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Abstract

The present study investigated the effects of a single intravenous (i.v.) dose of Vitamin C
(ascorbate, ASC) on spatial memory in APP/PSEN1 mice, an Alzheimer's disease model. First, we
confirmed the uptake time course in ASC-depleted gulo (=/-) mice, which cannot synthesize ASC.
Differential tissue uptake was seen based on ASC transporter distribution. Liver (SVCT1 &
SVCT2) ASC was elevated at 30, 60 and 120 min post-treatment (125 mg/kg, i.v.), whereas spleen
(SVCT2) ASC increased at 60 and 120 min. There was no detectable change in cortical (SVCT2 at
choroid plexus, and neurons) ASC within the 2-hour interval, although the cortex preferentially
retained ASC. APP/PSEN1 and wild type (WT) mice at three ages (3, 9, or 20 months) were
treated with ASC (125 mg/Kkg, i.v.) or saline 45 min before testing on the Modified Y-maze, a two-
trial task of spatial memory. Memory declined with age and ASC treatment improved performance
in 9 month-old APP/PSEN1 and WT mice. APP/PSEN1 mice displayed no behavioral impairment
relative to WT controls. Although dopamine and metabolite DOPAC decreased in the nucleus
accumbens with age, and improved spatial memory was correlated with increased dopamine in
saline treated mice, acute ASC treatment did not alter monoamine levels in the nucleus
accumbens. These data show that the Modified Y-maze is sensitive to age-related deficits, but not
additional memory deficits due to amyloid pathology in APP/PSEN1 mice. They also suggest
improvements in short-term spatial memory were not due to changes in the neuropathological
features of AD or monoamine signaling.
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1. Introduction

Vitamin C (ascorbate, ASC) is an antioxidant that plays a critical role in the brain, including
synthesis of catecholamines [1, 2] and protection from oxidative stress. ASC is accumulated
in cells by two isoforms of the sodium-dependent vitamin C transporter (SVCT). SVCT1 is
involved in ASC homeostasis and is found primarily in liver, kidney, lung and intestines.
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The SVCT2 transporter is found in metabolically active tissues such as the brain, spleen, and
liver, and protects against oxidative stress [3-5]. ASC does not freely cross the blood-brain
barrier and instead cortical levels are maintained by a two-step mechanism whereby ASC is
transported from plasma into cerebrospinal fluid in the choroid plexus and then into neurons

[6].

Alzheimer's disease (AD) is a progressive neurodegenerative disease that is the most
common type of dementia and the sixth-leading cause of death in the United States, with a
prevalence of 5.2 million in 2013 [7]. Hallmarks of AD include cognitive impairment,
accumulation of amyloid-f (AB) deposits, neurofibrillary tangles, elevated oxidative stress
and neurotransmitter dysfunction [8-10]. The primary neurotransmitter target for AD
treatment has been the cholinergic system, but other reports have suggested abnormalities in
multiple neurotransmitters in AD, including monoamines such as dopamine, serotonin and
noradrenaline [11, 12]. Plasma ASC levels are decreased in AD patients [13, 14] and
increased dietary intake has been suggested to reduce the risk of developing AD [15], as
well as to delay the aging process [16]. Given the variety of roles of ASC in the brain, the
link between cognition and ASC, as well as a protective mechanism in AD are still unclear.

Previously, we have shown [17] that intraperitoneal (i.p.) administration of ASC (125 mg/
kg) reversed some learning and memory deficits (Y-maze alternation rates and Morris water
maze) in aged (12 mo) and very old (24 mo) APP/PSENL1 transgenic AD model mice
[18-20]. No effects of ASC were found on A, oxidative stress or ASC level in brain or liver
after 12 daily treatments. Acetylcholinesterase (AChE) activity was decreased in APP/
PSEN1 mice but not altered by ASC treatment. Short-term, pharmacological-like
modulation of neurotransmitter function was hypothesized as a potential mechanism, and a
subsequent study suggested ASC might act in part by modulating cholinergic signaling, as
the same treatment reduced some scopolamine-induced spatial learning deficits in young
wild type (WT) mice [21]. Other studies have suggested that ASC can improve memory,
although the method of administration was i.p. in each case [22-25]. The effects of
intravenous ASC on learning and memory have not been investigated, particularly in an AD
model mouse.

