness of glomerular layer (GLM) and external plexiform

layer (EPL) (organization of neuronal layers shown in: Fig.

13A). GLM and EPL were significantly reduced in supple-

mented mice by 25% (P< 0.026; Fig. 14B) and 28%

(P< 0.001; Fig. 14C) respectively, compared to controls.

Mitral Cell Layer

For counts of mitral cells strict criteria were applied

including cell size, shape, position, and visibility of

clearly defined nuclear envelope and nucleolus (Figs. 13B

and 13C). Although this underestimates total cell numbers

it provides maximal accuracy for comparisons between

samples. Mitral cell counts in a 1 mm representative sec-

tion were 29% higher in supplemented mice compared to

controls (P< 0.030; Fig. 14A). Despite this significant

Fig. 11. A: Sagittal cross-section of the eye showing retinal organization

(340 magnification). B,C: Enlarged sections of proximal retina from an

untreated and supplemented mouse (3100 magnification) showing the

inner nuclear layer, INL; outer nuclear layer, ONL; and outer segments,

OS. Notice the visible reduction in ONL thickness from an untreated

mouse (B) compared with supplemented (C). D,E: Images processed with

ImageJ software digitally isolating the OS (white) from surrounding

layers (black). Average thickness of OS was calculated by digitally com-

puting the “white” area and dividing by the length of the layer. Notice

the visibly reduced OS in an untreated (D) compared with a supple-

mented (E) mouse. ONL and OS were measured along the proximal reti-

nal portion which was set at 1,000 lm superior and inferior to position of

optic nerve attachment, Opt. Sections were cut at 5 lm and stained with

H&E.

Fig. 12. Average ONL (A) and OS (B) thickness in proximal retinal

regions of supplemented and untreated Nr mice (n 5 4 per group; age �2

year). Mean ONL thickness was 32.71 6 2.44 mm and 41.14 6 2.44 mm

for untreated and supplemented mice, respectively (26% difference;

*P< 0.05). Mean OS thickness was 29% greater in supplemented mice

(25.65 6 1.87 mm) than in untreated controls (19.81 6 1.21 mm)

(*P< 0.05).
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resolution, greater samples numbers, more representative

sections and additional staining techniques could reinforce

these preliminary findings.

Functional Brain Imaging
18F-FDG uptake correlates to glucose utilization, which

provided an indicator of brain metabolic rate (Fig. 16A).

Unsupplemented 12-month-old TGM showed a significant

reduction in metabolic rate compared to age-matched Nr

mice (P< 0.027; Fig. 16A). Supplemented TGM had sig-

nificantly higher brain metabolic activity than untreated

TGM (P< 0.013; Fig. 16A), which did not differ from

control or supplemented Nr mice (P> 0.087 and

P> 0.0.385, respectively; Fig. 16A). Dietary supplemen-

tation had little effect on the brain metabolic rate of 12-

month-old Nr mice (P> 0.210; Fig. 16A).
99mTc-HMPAO binds to neutrophils in the peripheral

blood, providing a biomarker of blood perfusion through tis-

sue and an important indicator of general brain function.

Normal mice did not differ in brain perfusion between treat-

ments (P> 0.454; Fig. 16B), however, both groups had sig-

nificantly higher activity compared to unsupplemented 12-

month-old TGM (P< 0.047 and P< 0.023, respectively; Fig.

16B). Untreated TGM had significantly reduced blood perfu-

sion compared to all groups. The most striking difference

was in supplemented TGM with a 2-fold increase in perfu-

sion compared to untreated TGM (P< 0.034; Fig. 16B).

DISCUSSION

Overall Brain Function

It has been established that TGM experience significant

oxidative stress and inflammatory processes that result in

Fig. 13. A: Cross section of mouse olfactory bulb showing the glomeru-

lar layer, GLM; external plexiform layer, EPL; mitral cell layer, MCL;

and granule cell layer, GCL (340 magnification). B: Close up of the

MCL (3100 magnification) showing several pyramidal-shaped mitral

cells. Granule cells occur in the MCL but appear smaller and darker than

mitral cells. Arrow heads point to probable mitral cells, but accurate clas-

sification is difficult as cells show a range of sizes, variable spatial orien-

tation, overlapping, and may occur outside the MCL. For maximal

consistency, careful discrimination criteria were applied: C: Image proc-

essed with ImageJ software to highlight cellular structure. Only cells

greater than five pixels across were counted (cell 3 does meet size crite-

ria). Only cells with clearly defined nuclear envelope and nucleolus were

counted (large arrows). Cells 1 and 2 do not clearly show the nucleus

(not counted). Cell 4 is outside the MCL, hence not counted. Tissue

stained with H&E, sections: 5 lm.

