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ARTICLE INFO ABSTRACT

Keywords: Whole cell Schizochytrium sp. is a rich source of omega-3 long-chain polyunsaturated fatty acids (n-3 LCPUFA)
Aging including docosahexaenoic acid (DHA), an important nutrient for brain health. Aged beagle dogs experienced
Algae on a visuospatial task of working memory, variable-delay delayed-non-matching-to-position were used to assess

Contrast sensitivity
Cognitive function
Docosahexaenoic acid

efficacy of DHA-rich microalgae based upon DHA wt% of total phospholipids and 8-iso-PGF,, concentrations in
plasma, and performance on cognitive assessments of visual object discrimination, learning, and memory
consolidation after 25 weeks on fortified diet.

Memo:

Omeg;_y 3 Improved DHA status (p <0.001) and initial learning of the protocols for visual and variable contrast
Schizochytrium discrimination (p < 0.05), but not long-term recall of the concurrent discrimination task were observed in
Senescence animals fed the algal-fortified diet. Overall, results were consistent with dried Schizochytrium sp. as a source of

Shape recognition n-3 LCPUFA nutrition to support DHA status in large mammals, and healthy brain function in a canine model

Variable contrast
Visual processing

of senescence.

1. Introduction

Industrial monoculture of microbes, including marine algae, has
been recognized for more than four decades as an important means of
large-scale production of biomolecules such as, antibiotics, vitamins
and other nutrients. Marine algae, is a rich source of omega-3 (n-3)
long-chain polyunsaturated fatty acids (LCPUFAs), DHA (22:6n-3)
and eicosapentaenoic acid (EPA, 20:5n-3). The composition of dried
whole cell Schizochytrium sp. in particular includes approximately
20% DHA, on a per weight basis, making it a rich source of this
nutritionally important n-3 LCPUFA. Extraction and refinement from
whole cell algae result in oils in which DHA comprises greater than
50% of the total fatty acid for use as a concentrated source of dietary n-
3.

DHA is the major n-3 LCPUFA in brain and comprises 30-40% of
the aminophospholipid fatty acids in neuronal cell membranes [1,2].
As an integral component of neural cell membranes, DHA is involved
in numerous processes including membrane order, receptor activation,
and signal transduction [3]. There has also been considerable specula-
tion that suboptimal DHA concentrations may contribute to cognitive
dysfunction and dementia over the course of aging, in some individuals
[4]. Epidemiological investigations associate low DHA status in plasma
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with age-related cognitive decline in aged healthy and in individuals
with dementia [5-8]. Some investigations have indicated that long-
term supplementation with algal DHA supports learning and memory
in healthy elderly individuals with age-related mild cognitive decline
[9]. Other investigations provide evidence of a positive relationship
between supplementation with adequate amounts of n-3, increased
status of DHA in plasma, and cognitive performance in aged subjects
with subjective memory complaints [10].

The canine model of brain aging has emerged as an important tool
for the study of age-related changes in cognitive functions in humans.
Visual processing is among the earliest functions for which decrements
in cognitive performance attain measureable limits during aging in
both humans and dogs [11-14]. Gradual impairments in visuospatial
learning and memory involving object recognition and discrimination
are also common features of aging, in both humans and dogs [13,15].
To date, there are no published investigations of the relationship
between the status of DHA during senescence and cognitive function in
large non-human mammals. Dried whole cell biomass may provide an
important alternate source of dietary n—3s for use in applications
which do not require a highly refined source of DHA or EPA.

The objective of this study was therefore to assess whole cell algal
biomass as a source of DHA based upon changes in the concentrations
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in plasma of n-3 LCPUFAs and 8-isoPGF,, Evidence was also
investigated for possible interactions between fortification with whole
cell algae and performance on various cognitive tasks, using a well
characterized canine model of aging [11,15-18].

2. Materials and methods
2.1. Animals and diets

Twenty-six colony beagles (CanCog Technologies, Toronto, Canada)
ranging in age from 8.6 to 11.1 years (mean=9.8 years, SD=0.8, 10
females) were utilized in the study. The research protocol was approved
by the CanCog Technologies Animal Care Committee, and in accor-
dance with the guidelines of the Ontario Ministry of Agriculture. The
animals were group housed at the CanCog site throughout the trial.
Each animal used for the investigation was visually examined daily by a
trained veterinary and animal research staff. All dogs had similar
exposure to cognitive testing, as previously described [19]. Each animal
underwent examination by a veterinarian to ensure that auditory,
motor, and visual functioning was normal. Housing temperature was
maintained at 21+6 °C and relative humidity levels ranged between
15% and 75%. Animals had free access to fresh water and approxi-
mately 1h, to consume their food. Animals were acclimated for a
period of 42 days to a commercially available, standard extruded dry
diet which lacked the n-3 LCPUFAs (PUFAs) docosahexaenoic acid
(DHA, 22:6n-3) or eicosapentaenoic acid (EPA, 20:5n-3).
Metabolizable energy and nutrient composition, on an as fed basis, of
the control diet were ~1.47x10* kJ/kg and 26%, 12%, 4% and 10% of
protein, fat, fiber, and moisture, respectively. Total fat and protein
content of dried Schizochytrium sp. (DSM Nutritional Lipids,
Columbia, MD) were 45.3 and 12 wt%, respectively (Tables 1 and 2).
The dehydrated single-cell algal (DHA) biomass comprised 0.4% of the
experimental diet. Minor adjustments to the amounts of tallow and
corn were made to the control diet, in order to maintain the same
energy contents between the control and the test diets. The final
content of DHA in the test diet, as fed, was 1 mg/g. Body condition
scores were monitored on a weekly basis throughout the investigation.
The amount of diet fed daily to each animal was 26 g/kg of body
weight. Dietary amounts were adjusted weekly in increments of 50 g, as
needed in order to maintain body condition score approximating 3 on
the 5-point scale.