ASC concentration in plasma and tissues after oral administration is tightly controlled.
Bioavailability declines after single doses of 400 mg or higher, as the SVCT transporters
saturate and any remaining ASC is excreted [26, 27]. Parenteral ASC administration
bypasses the tight control and can increase plasma concentrations up to 70-fold [28]. Both
intraperitoneal and intravenous administration of ASC lead to large and rapid increases in
plasma ASC, although intravenous is faster and produces larger concentrations [29, 30].

The goal of the present study was to determine if the more rapid intravenous ASC
administration could improve learning in aged APP/PSEN1 mice and WT controls. The
experiment was designed to avoid repeated intravenous treatments and therefore limit any
restraint stress and potential damage to veins limiting the effectiveness of injections, so a
oneday memory task was chosen. The Modified Y-maze [31, 32] is a two-trial,
hippocampus-dependent test of spatial memory [33]. This task involves free exploration and
recognition of novelty, which are associated with dopamine signaling [34]. In addition,
monoaminergic neurodegeneration is found in APP/PSEN1 mice [11], and ASC is critically
involved in dopamine synthesis. Therefore, this study examined the relationship between
dopamine, ASC and spatial memory in aged AD model mice and WT controls. AD
neuropathology (Ap) was also examined. Before assessing the effects of intravenous ASC
on behavior, the time course of ASC uptake into tissues following intravenous
administration was explored using ASC-depleted gulo (/=) mice, which cannot synthesize
ASC and require dietary supplementation to survive [35]. In the present study, young adult
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(3 mo), middle-aged (9 mo) and very old (20 mo) APP/PSEN1 mice and WT controls were
given intravenous treatment of ASC or saline and tested on the Modified Y-maze. Following
behavioral testing, a final treatment (ASC or saline) was administered and brain tissue, liver
and spleen were assessed for changes in ASC and monoamine levels.

2. Material and methods

2.1. Subjects

Heterozygous gulo (+/-) mice were originally obtained from Mutant Mouse Regional
Resource Centers (http://www.mmrrc.org, #000015-UCD) and were maintained on a
C57BL/6J background (stock #000664; Jackson Laboratories, Bar Harbor, ME, USA). Gulo
(=/-) mice were bred in house. These mice lack a functional copy of the gulonolactone
oxidase gene responsible for the final step in ASC synthesis and are dependent on dietary
intake of ASC [35]. Wild type-equivalent levels of ASC in tissues are maintained by
providing de-ionized drinking water with 0.33 g/L ASC and 20 ul 0.5 M EDTA per liter to
help maintain stability of ASC. APPs,/PSEN1AES9 bigenic mice were obtained from
Jackson (stock #005864) and maintained as double hemizygotes by crossing with wild type
individuals on a C57BL/6J background strain (Jackson Laboratories stock # 000664). APP/
PSENL1 bigenic mice harbor the Swedish double-mutation (K595N/M596L) in the APP
gene, and a deletion in exon 9 of the PSEN1 gene. The original mice, maintained on a
hybrid C3HeJ x C57BL/6J background, exhibit amyloid aggregation and amyloid-related
neuropathology and cognitive decline, and age- and genotype-dependent cholinergic
dysfunction [36-39]. APP/PSEN1 mice with C57BL/6 background also show amyloid
accumulation [40, 41]. Mice were group-housed by sex in standard tub cages (26.5 x 17 x
12 cm) with fiber bedding under a 12/12-h light/dark cycle (lights on at 0600 h), with free
access to food and water. 22 adult (3 mo) gulo (—/=) mice were used in Experiment 1 (10
male, 12 female). For Experiment 2, 38 (16 male, 22 female) wild type (WT) and 36 APP/
PSENL1 (17 male, 19 female) mice were tested at one of three ages: 3 (M = 3.48, SD = 0.60),
9 (M =9.43, SD =0.43) or 20 mo (M = 19.99, SD = 0.66). Genotypes for all mice were
confirmed using polymerase chain reaction (PCR). All procedures were approved by the
Vanderbilt University Institutional Animal Care and Use Committee and were conducted in
accordance with the NIH Guide for the Care and Use of Laboratory Animals.