Fig.14. A: Number of mitral cells meeting count criteria (Fig. 13 caption)

in a 1mm representative section of mitral cell layer in olfactory bulb. Sup-

plemented mice showed a 29% increase in cell number compared to con-

trols (*P< 0.030). (B) Mean GLM and (C) EPL thickness in olfactory

bulb. Supplemented mice had a 25% (*P< 0.026) and 28% (**P< 0.001)

reduced GML and EPL thickness, respectively, compared to controls. Mice

aged 14–17 months (untreated n 5 5; supplemented n 5 6).
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an accelerated aging phenotype, with dramatic negative

consequences on cognitive and motor function [Rollo

et al., 1996, Lemon et al., 2003, 2005, Aksenov et al.,

2010, 2013, Long et al., 2012]. Severe cognitive decline

was abolished by the MDS supplement formulated to tar-

get key physiological mechanisms associated with aging

[Lemon et al., 2003, 2005, Aksenov et al., 2010, 2013,

Long et al., 2012]. Here we show that there is a concomi-

tant loss in brain cells, deterioration in sensory function

and reductions in cerebral metabolic rate and blood perfu-

sion in old TGM. Together these strongly contribute to

age-related cognitive impairment. Brain deterioration was

equivalent to advanced Alzheimer’s disease in humans,

with >50% losses on a cellular level, 36% loss in brain

mass and at least 2-fold reductions in metabolism and

blood flow. Not only did the MDS restore cognitive func-

tion in old TGM, but brain cell density and brain mass

were maintained at levels comparable to young mice. To

our knowledge, this is the first dietary supplement to

abolish such severe loss of brain cells and maintain cog-

nitive function with such efficacy. The mechanisms yield-

ing such benefits are not fully elucidated; however

previous research has verified MDS efficacy on improve-

ments in all targeted mechanisms [Lemon et al., 2003,

2005; Aksenov et al., 2010, 2013; Long et al., 2012].

The complete amelioration of brain cell loss in supple-

mented old TGM suggests that the mechanisms targeted

by the supplement (reactive oxygen species, inflamma-

tion, maintenance of cell membranes, insulin sensitivity,

and mitochondrial function) were well chosen. Long et al.

[2012] added nitrosative stress as another factor modu-

lated by the MDS which is also highlighted as a factor in

neurodegeneration [Nakamura and Lipton, 2007; Maurya

et al., 2016]. Notably, one of the most acellular regions

found in the brains of old TGM corresponds to a region

(Lateral 0.675mm; Bregma 20.25 mm to 20.65 mm, and

4.00 mm24.50 mm) encompassing the bed nuclei of the

stria terminalis (BST) and reticular nucleus of the thala-

mus (RT). Activity within the BST correlates with anxi-

ety in response to threat monitoring, acting as a relay site

to regulate hypothalamic-pituitary-adrenal axis activity in

response to acute stress [Choi et al., 2007]. The RT

nucleus receives input from the cerebral cortex and dorsal

thalamic nuclei. Most input comes from collaterals of

fibers passing through the thalamic reticular nucleus.

Fig. 15. Levels of 18F-FDG uptake in the brains of 12-month-old mice. A: Unsupplemented TGM. B: Unsupplemented

normal mouse. C: Supplemented TGM. Activity normalized to uptake in skeletal muscle.

Fig. 16. Brain uptake of (A) 18F-FDG to determine brain metabolic rate

(* 2P< 0.013; # 2P< 0.027), and (B) 99mTc-HMPAO to determine

brain blood perfusion in control and MDS supplemented normal and

TGM mice (* 2P< 0.034; # 2P< 0.047). Brain activity was normalized

to region of low uptake (skeletal muscle) to compensate for any inter-

mouse variability. Values represent mean 6 SEM for each group (n 5 3).
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Primary thalamic reticular nucleus efferent fibers project

to dorsal thalamic nuclei, modulating information from

other thalamic nuclei, playing a role in disinhibition of

thalamic cells, an essential function for initiation of

movement [Beierlein, 2014; Mitchel, 2015]. Protection of

these brain regions may provide clues to the anxiolytic

effect and improved motor function of MDS treated aging

animals. Additionally, the apparent heterogeneity of cell

loss indicates that there may be differential losses among

brain regions and neurotransmitter systems in TGM, how-

ever further study will be required to confirm.