2.2. Group assignments

Twenty six dogs, which had been previously trained on the variable-
delay delayed-non-matching-to-position (DNMP) task [15], were se-
lected at baseline in order to identify 24 for use in experimental
assessments. DNMP score was used to rank visuospatial performance
for each of the animals at baseline (Fig. 1). To do so, the dog making
the fewest incorrect responses was ranked as 1 and the dog making the
most incorrect responses was ranked as 26. Two subjects were dropped
as they showed the most frequency response failures. The remaining

Table 1
Nutritional profile analysis for diets used to evaluate cognitive behavior in 24 aged beagle
dogs (all values are stated on an on as-fed basis).

Nutrient Diet
Control Fortified

Moisture (%) 5.9 7.4

Crude protein (%) 28.8 29.1

Fat (%) 11.8 11.8
Fiber (%) 1.9 2.2

Ash (%) 9.5 9.5

Dried whole cell algae (%) 0.0 0.4

11

Prostaglandins, Leukotrienes and Essential Fatty Acids 118 (2017) 10-18

Table 2
Nutritional profile, fatty acid, and vitamin composition of dried whole cell algae.

Basic components Per 100 g
Moisture 2.5
Protein 12.1
Carbohydrates 32.0
Ash 8.2
Fiber 0.6
Crude fat 45.3
Fatty acid
12:0 (Lauric) 0.2
14:0 (Myristic) 5.1
16:0 (Palmitic) 12.1
18:0 (Stearic) 0.02
18:3n6 (y-linolenic) 0.1
20:3n6 (DHGLA) 0.2
20:4n6(Arachidonic) 0.2
20:5n3 (Eicosapentaenoic) 0.5
22:5n6 (DPAnN6) 6.3
22:6n3 (DHA) 18.0
24:0 (Lignoceric) 0.1
Vitamins
Biotin 0.3 mg
Choline 1440 mg
Folic Acid 0.1 mg
Niacin 14 mg
Vitamin A 33.6 ug
Beta Carotene 2.3 g
Vitamin By 4.4 mg
Vitamin By 29 mg
Vitamin Bg 1.4 mg
Vitamin B, 54.9 ug
Vitamin C 0
Vitamin E 0.45 pg
Pantothenic Acid 3.5mg

animals were assigned based upon descending rank to one of two
groups (e.g. 1,2,2,1, etc.). The two cognitively equivalent groups
(n=12/group) were then randomly assigned by lot drawing to the base
diet (control) or to the DHA-fortified diet for the duration of the
investigation.

The study was blinded to all personnel in the investigation with the
exceptions of the person(s) involved with administering the investiga-
tional and control diets and the person responsible for performing
allocation. Collection of data from the study by these individuals was
limited to food consumption. The code assignments and other records
and document that would reveal treatments to people collecting data
remained archived in a secured room at the test facility until all data
were collected and analyzed.

The treatment phase started on the day following group placement.
The first 51 days provided the initial wash-in and no other procedures
were introduced during this time. Over the next 124 days, the groups
were tested on a battery of cognitive tests, including concurrent
discrimination learning (days 51-90), contrast sensitivity learning
(days 100-140), retest on DNMP (days 145-154), performance on
variable contrast protocol (days 157-164) and retention of concurrent
discrimination learning task (days 167-174).

2.3. Blood collection

Whole blood was collected on days —42, 1 and 175 and placed into
EDTA tubes for separation into plasma and red blood cell. Plasma was
prepared for the purpose of measuring 8-iso-PGF», by centrifugation at
1300g for 25 min to remove platelets. Samples were stored at —80 °C
until analysis.
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Fig. 1. Timeline of scheduled events. A commercial diet was provided as the sole source of nutrition for all of the animals in the investigation during the acclimation period of 42 days
(dotted line). Animals underwent cognitive testing on the Delayed-non-matching-to-position task in order to determine their individual score and rank. On day-0 each animal was
assigned to either of the two cognitively equivalent dietary groups for treatment beginning from day-1 with the standard commercial (control) diet or fed diet fortified with dehydrated
algal (DHA) comprised of Schizochytrium sp . biomass until completion of the trial on day-175. Testing to assess cognitive abilities began 50 days after the dietary treatment with the
algal fortified diet. The days on which training and assessment on various cognitive activities were scheduled to begin are indicated by the numbers which appear below the time-line.
Specific cognitive activities are listed above the expanded sections, which correspond to the duration of each activity, along the time-line.