2.2. ASC treatments

Gulo (=/-) mice were provided with 0.33 g/L ASC supplemented water at weaning. For
seven weeks prior to the experiment, mice were given minimal supplementation (0.033g/L
ASC) and depletion was ensured by providing non-supplemented tap water for five days
preceding i.v. ASC treatment. Sodium ascorbate (125 mg/kg; Sigma, St. Louis, MO, USA)
was dissolved in de-ionized water and injected via tail vein at a volume of 200 pL. Mice
were euthanized 30, 60 or 120 min post-treatment (5-6 per group). Control mice received no
treatment. Brain, liver and spleen were dissected and frozen at —80°C.

APP/PSEN1 and WT mice received an i.v. injection (125 mg/kg ASC or saline) 45 min
before testing on the Modified Y-maze. A within-subjects design was used where each
mouse received both a saline and ASC injection (separated by at least one week) and was
tested twice on the Modified Y-maze.

2.3. Behavioral testing

The Modified Y-maze is a two-trial spatial memory task that uses an apparatus constructed
of clear plastic with three arms (34 x 6.2 x 10 cm, L x W x H). Retention in the Modified Y-
maze does not last more than a few hours [32] so mice could be tested twice without any
carryover effects. Testing took place using the same apparatus in two different rooms with
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different distal and proximal cues. The treatment order, as well as injection-room pairings
were randomized and counterbalanced. Black and white paper shapes were positioned
approximately 5 cm from each vertex to serve as salient extra-maze cues and the
characteristics of the testing room (tables, chairs, shelves and sink) were also visible to the
mice. During Trial 1 (Training), one arm of the maze, chosen at random, was blocked and
the mouse was placed at the end of one of the two other arms, with its head facing away
from the center of the maze, and allowed to explore for 5 min. After a 5 min ITI the mouse
was returned to the start arm of the maze and allowed to explore all three arms for 5 min
(Trial 2; Retention). Recording of Trial 2 began when the mouse had left the start arm. The
start and blocked arms were counterbalanced across groups. The entire maze was cleaned
with 10% ethanol between trials and mice to minimize odor cues. The time in each arm,
distance traveled and number and duration of visits to each arm was recorded by the ANY-
Maze software (Stoelting, Wood Dale, IL, USA). Preferential exploration of the novel arm
(blocked arm in Trial 1) was used as an indicator of spatial memory. All behavioral testing
took place in the facilities of the Vanderbilt Neurobehavioral Core. One final treatment
(saline or ASC, counterbalanced) was administered 45 min before mice were euthanized.
Brain, liver and spleen were dissected and frozen at —80°C.

2.4. Measurement of AB42

Hippocampal AB42 was quantified in a randomly selected subset of mice at each age (APP/
PSEN1 n=6, WT n =4) using a sandwich enzyme-linked immuno-sorbent assay (ELISA)
kit (Life Technologies, Grand Island, NY, USA). As genotype had already been confirmed
with PCR, only a subset of mice was used for Ap42 quantification. Briefly, samples (5-10
mg) were homogenized using BSAT-DPBS with 1x protease inhibitor. Equal aliquots of raw
homogenate were used to extract soluble and total AB. Soluble AB42 was extracted using
cold 0.4% (v/v) diethylamine in 200mM NaCl and total AB42 was extracted using cold 5M
guanidine in 50 mM Tris HCI. Protein concentration was measured using a Nanodrop 2000
(Thermo Scientific, Asheville, NC, USA) using BSA as a standard. Prior to the ELISA,
samples were diluted to 100 j1g/100 pl using the provided standard diluent buffer. Samples
for older mice were further diluted (1:3 for 9 mo and 1:5 for 20 mo). Each sample was
measured in duplicate and compared to a linear standard curve generated with known
concentrations of human AB42 using a Synergy H4 plate reader (BioTek, Winooski, VT,
USA) with an absorbance of 450 nm.