Untreated young normal mice had significantly higher

brain cell apoptosis, compared to other experimental

groups, although their average apoptosis was less than

0.1%. Apoptosis is a normal part of brain development

which continues for several months after birth in mice.

One mechanism of obtaining larger brains in IGF-1 mice

is reduced apoptosis [Popkin et al., 2004], this could also

apply to TGM. Old unsupplemented normal mice do not

experience significant brain cell loss. A lack of significant

apoptosis in old non-supplemented TGM brains was

unexpected, given the chronically elevated endogenous

production of ROS characteristic of TGM, and the vulner-

ability of the brain to oxidative damage, however it is

possible that the most susceptible cells had already been

lost at the advanced age of the mice used in this study.

Alternatively, cells may have deteriorated rapidly via

necrosis. All groups expressed very low levels of apopto-

tic cells, but these samples represent a single moment in

time, low numbers of cell loss at constant rates still have

large impacts across normal developmental and aging

time scales. Brain cells from young animals are also more

resistant to oxidative stress and excitotoxicity compared

to adult animals [Ikeyama et al., 2002, Savory et al.,

1999]. When exposed to glutamate, mitochondria in the

brain slices of adult rats showed greater changes in ATP/

ADP ratio, NAD/NADH ratio and ROS formation com-

pared to young rats [Kannurpatti et al., 2004]. The ‘Old’

normal mice in our study were age-matched to TGM, but

were middle-aged, based on average life-span of a normal

mouse in our breeding colony. Consequently it would be

unlikely that they would show increased brain apoptosis

or significant changes brain weight or cell number. Inter-

estingly there were non-significant increases in both meta-

bolic rate and blood perfusion, which may indicate

beneficial effects of the supplement in normal mice that

could be resolved given a larger sample size. Examining

the brains from senescent Nr mice in both treatment

groups demonstrated that the supplement provides similar

protective effects for normal aging brain [Aksenov et al.,

2010, 2013]. There are a few probable explanations for

the extremely low cell numbers and the apparent lack of

apoptosis in old control TGM. Apoptotic cell loss is

likely a significant process in untreated TGM, but if

occurring at a slightly elevated homeostatic rate, would

contribute to minimal differences at any one time point,

but causing significant quantities of cell loss over the life-

time of the animal, with the concomitant possibility of

accelerated cell loss as the animal approaches senescence.

Alternatively, and less likely, there could have been a

short term, large apoptotic event during middle age, when

enough oxidative damage had accumulated in the brain to

trigger the apoptotic response. This event may coincide

with the age-related escalation in the cognitive decline

observed in control TGM starting at 7 months of age

[Lemon et al., 2003; Aksenov et al., 2013]. Sampling

TGM brains late in senescence may have been too late to

observe the mechanisms of cell loss. By 12 months of

age, control TGM had only 44% of brain cells remaining

compared to old diet supplemented TGM and young

TGM (both control and supplemented). Harvesting brains

of non-supplemented TGM at across the age spectrum

may clarify the mechanism and rate of cell loss. Addi-

tional analysis on the brain tissue has provided some

clarity in the mechanisms behind the profound protective

effect of this dietary supplement [Aksenov et al., 2010,

2013]; however further studies will determine if there is

differential cell loss in the populations of cells that com-

prise the brain. It will also be important to determine if

specific neurotransmitter pathways are differentially

affected by the substantial cell loss in control TGM.

Motor Coordination

Aging impacts motor behavior and coordinated control

of motor function (i.e., balance) [Wallace et al., 1980;

Foster et al., 1996; Bickford et al., 1999; Aksenov et al.,

2010]. When motor coordination was tested, 12-month

old untreated TGM mice had severely compromised

motor coordination compared to age-matched untreated

Nr, consistent with previous reports [Long et al., 2012].

Initial balance performance of Nr mice on the rotarod

was not affected by MDS treatment; however MDS sup-

plemented animals showed significant improvement in

performance after three trials. Untreated Nr mice did not

demonstrate such improvements, suggesting there may be

a learned component to the motor coordination testing

from which the MDS mice were able to benefit.