2.4. Fatty acid analysis

Whole blood was collected from each animal following a fasting
period of 8 h. Total plasma lipids were extracted from heparinized
plasma using the method by Folch [20]. The major neutral plasma
phospholipids (PL) were separated by thin layer chromatography using
60/40/3 hexane/ether/acetic acid on 20x20 silica gel 60 plates, and
tricosanoic free fatty acid (23:0, Sigma-Aldrich, St. Louis, MO) added
as a reference internal lipid standard. Fatty acid methyl esters (FAMEs)
were analyzed by gas liquid chromatography (GLC) using a Hewlett
Packard 6890 equipped with a flame ionization detector. FAME
separation was achieved using 30 m FAMEWAX capillary column
(Restek, Bellefonte, PA; 0.25 mm diameter, 0.25 um coating thickness)
using hydrogen at a flow rate of 40 mL/min with a split ratio of 48:1.
The chromatographic run parameters included an oven starting
temperature of 130 °C and was increased at 6 °C/min to 225 °C, and
held for 20 min and then increased to 250 °C at 15 °C/min, for a final
hold of 5min. The injector and detector temperatures remained
constant at 220 °C and 230 °C, respectively. The resulting peaks were
identified by comparison of retention times with external FAME
standard mixtures from NuCheck Prep (Elysian, MN). The fatty acid
profiles were expressed as weight percent values for total plasma PL.

2.5. Measurement of isoprostanes

To measure 8-iso-PGF,,, a deuterated internal standard 8-iso-
PGF»-D4, was purchased from Cayman Chemical (Ann Arbor, MI).
Butylated hydroxytoluene (BHT), and hydrochloric acid were pur-
chased from Sigma-Aldrich (St Louis, MO). All other reagents and
solvents were high performance liquid chromatography (HPLC) grade
and were purchased from VWR (Radnor, PA). HPCL -mass spectro-
metry analysis of 8-iso-PGF», was performed as previously described
[21] with minor modifications. Briefly: freshly thawed dog plasma from
the study animals, and from samples intended for use as reference
controls between sessions, were added with BHT solution (1% in
ethanol) to, 8-iso-PGF»>-D4 (50 ng/mL in methanol) in 130 pl of water,
as an internal reference, then hydrolyzed with 1:9KOH 50% wt: wt in
water: methanol. The resulting mixture was incubated at 40 °C for
60 min. The reaction was stopped on ice by adding formic acid 0.1% (v/
v) and 5N hydrochloric acid. Extraction of the isoprostanes was
performed as described by Janicka et al. [22] using SPE Cartridges
Oasis HLB 60 mg (Waters, Milford, MA).

The SPE cartridges were conditioned with methanol followed by
5 mM HCIl. The hydrolyzed dog plasma was loaded with 5 mM HCI,
onto the SPE cartridge, then washed with 5 mM HCIl followed by
hexane. Isoprostanes were eluted with ethyl acetate containing 1%
CH3OH directly in conical glass tubes with conical bottom. Solvent was
removed in a stream of nitrogen at 34 °C using a turbovap evaporator
(Biotage, Charlotte, NC). The dried sample were then re-dissolved in
HPLC mobile phase at time 0 (50:15:35 — V:V:V of mobile phase A, B,
C, (see below) respectively, and transferred to HPLC vials with glass
inserts. A correction factor based upon the control samples of 1.3433
was used to adjust measured values obtained between assay sessions.

The chromatography was carried out using an Agilent 1200
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quaternary pump system (Agilent, Santa Clara, CA) using a Kinetex
XB-C18 100 A column (100x4.6 mm, 2.6 yum) Phenomenex (Torrance,
CA) kept at 4 °C. The mobile phase consisted of a three solvent system:
Solvent A was aqueous 0.01% acetic acid, solvent B acetonitrile 0.01%
acetic acid, and solvent C methanol 0.01% acetic acid. The flow rate was
600 ul/min and the injection volume was 40 pl. Post column flow was
split down to 1:5 ratio and only the HPLC output from 5 to 15 min was
delivered to the electrospray ionization source.

The HPLC was coupled to a 4000 QTRAP LC/MS/MS system from
AB Sciex (Concord, ON, Canada) through a Turbo V ion source using
the electrospray ionization probe and operating in negative ion mode.
Curtain gas, ion source gas 1, and ion source gas 2 were set at 55, 25,
25 °C respectively. The ions spray voltage was set at —4500 V and the
source temperature was set at 600 °C for 8-iso-PGF,, 500 V and set at
600 °C for 8-iso-PGF»ex (Concord, ON, Canada) through a 193.2 m/z
and 357.3 to 197.2 m/z, respectively. Quantification was performed
using Analyst® 1.6 software (AB Sciex).

2.6. Cognitive test apparatus

All cognitive testing utilized a Toronto General Test Apparatus
designed for cognitive assessment of dogs. The apparatus consisted of a
plastic box (approximately 3’x5’), and has been described elsewhere
[19]. The front of the apparatus contained three height-adjustable
stainless steel gates through which the dogs responded. An experi-
menter was separated from the dog by a partition to which was affixed a
one-way mirror and a hinged door that, when opened allowed a
Plexiglas tray and stimuli to be presented to the dog. The tray
contained one medial and two lateral food wells, and was accessible
through the adjustable gates by the dog.

The computer program, Varicog© (CanCog Technologies Inc.), was
used for all cognitive testing. The software controls all test sequences
and was under administrator control, assuring that the parameters,
once set, could not be modified by technicians doing the testing. In
addition, the same sequence of correct locations was used on each test
session for all subjects.