2.5. Measurement of ascorbate

ASC content of cortex, liver and spleen was determined by HPLC according to previously
published methods [21, 42, 43] using the Dionex Ultimate 3000 and Coulochem 111 for ion
pair HPLC with electrochemical detection (Thermo Scientific). Tissue was processed for all
mice, with approximately half in each group receiving a final, pre-euthanasia treatment of
either saline or 125 mg/kg ASC. Briefly, weighed tissue samples were homogenized in a
combination of two solutions, 25% (w/v) agueous metaphosphoric acid and 100 mM sodium
phosphate buffer containing 5 mM EDTA, with a final ratio of 2:7. Samples were
centrifuged and the supernatant was taken for assay of ASC as described above following
appropriate dilution with deionized water.

2.6. Measurement of neurotransmitters and metabolites

The nucleus accumbens was isolated by taking a tissue slice between approximately 0.66
and 1.66 mm Bregma, according to a mouse brain atlas [44] using a Zivic Instruments
Mouse Brain Slicer Matrix (Pittsburgh, PA, USA). One mm punches were taken from each
hemisphere and frozen at —80°C. Catecholoamines, serotonin and their metabolites were
quantified using HPLC by the Vanderbilt University Neurochemistry Core.
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2.7. Statistical analysis

All data were analyzed using IBM SPSS Statistics Version 22 for Mac. Modified Y-maze
data were analyzed using the repeated measures Analysis of Variance (ANOVA) to compare
the effects of age, genotype and treatment on time spent in the novel arm. Neurochemical
analyses were conducted using separate univariate ANOVAs. When appropriate, Bonferonni
post-hoc tests were used. Prior to analysis of behavioral testing, data were examined for
outliers. Mice either identified in SPSS as statistical outliers (performance scores at least 1.5
times greater than the interquartile range) or that received poor or incomplete injections
were excluded (one 3 mo, six 9 mo and six 20 mo mice). Final group sizes for behavior
were: 3mo WT (n=8), 3 mo APP/PSEN1 (n=9), 9 mo WT (n=5), 9 mo APP/PSENL1 (n=
4), 20 mo WT (n = 17), 20 mo APP/PSENL1 (n = 18). Initial analyses included sex as an
additional between groups factor. No differences were found according to sex so data were
collapsed and analyzed together.

3. Results

3.1. Experiment 1: Time course of IV ASC uptake

Time course uptake was performed in gulo (=/=) mice that were not also subject to
behavioral testing. ASC levels in the liver increased significantly beginning at 30 min post-
treatment (F(3, 18) = 189.70, p < .001) and remained elevated through 120 min (ps < .001,
Figure 1A). Liver ASC values in ASC-treated gulo (—/-) were much larger than WT values
at all time points examined. Less robust, but statistically significant increases in spleen
(SVCT2 only) ASC were found (F(3, 18) = 14.33, p < .001), in addition to a slower uptake
time course (Figure 1B). Spleen ASC levels were significantly elevated at 60 (p < .01) and
120 (p < .001) min post-treatment, but did not approach WT levels. There was no significant
elevation in cortical ASC after treatment, although a numerical increase was seen at 120 min
(Figure 1C). Cortical ASC levels were larger compared to the liver and spleen (but much
smaller than WT levels) in depleted mice receiving no treatment, confirming that the brain
preferentially retains ASC during periods of prolonged deprivation.

3.2. Experiment 2: IV ASC improves spatial memory in middle-aged mice

Overall, the oldest mice performed more poorly on the Modified Y-maze, spending less time
exploring the novel arm during the retention trial (F(2, 55) = 17.65, p <.001). Post-hoc tests
confirmed that mice aged 20 months were significantly impaired relative to mice aged 3 (p
<.001) and 9 (p < .05) months (Figure 2A). Investigation of an Age x Treatment interaction
revealed that ASC treatment improved spatial memory in 9 month-old mice (p < .05). No
main effects of genotype were reported, as APP/PSEN1 mice were not significantly
impaired at any age tested. In addition, we confirmed age- and treatment-related effects
using multiple One-Sample T Tests. Performance in each group was compared to chance
(100 sec). All of the young mice performed significantly above chance (although p = .053
for WT ASC mice), and only ASC-treated middle-aged mice performed significantly above
chance. None of the oldest mice were significantly different from chance, except for the
APP/PSEN1 ASC group, which was significantly below 100 sec. There were no significant
effects of first treatment (saline or ASC) or testing room during the retention trial.