Reductions in locomotor abilities are closely linked to

oxidative stress [Foster et al., 1996; Aksenov et al., 2010]

and may reflect reduced mitochondrial activity [Aksenov

et al., 2010]. Motor coordination has been negatively cor-

related with increasing levels of protein carbonyls in motor

control regions of the brain including the cerebellum [Fos-

ter et al., 1996; Bickford et al., 1999]. MDS treatment sig-

nificantly reduced protein carbonyls in brains of aging

mice and was associated with improved locomotor behav-

ior in MDS supplemented Nr and TGM [Aksenov et al.,

2010]. Brain mitochondrial and neurotransmitter functions

were also augmented [Aksenov et al., 2010, 2013], with
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this study indicating that positive impacts of MDS on brain

physiology manifest in better motor coordination.

While the cerebellum does not initiate movement, it is

critically responsible for control, coordination and correc-

tion of body movement including sensory analysis of con-

sequences of movement [Paulin 1993]. Animals with

cerebellar defects show impaired motor coordination

[Kashiwabuchi et al., 1995, Colucci-Guyon et al., 1999;

Barski et al., 2003; Weimer et al., 2009]. The cerebellum

has also been highlighted in motor and spatial learning

[Dahhaoui et al., 1992, Le Marec et al., 1997, Bickford

et al., 1999, Ito 2000, Wulff et al., 2009]. Purkinje cells

(PC) are the dominant neurons involved in cerebellar

information processing [Rogers et al., 1984]. They are

one of the largest neurons in the mammalian brain with

very intricate dendritic projections and great numbers of

dendritic spines. PC provide the sole output pathway of

the cerebellar cortex [Barski et al., 2000; Ito 2000] and

participate in motor coordination [Barski et al., 2000,

2003] and motor learning [Bickford et al., 1999, Ito 2000,

Woodruff-Pak 2006, Barski et al., 2000, Wulff et al.,

2009]. Loss of PC can result in impairment of coordi-

nated movement [Kashiwabuchi et al., 1995, Sakaguchi

et al., 1996, Barski et al., 2003, Weimer et al., 2009],

decreased cerebellum-dependent learning, sensory proc-

essing and other cerebellum-associated behaviors [Barski

et al., 2003; Woodruff-Pak 2006, 2010]. PC are highly

vulnerable neurons [Woodruff-Pak 2006] and show signif-

icant decreases in normal aging in humans and rodents

[Rogers et al., 1984; Doulazmi et al., 1999; Larsen et al.,

2000; Andersen et al., 2003; Woodruff-Pak 2006]. The

cerebellum has been shown to express markers of senes-

cence earlier than other brain regions, with loss or dys-

function of PC identified as a primary contributor to this

phenomenon [Woodruff-Pak, 2010].

Beyond the role of the cerebellum in motor coordina-

tion, spatial processing and motor learning [Dahhaoui

et al., 1992; Paulin, 1993; Kashiwabuchi et al., 1995;

Sakaguchi et al., 1996; Bickford et al., 1999; Colucci-

Guyon et al., 1999; Ito, 2000; Barski et al., 2000, 2003;

Woodruff, 2006; Weimer et al., 2009; Wulff et al., 2009;

Woodruff et al., 2010], this brain region is also impli-

cated in perception of time [Monfort et al., 1998], auto-

nomic functions [Tong et al., 1993; Ghelarducci et al.,

1996] and emotional behavior [Bobee et al., 2000;

Schmahmann and Caplan, 2006; Balaban, 2002; Schutter

and Van Honk, 2005]. Several reports have documented

co-morbidity of emotional and balance disorders [Bala-

ban, 2002; Balaban et al., 2011]. In recent years, the role

of the cerebellum in modulation of anxiety has been high-

lighted [Bobee et al., 2000; Balaban, 2002; Schutter and

Van Honk, 2005; Schmahmann and Caplan, 2006; Sec-

chetti et al., 2009], prompted largely by the discovery

neuronal connections between the cerebellum and other

regions of the brain involved in emotional control [Bobee

et al., 2000; Balaban, 2002; Balaban et al., 2011].

Reported decades ago, abnormal cerebellar development

or degeneration of cerebellar neurons produced nervous

or anxious phenotypes in rodents [Sidman and Green,

1970; Landis, 1973]. To a large degree, this was attrib-

uted to loss or dysfunction of PC [Sidman and Green,

1970; Landis, 1973]. Attenuation of age-related PC loss

in supplemented mice suggests that neurons involved in

modulation of anxiety-related behaviors should also be

intact. This is presently supported by behavioral testing

and may constitute an additional anxiolytic mechanism of

the MDS.