2.7. Cognitive test protocols

2.7.1. Delayed non-matching-to-position-task

Variable delay, DNMP has been previously described [23]. Testing
on the variable delay task occurred at baseline over 10 consecutive days
(d =11 to —2). There were three delay intervals, set at 5, 55 and 105 s,
and there were 18 trials daily, 6 at each delay interval. The inter-trial
interval was set at 30 s. Subjects were allowed to correct their first
incorrect response on each session. In scoring, response failures were
counted as 0.5 correct responses. Animals were again tested on this
task using identical parameters from days 145—-154 to examine long-
term memory.

2.7.2. Concurrent discrimination learning

Each dog was tested on the Concurrent Discrimination task over a
maximum of 40 consecutive days, from days 51-90. The task assessed
the animals’ ability to retain information about complex object to
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Table 3
Fatty acid composition of experimental diets.”

Fatty acid Diet
Control Fortified

¥ of saturated FA (%) 3.76 4.04
Y. of monosaturated FA (%) 3.86 3.93
18:2n-6 (%) 1.64 1.54
©20:4n-6 (%) 0.03 0.02
18:3n-3 (%) 0.1 0.24
DHA (%) »<0.01 0.1
¥ of n-3 fatty acids (%) 0.11 0.35
¥ of n—6 fatty acids (%) 1.7 1.62

@ Values represent the mean of the weight % of diet.
b Below the limit of detection.

object associations in the presence of novel objects with similar but
different features (e.g., shape, size) and thus learn to discriminate four
different pairs of objects (A vs. B, C vs. D, E vs. F, and G vs. H)
simultaneously. The object pairs used were constructed from Lego
blocks in such a way that each pair differed on three dimensions, color,
size and shape. On day 51, subjects received a preference test, which
consisted of 20 presentations of the object pairs, with each pair
presented on 5 occasions. Selecting either object led to food reward;
for each pair, the object selected most frequently was designated as the
preferred object. On the subsequent training days, the dogs were given
24 presentations per session with an inter-trial interval of 15 s and with
each object pair presented 6 times. On each trial, the dogs were
rewarded only if they choose their initially non-preferred object. For
the first incorrect response for each object pair, a correction procedure
was used, in which the subject was allowed to reverse its choice. The
dogs were tested for either a maximum of 40 consecutive daily sessions
following the preference test or until they achieve a score of 85% or
higher on two consecutive days.

2.7.3. Contrast sensitivity

Measurement of contrast sensitivity has been described previously
[11]. On days 100-140, all subjects were trained on a contrast
sensitivity protocol, which was designed to assess visual processing
abilities. On day 100 the dogs were given a preference test, in which
they were given 10 presentations of two objects, a black circle on a
white background vs a black triangle on a white background. The object
selected most frequently was deemed to be the preferred object. In the
case of ties, the preferred object was designed by a coin toss. Starting
on day 101, subjects were trained to approach their initially non-
preferred object to obtain reward. On the initial training, the contrast
was at 100%. Subjects were given 10 trials per day until they either
completed 40 test sessions, or successfully completed the following two
stage criterion: Stage 1 criterion: 90% correct on a given day or 80% or
better on 2 consecutive days with no response failures. Stage 2
criterion: on 3 consecutive days following completing the stage 1
criterion, subjects must have achieved at least 70% or higher and to
respond correctly on at least 30 trials.

After acquiring the Stage 2 criterion, subjects were tested at
progressive lower contrasts, in which the contrasts were reduced to
40%, 25%, and 5% by decreasing the luminance of the shapes. At each
new level of contrast, the dogs had to complete the two stage criteria
defined above. If a dog completed the Stage 2 criterion at 5%
luminance, testing was then discontinued. During both training and
testing on Contrast Sensitivity, animals were allowed to correct their
first incorrect response of each session.

On days 157-164 subjects were retested for contrast sensitivity
using the variable contrast task. This entailed testing every animal for 8
successive sessions with 2 trials per session at contrasts luminance of
1%, 3%, 5%, 15%, 20% and 40%.
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2.8. Statistical analysis

Repeated measures of analysis of variance (ANOVA), and when
appropriate, non-parametric statistics were used to assess the effects of
diet on performance on cognitive testing. A 2-tailed analysis, unless
otherwise indicated, was used to compare between independent
samples post hoc as necessary using Student t-test. Statistical analyses
were completed using both Statistica and Excel, with an alpha of 0.05
considered significant.

The statistical analysis also took into consideration consistency of
responding. The general procedure for dealing with response failures
was to give the subject a score of 0.5, which would have been obtained
by chance. However, response failures also prolonged training because
of the a prior criterion that dogs respond on at least 30 trials before
passing the learning criterion. Because response failures depress
performance scores, but are not necessarily indicative of cognitive
impairment, we used a criterion of 1.5 failures per session on the
average, to justify excluding any given animal from the statistical
analysis of the data. Generally, all data sets were analyzed twice: the
first included the data from all of the subjects and the second analysis
was after excluding data from animals that showed frequent response
failures (non-responders).