Granule cells are the smallest and most numerous neu-

rons in the mammalian brain [D’Angelo and De Zeeuw,

2009], but relatively little is known about their specific

roles. Granule cells and their synapses possess nonlinear

transmission properties and are connected to allow them

to operate complex transformations of input signals in the

spatiotemporal domain including forms of long-term

potentiation and depression. These characteristics may

provide a significant impact on cerebellar learning abil-

ities and computational power (D’Angelo 2011). Genetic

mutations affecting granule cell development are associ-

ated with poor cognitive function and motor coordination

[Schiffmann et al., 1999; Weimer et al., 2009]. However,

isolating the effects of granule cell depletion is problem-

atic as this is usually coupled with loss of neighboring

neurons (e.g. Purkinje cells) [Le Marec et al., 1997;

Schiffmann et al., 1999; Weimer et al., 2009], which can

confound results. A recently proposed hypothesis argues

that cerebellar granule cells compute stimuli from adja-

cent neurons to generate operational time-windows which

set a temporal framework for integrating sensory informa-

tion with motor domains [D’Angelo and De Zeeuw

2009]. This may also set the tone for long-term potentia-

tion (LTP), effecting learning capacities. Thickness (or

volume) of the granule cell layer (GL) reflects the number

of granule cells [Larsen et al., 2000, Weimer et al.].

Granule cells send parallel fibers extending to the molec-

ular layer (ML) where they interact with the dendritic

arbors of Purkinje cells (PC) [Apps and Garwicz, 2005].

The ML also contains interneurons (stellate and basket

cells) that provide GABAergic input to PC [Apps and

Garwicz, 2005]. The ML interneurons play a role in sen-

sory information processing and motor coordination

[Apps and Garwicz 2005, Chu et al., 2012]. Aging rats

lost 60% of the parallel fiber length and up to 80% of PC

synapses [Huang et al., 1999], reflected by a 30% reduc-

tion of ML thickness [Huang et al., 1999]. MDS supple-

mentation resulted in significantly increased thickness of

the GL and ML, and greater numbers of PC in older

mice, suggesting multiple positive benefits on cerebellar

morphology. Improved motor coordination and enhanced

spatial learning in older MDS supplemented mice appear
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to be a consequence of the maintenance of a more youth-

ful cerebellar morphology.

Emotionality

Variants of the open field test have been used to assess

emotionality in rodents [Trullas and Skolnick, 1993, Bel-

zung and Griebel, 2001, Voikar et al., 2001; Carola et al.,

2002; De Oliveira et al., 2007; Chaudhry et al., 2008].

However, depending on protocol variations and parame-

ters scored, results may be more indicative of exploratory

behavior than anxiety-driven responses [Trullas and Skol-

nick, 1993; Carola et al., 2002; Berry et al., 2007]. Varia-

bles measured in tests for anxiety (e.g. open field,

elevated maze) were more consistent with general activity

levels when carried out in dim light when mice are nor-

mally active [Trullas and Skolnick, 1993]. To assess emo-

tionality we employed bright illumination and white

Plexiglas construction creating aversive environments

[Chaudhry et al., 2008]. Collectively, the tests performed

in the current study suggest that the MDS reduced anxiety

in mice, allowing supplemented mice to more freely

explore an ‘unsafe/novel’ environment. Although the

MDS was not intentionally designed to target emotional-

ity, current findings suggest it demonstrated significant

anxiolytic properties.

Essentially all variants of behavioral tests rely on

movement of animals to infer emotionality levels [Trullas

and Skolnick, 1993, Carola et al., 2002; Chaudhry et al.,

2008]. Intrinsic differences in activity levels between

treatment groups (if present) may bias interpretation. The

MDS was previously shown to augment physical activity

[Aksenov et al., 2010]. This could influence movement of

animals in the experimental apparatus irrespective of

emotionality. However, in the open field test, distance

traveled by mice in the peripheral zone and mean running

velocity were unaffected by MDS treatment. This indi-

cates that increased exploration of the central zone by

supplemented Nr mice was not a consequence of upregu-

lated motor activity. In the circle run test, increased phys-

ical activity of supplemented mice would predict faster

escape; however, the opposite result was observed, sug-

gesting differences in intrinsic activity levels between

treatment groups did not confound results.

Aging alone is not a significant risk factor for emo-

tional and anxiety disorders in humans [Beekman et al.,

1998]; however, some mechanisms associated with emo-

tionality involve pathways implicated in aging. Oxidative

stress has been linked to elevated anxiety in aging rodents

[Berry et al., 2007; Salim et al., 2010] and reactive oxy-

gen species (ROS) in brain positively correlate with anxi-

ety behavior [De Oliveira et al., 2007; Bouayed et al.,

2009]. Both ROS and inflammatory processes are strongly

implicated in aging and age-related diseases [Finkel and

Holbrook, 2000; Chung et al., Nemat et al., 2009]. Fur-

thermore, ROS and inflammation appear to be co-

stimulatory [Janssen et al., 1993; Lavarosky et al., 2000;

Droge, 2001; Reuter et al., 2010]. Elevated ROS via

NADPH oxidase activity induced anxiety which was

reversed by apocynin, a NADPH oxidase inhibitor

[Masood et al., 2008]. In addition, chronic inflammation

and inflammatory cytokines have been shown to induce

anxiety in mice and rats [Bercik et al., 2010; Song et al.,

2003]. There are multiple mechanisms linking ROS and

cytokines to modulation of anxiety. Neuronal losses in

stress-regulating regions of the brain, altered neurotrans-

mitter levels and dysregulation of the hypothalamic-

pituitary-adrenocortical (HPA) axis, including glucocorti-

coid receptors have been linked to ROS, pharmacological

or genetic manipulations causing anxiety also impact

memory and cognition [Izquierdo and Medina, 1999; Park

et al., 2001; O’Shea et al., 2004; Venero et al., 2005].

Neuroinflammatory damage can prevent mice from elicit-

ing normal responses to light/dark stimuli [Pascual et al.,

2011]. Neuroinflammation and other neurodegenerative

conditions are commonly associated with aging [McGeer

and McGeer, 2004; Rollo, 200]. Therefore, behavioral

regulation in response to changing environmental contexts

(such as illumination) may be impaired in old mice. After

testing in bright light, we repeated the circle run test and

step-down test in dim illumination. In both tests, aging

untreated mice showed virtually identical behaviors

regardless of lighting. Conversely, behavioral responses

of supplemented mice were significantly different in dim

light compared to bright illumination. These results sug-

gest that supplemented mice had better contextual dis-

crimination implying stronger cognitive function. Indeed,

our MDS was already shown to improve cognition of

aging mice [Lemon et al., 2003, Aksenov et al., 2013].

Impaired light/dark discrimination was also associated

with poor locomotor ability [McGeer and McGeer, 2004].

Our MDS was shown to upregulate locomotion in mice

[Aksenov et al., 2010]. Taken together, it appears that our

treatment has a general impact on brain sensorimotor

neurocircuitry.

Visual Acuity

The principle behind tests of visual acuity involves

challenging mice with increasingly more difficult visual

cues and determining when correct responses are extin-

guished [Prusky et al., 2000]. Based on this, we devel-

oped a novel test from a less sensitive version [Chaudhry

et al., 2008], which uses the animal’s natural tendency to

reach for perceived objects or surfaces to escape when

suspended by the tail. We found that �2-year-old Nr

mice had largely intact vision as all animals successfully

responded to repeated presentation of a distinct visual cue

on high contrast background, irrespective of treatment.

However, untreated mice showed a progressive loss of

Environmental and Molecular Mutagenesis. DOI 10.1002/em

398 Lemon et al.



reaching responses as increasingly more subtle visual

cues were presented. In comparison, responses of supple-

mented mice extinguished at slower rates. Significant dif-

ferences between supplemented and untreated mice were

resolved on a moderately difficult visual challenge. These

findings suggest that the MDS may offset visual acuity

decline seen in ageing.