3. Results
3.1. Diets

The experimental diet was made by fortification with 0.4% dried
whole-cell algal biomass (as fed) in place of minor amounts of dietary
fat in the base diet (Table 1). Protein, fiber, and ash content in the algae
fortified diet were comparable to concentrations in the base diet.
Results from analysis of the fatty acid (FA) concentration for each diet
confirmed the presence of DHA in the diet fortified with whole cell
marine algae, compared to concentrations below the limit of detection
in the control diet (Table 3). Food intake was monitored daily for each
animal. Mean dry matter intake, following adjustments in the amounts
fed in order to maintain a constant body score, was 18+4 g/kg/d and
was not different (p = 0.406) between animals fed the control or
experimental diets. Mean intake of the control and algal biomass
supplemented diets were 17.4+4.4 and 18.4+3 g/kg/d, respectively.
There was no evidence of any adverse effects on palatability or
consumption as a result of fortification of the base diet with the
DHA-rich dried algae (data not shown).

3.2. Fatty acid content in plasma total phospholipids

Weight percent (wt%) of polyunsaturated fatty acid (PUFA) in total
plasma PL were measured at baseline prior to treatment, but following
randomization of animals to the control or experimental diet group,
and then again after 175 days of treatment on the respective diets. At
baseline the mean+s.d. wt% of 22:6n-3 was 0.31+0.05 in animals (n =
12) assigned to the control diet (data not shown) and was not different
after 175 days of treatment or from values at baseline in the
experimental diet group (n = 12). ANOVA indicated that consumption
of the DHA-enriched diet for 25 weeks was associated with a 10-fold
increase [F(3,44) = 416.37; p <0.001] 22:6n-3 wt% PL of 22:6n-3,
(Fig. 2). In contrast, wt% of 20:4n—6 in control animals was 18.5+1.9
and was not different [F(3,47) = 1.75;p = 0.171] between the two
groups before or after treatment.

3.3. Group placement and DNMP

Twenty four aged beagle dogs, were fed a commercially available
dog food, which lacked n-3 LCPUFAs for 42 days. The DNMP task is
used to measure performance of episodic memory retention related to
visuospatial function. DNMP score was used to rank visuospatial
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Fig. 2. Total phospholipid composition in plasma after 25-week dried algal fortified diet.
Control animals were fed with a standard commercial diet. Animals in the algal group
were fed the same diet fortified with 0.4% dried whole-cell algae. P < 0.05 (compared to
control). The data are expressed as means+standard deviation (n=12).

performance for each of the animals at baseline. The dog making the
fewest incorrect responses was ranked as 1 and the dog making the
most incorrect responses was ranked as 26. Two subjects were dropped
as they showed the most frequency response failures. The score from
the 10 trials at baseline on the DNMP task represents a mean ratio of
correct to total responses for each subject. Each of the cognitively
experienced animals in this study was assigned to the control or
experimental group (mean age, 9.82+0.2 and 9.71+0.23 yrs., respec-
tively) for dietary treatment based solely upon their individual perfor-
mance on the DNMP task. Repeated ANOVA with performance on
DNMP from training at day —11 to day -2, for each animal as the
between subjects effects revealed a significant effect of delay [F(1,2)
=30.8; p<0.001], as the within subjects factor, with equivalent
performance [F(1,2) = 0.09; p = 0.916] between assigned groups on
the accuracy of performance on the DNMP task at baseline. Final ranks
for the animals designated to receive the control diet (n = 12) and the
experimental dietary treatment (n = 12) were (13.46+2.08 and
13.54+2.08 (mean+ SEM), respectively.

Testing on the DNMP task was repeated for each animal between
days 145 and 154, but showed no effect related to either of the diets
[F(1.2) = 0.182; p = 0.834]. Performance of the groups was equivalent
at both baseline and during dietary treatment and the delay effect was
due to more accurate performance at 5 s than at 55 or 105 s, both of
which differed significantly from performance at the 5s delays (p <
0.001; Fisher LSD test, Fig. 3).

3.4. Isoprostanes

The concentration in plasma of 8-iso-PGF,, was measured at
baseline and after 25 weeks in each animal from control (n = 12) or
algal-fortified (n = 12) dietary treatment groups. Analysis of variance of
the mean concentrations of 8-iso-PGF,, indicated no difference (p =
0.508) between values observed at baseline (91.57+24.98 pg/mL) and
after 25 weeks of dietary intake of the control or fortified diet.

3.5. Performance on cognitive test protocols

3.5.1. Concurrent discrimination (CCD) learning

Initial training and testing on CCD began 51 days after the
initiation of both dietary treatments and was continued for 39 days.
One animal from the treatment group was dropped from this phase of
the study after the 17th session because of unreliable responding. (In
the 17 sessions, this animal did not respond on 270 of 408 trials). The
initial analyses included the data from all of the subjects, indepen-
dently of the subjects’ consistency in responding. The subjects on the
DHA supplemented food required a mean+s.d. of 27.5+9.8 testing
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Fig. 3. Performance on DNMP during baseline (from training day —-11 to day -2) as a
function of group placement and delay. Mean (+s.d.) number of correct responses after
delays of 5, 55, or 105 s by groups fed control (open) or algal-fortified (filled) diets.
Asterisks (*) indicate p < 0.0001 compared to performance after 5 s.
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Fig. 4. Performance on the concurrent discrimination learning task as a function of test
session and group. The Y-axis depicts mean correct out of a maximum of 24 sessions. (A)
Results obtained following initial training on CCD task during days 51-90 of treatment
on the control (filled) or algal-fortified (open) diet, and (B) effects of dietary treatment on
concurrent discrimination learning task (days 167—174). Asterisks (*) indicate p < 0.05.

sessions and 232+124.4 incorrect responses to complete testing. By
contrast, the control subjects required a mean of 32.9+10.5 and
259.5+113.8 errors to complete testing (Fig. 4). The next analysis
was done after dropping the data from 4 subjects (2 from each group)
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who averaged more than 1.5 incorrect responses per trial. The groups
were then compared on both errors to criterion and sessions to
criterion. The results of the analysis revealed better apparent perfor-
mance by the animals receiving the algal supplemented diet (means
+s.d. for errors were, 25.1+8.2 vs. 30.4+10.9 for trials, and
199.5+103.7 vs. 235.65+109.6 for errors), but the differences did not
achieve statistical significance (p=0.4 and 0.871).

A third analysis focussed on the probability of a given subject
successfully achieving the learning criterion. In the control group, 5 of
12 animals were able to successfully complete training. By contrast, 9
of 12 animals in the DHA group passed the learning criterion within 40
test sessions. A chi squared test was used to compare the probability of
success between the groups. The difference between the groups did not
reach significance overall x* ((1) 2.74, N = 24, p = 0.098).

The final analysis compared groups on every test session using a
repeated measures ANOVA. After 25 weeks, the mean number of
correct responses as a function of test session and group revealed a
highly significant effect of session [F(1,39) = 26.8; p <0.02] on the
mean correct responses, shown as the change from baseline for each
group. A significant interaction was also observed between group and
session [F(1,39) = 1.55; p <0.02] which reflected the algal-fortified
group showing higher levels of performance over the last part, but not
during the initial part of training on CCD (Fig. 5).
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Retention of CCD task was evaluated between days 167 and 174.
One animal was not included in the results because it had been
dropped from the original learning phase. Repeated measures
ANOVA with test session as a within subject variable and group as a
between subject variable indicated a statistically significant effect of
session [F(6,1) = 6.04; p<0.001) and no significant interaction
between session and group (p = 0.119).

The results from each of the test sessions suggested that both
groups showed improved performance over repeated testing and that
the DHA group tended to perform better overall than the controls. A
closer look at the results from the two groups at each test session using
a Student t-test revealed statistically significant differences on the first
and last retention test day indicating that a statistically significant
effect of session (p < 0.05) remained, but there were no other statisti-
cally significant main effects or interactions.

3.5.2. Contrast sensitivity learning

Animals in both treatment groups were trained on the contrast
sensitivity learning task between days 100 and 140. Note that one
animal from the control group only completed 29 training trials. This
was because at the initial start of testing, the animal was removed from
testing because of too frequent response failures and was only started
after undergoing a remedial training protocol. Because the animal did
not complete the training, it was considered to be non-responsive to
training and therefore not included in any of the statistical analysis.
Three other animals, all from the group fed the experimental diet, were
dropped from the statistical analysis because they averaged more than
1.5 failures per session. T-test results (n = 12/group) comparing the
control and algal supplemented groups on errors and trials to criterion
are illustrated in Fig. 6. Mean+s.d. for sessions in order to complete
initial training on contrast sensitivity and incorrect responses from
control and algal-supplemented animals were 23.3+11.8 and
19.3+11.3, and 88.7+57.8, and 81.4+74.1 and were not significantly
different (p = 0.208 and 0.395), respectively. Similar analysis including
only responders, defined as animals which averaged < 1.5 failure per
session, from both groups indicated that subjects fed the control diet
(n = 11) required a mean+s.d. of 22.7+12.2 sessions in order to
complete initial training on contrast sensitivity learning. The mean
number of incorrect responses by control animals during training was
82.9+56.7. Dogs fed the diet algal-fortified diet (n = 9) required fewer
sessions 13.6+4.2 p = 0.023) and made fewer incorrect responses
(43+18.7, p = 0.029) compared to control diet fed animals.

A chi-square test was used to examine the relationship between
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Fig. 6. Performance as a function of contrast and group on the variable contrast
discrimination task. Asterisks (*) indicate differences in performance between control
(filled) and algal (open) dietary treatment groups that were significant at the 0.05 level.
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dietary treatment and performance on the contrast sensitivity protocol.
The relationship between these variables was not significant (p=0.098).
Three of 12 animals in the control group successfully completed all of
the contrast levels. Successful completion of all test was demonstrated
by 7 of 12 animals fed the algal fortified diet.

3.5.3. Performance on the variable contrast object discrimination
task

Performance on the variable contrast object discrimination task was
assessed on days 157-164 for each dog in the investigation. This
entailed testing every animal for 8 successive sessions with 2 trials per
session, at each contrast, for a total of 16 sessions. The grouped data
were first analyzed with a repeated Measures ANOVA with contrast
level as a within subject variable and group as a between subject
variable. The initial analysis was based on all 12 animals in each group
and revealed a highly significant effect of contrast [F(1,5)=13.9; p <
0.001] but not group (p = 0.13) (Fig. 6). Results indicate that the
contrast effect reflected progressively poorer performance with de-
creasing contrasts beyond 25% for both treatment groups. In addition,
the group differences were greater at intermediate contrasts. Further
analysis by Student t-test was used to compare the results at each
contrast level. P-values at contrasts 3% and 5% were 0.052 and 0.023,
respectively, and were not statistically significant at either lower or
higher contrast. Results of the analysis indicated statistically significant
differences at contrast of 0.03 and 0.05 (p=0.026 and 0.011, respec-
tively).