Histological examination of the retinas from 2-year-old

Nr mice indicated markers of retinal morphology were

found to be consistent with those of age-related retinal

degeneration. The MDS was designed to target key mech-

anisms associated with aging which include: oxidative

stress, inflammation, and mitochondrial function [Lemon

et al., 2003]. The robust efficacy of our MDS on these

parameters has been experimentally confirmed [Lemon

et al., 2008a,b, Aksenov et al., 2010, 2013; Long et al.,

2012]. Thicknesses of the retinal outer nuclear layer

(ONL) and outer segment (OS) were increased by 26 and

29%, respectively in MDS mice, compared to untreated

mice. Unfortunately due to the limited age-range of sam-

ples, it was not possible to determine the magnitude of

retinal degeneration and the extent to which the retinal

atrophy was salvaged by MDS supplementation. How-

ever, despite this limitation, the reduced retinal atrophy in

MDS supplemented mice was likely the result of attenu-

ated oxidative and inflammatory processes and boosted

mitochondrial function. Irregular organization and degen-

eration of the ONL and OS organization are closely asso-

ciated with age-related macular degeneration (AMD) in

humans [Gartner and Henkind, 1981]. In mouse models

for AMD, geographic atrophy of the ONL and OS are

regarded as chief biomarkers of retinal degeneration con-

sistent with human AMD [Kim et al., 2002, Rakoczy

et al., 2002, Karan et al., 2005, Rakoczy et al., 2006, Jus-

tilien et al., 2007]. The ONL contains photoreceptor

nuclei; thinning of the ONL occurs as a result of cell

depletion with a reduction in associated photoreceptors,

resulting in diminished visual acuity [Gartner and Hen-

kind, 1981, Kim et al., 2002, Kashani et al., 2009]. Like-

wise, the OS reflect rod and cone abundance [Carter-

Dawson and LaVail, 1979]. In this fashion, improved vis-

ual acuity in old supplemented mice is consistent with

reduced retinal degeneration. Given that similar geo-

graphic atrophy is observed in AMD, it is arguable that

our MDS may offset this pathology in humans. Although

murine retinas do not possess macula, patterns of retinal

degeneration in mice correspond to those in human macu-

lar degeneration, thus useful inferences can be drawn to

human visual acuity [Rakoczy et al., 2002; Karan et al.,

2005; Rakoczy et al., 2006; Edwards and Malek, 2007;

Justilien et al., 2007; Chu et al., 2013]. Retinal degenera-

tion results largely from dysregulation in multiple factors,

however inflammatory processes and oxidative damage

play key roles in the development of this pathology [Win-

kler et al., 1999; Hogg and Chakravarthy, 2004; Edwards

and Malek, 2007, Hollyfield et al., 2008; Saski et al.,

2009; Barot et al., 2011]. Studies investigating the use of

antioxidants to prevent AMD had variable, yet promising

success [Hogg and Chakravarthy, 2004; Van Leeuwen

et al., 2005]. However, a recent review of clinical and

experimental data concluded that singly administered anti-

oxidants (such as vitamin E and b-carotene) did not

improve AMD prognosis [Evans, 2008]. Recently, mito-

chondrial dysfunction was additionally implicated in

development of AMD [Barot et al., 2011]. Considering

that this pathology involves dysregulation of multiple cel-

lular systems, greater therapeutic benefits should be possi-

ble through complex multi-targeted interventions.

Olfaction

Morphological changes in olfactory bulbs of aging

rodents are somewhat debatable with respect to laminar

features. Volume (or thickness) of GLM and EPL are nor-

mally used as measures of aging, however results have

been inconsistent [Hinds and McNelly, 1977; Mirich

et al., 2002; Richard et al., 2010]. Some report no signifi-

cant changes in volumes with age [Richard et al., 2010],

while others show that thickness of these layers (as well

as the entire bulb volume) increases between 6 and 24

months [Mirich et al., 2002]. Increases appeared to be

equally proportional in each layer [Mirich et al., 2002].

Hinds and McNelly [1977] observed that volumes of all

laminar layers in rat olfactory bulbs significantly

increased from 3 to 24 months of age, followed by a

sharp decline thereafter. At oldest ages (�30 months)

layer volumes were identical to those in 3–12 month old

rats. Collectively, it appears that laminar volumes

increase with age, if extremely old animals were excluded

[Hinds and McNelly, 1977; Mirich et al., 2002]. The

mice in the current study were aged 14–17 months, with

MDS treatment resulting in significantly reduced volumes

of the GLM and EPL. This suggested that MDS treatment

offset age-related morphological changes, which was sup-

ported by the improved olfactory sensitivity in MDS

treated aging mice.