A second analysis was performed in which two animals, one from
each group, were dropped because of inconsistent responding. The
results of a 2-tailed analysis again revealed a statistically significant
main effect of contrast (p <0.001) but not group (p = 0.092). One-
tailed analysis indicated p = 0.046 for group. Both 2-tailed and 1-tailed
analysis were used to compare the groups at each level of contrast and
again revealed statistically significant effects of p = 0.012 and 0.006 at
contrasts of 0.03 and similarly p = 0.012 and 0.006 at contrast 0.05.

4. Discussion

Age-related impairment of cognitive performance has been well
characterized in canines and shown to involve a number of cognitive
domains including visual contrast sensitivity, spatial memory, learning,
and working memory [15,16,24-26]. Neuropathological correlates
include reduced mitochondrial respiratory activity [27], brain-derived
neurotrophic factor [28], and hippocampal neuron populations, due at
least in part to decreased neurogenesis within the hilus region of the
dentate gyrus [29,30], in addition to increased oxidative damage
[31,32], and deposition in brain of AB-amyloid subunits [33,34].

Previous investigations have provided evidence of the potential
efficacy of long-term dietary fortification with brain-specific nutrients,
as part of a multi-interventional strategy, in order to support neuronal
homeostatic regulation of metabolic [35], bioenergetic [27], secretory
[36], and neurogenic [28] pathways in the aging canine brain.
Furthermore, efficacy as a result of the long-term use of dietary
enrichment has been extended to include behavioral outcomes.
Learning of the reversal discrimination task was improved relative to
controls in animals fed a diet enriched with supplemental antioxidants
and mitochondrial enzymatic cofactors in a longitudinal trial [17,37].
Improved utilization of allocentric spatial information has also been
demonstrated as a result of dietary fortification with the same
antioxidant cocktail [17].

Determining the effects of daily consumption of DHA-rich algae on
the activation of pathways involved in either short- or long-term
memory following visual stimuli in senescent dogs was also a main
goal of this investigation. Age-related changes in performance in
visuospatial function become discernable by 6 years in dogs [33,34].
Other signs of brain aging in dogs includes the deposition and
accumulation of B-amyloid protein affecting the prefrontal cortex and
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then later, the medial temporal regions [33,34]. Therefore the age
range used in this investigation was selected in order to include
animals likely to demonstrate mild to moderate age-related decrements
on cognitive tasks dependent upon visuospatial functions [16,25].
Additional steps taken in an effort to isolate possible effects by the
condition of interest included selection to animals which a record of
previous training on the variable-DNMP task, and masking of olfactory
signals in all cognitive assessment tasks by placement of inaccessible
food equal to the amount in the correct choice, within immediate
proximity for all incorrect choices [23].

4.1. Studies of DHA in canines

This study is the first to investigate possible benefits from dietary
fortification with DHA-enriched algae on cognitive functions in a model
of canine senescence. Previous studies of the effects of DHA-rich fish oil
supplemented during perinatal growth on neurodevelopment in pup-
pies indicated improved visual acuity related to greater retinal sensi-
tivity, and increased learning on CCD attributed to frontal lobe function
[38,39]. A standard commercially available dog food was fortified with
dehydrated whole cell alga, in order to evaluate Schizochytrium sp. as a
nutritional source of marine n-3 LCPUFAs. Dried alga was added to the
base diet in order to meet intake amounts of n-3 LCPUFA considered to
be adequate for canines [40]. The PUFA composition of the base
diet also included a-linolenic acid at concentrations which met or
exceeded those considered as adequate for the maintenance of healthy
adult animals. There were no measurable effects as a result of
fortification on the concentrations other dietary FAs, however, the
negative change in the n-6:n-3 LCPUFA ratio (6 vs. 17) observed in
animals fed algal biomass was consistent with the influence of 22:6n-3
and 18:3n-3 intake from the diet.

DHA from Schizochytrium sp. was sufficient to induce an increase
in the DHA wt% of total PL in plasma which corresponded with
consumption of algal-fortified diet. In addition, a small but significant
increase in 20:5n-3 was observed in the algal-fortified group. These
results are consistent with results from other studies in which healthy
dogs were fed diets supplemented with omega-3 LCPUFAs [38,39,41].

Increased concentrations of PGF,, isomers of non-cyclooxygenase
generated products of peroxidized arachidonic acid, and in particular
8-is0-PGF,,, have been shown in clinical investigations of canine
cardiovascular diseases, including congestive heart failure [42] and
experimentally induced subarachnoid hemorrhage [43]. In addition to
progressive deterioration of tissue function, oxidative stress is believed
to contribute to observed negative changes in cognitive performance
during aging in both humans [44] and dogs [45]. DHA and EPA
administered at therapeutic doses have been shown to decrease the
concentrations of isoprostanes in plasma from dysmetabolic subjects
[46] and in tissues from a rodent model of lung inflammation [47]. In
contrast, concentrations of F»-isoprostanes were increased in urine
from normal dogs after 21 days of supplementation with 200 mg/kg of
DHA and EPA [48]. In addition to marine n-3 LCPUFAs, epidemiolo-
gical studies have provided evidence that regular dietary intake of
carotenoids and tocopherol may reduce 8-iso-PGF», [49,50]. Results
from the present investigation showed no evidence of interactions
between algal biomass and generation of 8-iso-PGFo,. This outcome
was not totally unexpected, considering the use of normal dietary
concentrations, the small change in concentrations in plasma of the 8-
is0-PGF», precursor, ARA, and the absence of any overt signs of
disease or inflammation following a health exam, as a criteria for
selection for treatment in this investigation. It is also reasonable to
consider that the concentrations of 8-iso-PGF», in plasma were already
within a normal physiological range for concentrations in the appar-
ently healthy older animals used in the present investigation.
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4.2. Contrast sensitivity

Senescence is accompanied by progressive deficits in contrast
sensitivity, visual processing, working memory, and learning in human,
non-human primates, and other animals including dogs
[12,13,15,16,51,52]. Contrast sensitivity results here provided the
most compelling evidence of age-countering effects on visual proces-
sing as a result of dietary fortification with dried whole cell
Schizochytrium sp. [53]. During the initial acquisition phase, the algal
group learned the initial discrimination more rapidly and with fewer
errors compared to control animals. In addition, results from the
variable contrast phase showed highly significant differences between
the two groups at contrasts of 3% and 5%. Although on average, the
algal fed dogs performed more accurately on all but the highest
contrast, variability between subjects within each group may explain
the lack of significant differences as a result of dietary treatment.
Performance at contrasts >25% was equivalent between dietary
treatments. These results were consistent with previous observations
in canines which indicate a contrast threshold beyond which age-effects
on the ability to distinguish differences between objects becomes
greatly diminished [11].

Performance on the contrast sensitivity protocol depends on the
ability to detect and then discriminate between objects or shapes
presented at low contrasts to background ratio, and is a function of size
and spatial frequency [53]. Contrast sensitivity declines with age in
humans [12,13] and dogs [11,38,39]. DHA accretion in the retinal
membrane supports photoreceptor spectral sensitivity under condi-
tions of low contrast by lowering the threshold of photon-induced
activation of the phosphodiesterase cascade by the rod outer segments,
during signal transduction to the visual cortex [54,55].
Electroretinography has been used to demonstrate sensitivity by
photoreceptors to diet-induced changes to the status of DHA, during
the early stages of canine development [38,39]. Therefore, a similar
effect on vision by DHA-rich dried whole cell algae in this trial may at
least partially account for the differences in performance on contrast
sensitivity tasks by each group. Here, selection of the correct response
required retention of information related to the shape and spatial
relationship between objects based upon the results from a previous
experience. Information about spatial relationships is received from the
retina and maintained according to various attributes in the visual
cortex as stimulus representations for short periods during working
memory [56,57]. In order to differentiate between the contributions by
the retina and visual processing centers, non-periodic patterns, or
images on a contrasting background, were used, as opposed to periodic
patterns such as sine waves, in order to evaluate contrast sensitivity in
this study. The differences between groups on the results for contrast
sensitivity and for performance at variable contrast may therefore be
interpreted to indicate that algal-DHA supports retention of informa-
tion during visual processing related to spatial memory during testing
in a canine model of brain aging. Notably, significant differences in
group accuracy during performance on variable contrast were only
detected at intermediate contrasts, which afford increased difficulty
during object recognition by older animals [11]. These results could
represent group differences at the level of the retina, cerebral cortex
and possibly both, and are consistent with roles hypothesized for the
visual cortex. Additional studies in this area may further the current
understanding about interactions, or lack thereof, between DHA and
other possible underlying factors which may contribute to persistent
signs in some individuals of cognitive deficits during senescence.

4.3. Concurrent discrimination learning

Concurrent discrimination (CCD) task assesses the ability to retain
information about complex object to object associations in the presence
of novel objects with similar but different features (e.g., shape, size).
Results in this investigation did not support rejection of the null
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hypothesis. Future investigations should consider the use of middle-
age adult dogs and or increasing sample size.

5. Conclusions

Results from this investigation provides support for the use of dried
Schizochytrium sp. biomass as a suitable source of the n-3 LCPUFA
DHA for canine diets. Microalgae has been widely recognized as a
source of nutrients and compounds associated with health and well-
being in humans and animals. Carotenoids, including p-carotene,
polyphenols, and tocopherols are valued components of algae due to
the potential application as natural antioxidants in food products [58].
Dietary supplementation using antioxidants, including beta-carotene
and tocopherol have been associated with improved cognitive function
related to contrast sensitivity in the context of age-related cognitive
aged dogs [11]. Antioxidant activities vary among microalgae [59,60].
Total antioxidant activity was not measured in the dried algal biomass
used in this study and remains to be determined by future investiga-
tions. Low fat Schizochytrium sp. may be considered for possible use in
a control diet. Contributions by other nutrients in the algal biomass to
the observed results in this investigation cannot be ruled out. However,
the dietary concentrations of these other nutrients were arguably
insufficient to attribute positive outcomes associated with intake of
the algal-fortified diet. DHA is therefore proposed as the primary
mechanism associated with improved performance on cognitive tasks.
Additional investigations are needed in order to confirm the observa-
tions related to performance on cognitive assessments of spatial
learning and memory, and visual processing in pre-senescent and aged
animals. Overall, these observations are consistent with an association
between consumption of a diet fortified with DHA-rich algae and
support of healthy brain function during senescence in a canine model
of brain aging.
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