Mitral cells are the primary output neurons in the olfac-

tory bulb that process olfactory sensory input prior to

activating higher-order processing [Meister and Bon-

hoeffer, 2001; Rawson, 2006]. Age-related (or otherwise

caused) loss of odor perception may occur due to compli-

cations afferent to mitral cells, but mitral cell dysfunction

is ultimately implicated [Meisami et al., 1998; Rawson,

2006]. Loss of mitral cells with age is documented in

rodents [Hinds and McNelly 1977; Mirich et al., 2002]

and sizable declines are also observed in humans [Bhatn-

ager et al., 1987; Meisami et al., 1998]. Our MDS treated

mice showed a 29% increase in mitral cells, suggesting

MDS treatment protected these neurons from age-related

atrophy. However, due to difficulty in morphological
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discrimination of mitral cells from sections stained only

with H&E, these preliminary results should be interpreted

with caution. Mitral cells are particularly susceptible to

oxidative and nitrosative stress [Vaishnav et al., 2007,

Yang et al., 2013]. Amount of 3-NT (a marker for protein

nitration) was significantly elevated in olfactory bulbs of

old mice [Vaishnav et al., 2007; Yang et al., 2013]. 3-NT

was evident in the mitral cell layer, but was also delocal-

ized to the EPL and GLM in advanced ages [Vaishnav

et al., 2007]. Previous studies on MDS treatment demon-

strated significantly lowered 3-NT levels in brains of

aging mice [Long et al., 2012] and protein carbonyls

were also reduced [Aksenov et al., 2010], emphasizing

the potential protective capacity of the MDS on the mitral

cell population.

Olfaction and Neurodegenerative Disease in Humans

Humans, like other animals, display age-related

declines in olfactory function [Cain and Stevens, 1989;

Nakayasu et al., 2000; Rawson, 2006). Losing the sense

of smell per se, does not pose a major threat for humans,

although quality of life may be impacted [Rawson, 2006].

However, greater concerns emerged when loss of olfac-

tion was found to be strongly correlated with the risk of

developing severe neurodegenerative conditions [Wilcock

and Esiri, 1982; Ohm and Braak, 1987]. Alzheimer’s

(AD) patients show deterioration of mitral cells, with sub-

stantial mitral cell loss apparent before clinical AD symp-

toms emerged [Struble and Clark, 1992]. Combined with

previous reports of severe olfactory deficits in dementia,

AD and Parkinson’s disease (PD), authors suggested that

olfactory dysfunction may be an early manifestation of

neurodegenerative disease [Doty et al., 1989; Koss et al.,

1989; Schiffman et al., 1990; Struble and Clark, 1992;

Devanand et al., 2000; Schiffman et al., 2002; Li et al.,

2010; Baba et al., 2012; Doty, 2012]. Neuronal loss and

altered olfactory morphology was later shown in young

AD patients [Ter Laak et al., 1994], suggesting that loss

of olfaction and olfactory neurons is not simply an age-

related condition that parallels cognitive impairment in

old AD patients. In fact some have even proposed that

pathogenesis in AD and PD may be catalyzed by agents

that enter the brain via olfactory pathways [Doty, 2008].

The accuracy of olfactory tests in early detection of neu-

ral pathology suggests that individuals with intact sense

of smell are at lower risk of developing neurodegenera-

tive conditions in the near future. Higher counts of mitral

cells in the olfactory bulb also reflect higher neuronal

populations in adjacent brain regions. Given that aging

supplemented mice showed better olfactory sensitivity

and higher number of mitral cells in the olfactory bulb,

may suggest that the MDS could be offsetting neurode-

generation throughout the brain.

CONCLUSION

Effects of treatment with a multi-ingredient dietary

supplement designed to ameliorate key mechanisms of

aging showed treatment was associated with reduced

anxiety-like behaviors, augmented discrimination of envi-

ronmental context, improved motor balance, and

improved visual and olfactory acuity. This was correlated

with positive morphological changes and higher neuronal

populations in the cerebellum and olfactory bulb,

increased overall brain cell numbers and improved brain

function. Intact olfaction is strongly indicative of suppres-

sion of neuronal degeneration. Retinal atrophy (associated

with AMD) was also diminished in supplemented mice.

Given that MDS treatment has been shown to signifi-

cantly reduce oxidative damage, boost mitochondrial

function [Lemon et al 2008a,b; Aksenov et al., 2010;

Aksenov et al., 2013] and alleviate symptoms of inflam-

mation [Lemon et al., 2005], suggests that neuronal pro-

tection and sensory function are likely attributed to

diminishing oxidative/inflammatory stress and improved

energy balance. The extent of functional benefits attained

by our MDS here and in earlier studies [Lemon et al.,

2003, 2005, 2008a,b; Aksenov et al., 2010, 2013; Long

et al., 2012; Hutton et al., 2015’ strongly suggests that

aging animals retain the capacity to support youthful phe-

notypes and that powerful impacts can be achieved

through multi-ingredient dietary supplementation that

addresses the multifactorial nature of aging organisms.
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