Total exploration of the maze during the retention trial was not affected by ASC treatment,
although a significant effect of age on total distance traveled was found (F(2, 55) = 3.88, p
<.05, Figure 2B). Post-hoc tests revealed that 3 month-old mice covered significantly more
distance than 20 month-old mice (p < .05), although this effect was likely driven by
increased distance traveled in 3 month-old APP/PSEN1 mice (age X genotype interaction:
F(2, 55) = 3.68, p = .05). Similar results were found when comparing distance traveled
during the training trial—there was a significant effect of age (F(2, 55) = 11.27, p < .001) as
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3 month-old mice covered significantly more distance than mice aged 20 months (p < .001).
Again, the effect of age was driven by increased distance traveled in young APP/PSEN1
mice (data not shown).

3.3. Measurement of AB42

AB42 was measured in the hippocampus of 6 APP/PSEN1 and 4 WT mice from each age
group. As WT mice have no human Af, the minimal amount of binding seen in the ELISA
was considered background, and the average WT values were subtracted from APP/PSEN1
values. Soluble AB42 increased with age as expected (F(2, 12) = 3.96, p < .05; Figure 3A).
Total AB42 increased significantly with age in APP/PSEN1 mice (F(2, 12) = 90.35, p<.
001) and was significantly elevated at 9 (p < .001) and 20 (p < .001) months compared to 3
month-old mice (Figure 3B). The effect of final ASC treatment on total AB42 was
significant, as ASC treated mice had significantly less Ap42 (F(1, 12) = 9.2, p < .05). This
result likely reflects the variability in total AB42 measured (9 mo range: 38.9-120.4 ng/mg
protein; 20 mo range: 106.6-203.2 ng/mg protein), and does not indicate that ASC treatment
45 min before euthanasia significantly altered total hippocampal Ap42. Therefore, data are
presented by age group, collapsed across treatment groups.

3.4. Neurochemical analyses in APP/PSEN1 and WT mice

3.4.1. ASC—lIntravenous treatment with ASC 45 min prior to euthanasia led to significant
elevation in the liver in all ages and genotypes (F(1, 59) = 146.32, p < .001) but did not
affect cortical levels of ASC (Figure 4A-B). Neither age nor genotype affected liver or
cortical ASC levels. 3.4.2. Neurotransmitters and metabolites

The amount of dopamine and its metabolite DOPAC decreased in the nucleus accumbens
with age (dopamine F(2, 61) = 3.37, p <.05; DOPAC F(2, 61) = 8.96, p < .001, Figure 5A-
B). Dopamine was lowest in 20 month-old mice and DOPAC was significantly lower in
mice aged 9 (p < .05) and 20 months (p < .001) compared to 3 month-old mice. As there
were no significant effects of the final ASC treatment on dopamine or DOPAC, all mice
were considered in a comparison of dopamine and baseline spatial memory ability. In mice
treated with saline 45 min before behavioral testing (collapsed across age), the amount of
dopamine in the nucleus accumbens correlated with increased time in the novel arm (r(59) =
0.29, p < .05, Figure 5C), indicating an association between better memory and more
dopamine. No other age-, genotype-, or treatment-related changes were found in dopamine
metabolite HVA, serotonin or metabolite 5-HIAA.

4. Discussion

In the present study, acute intravenous administration of ASC led to significant increases in
circulating and tissue ASC level beginning at 30 (liver) or 60 (spleen) min post-treatment
but did not alter cortical ASC within the 2 hour period studied. In addition, a single
intravenous treatment of ASC reversed short-term age-related spatial memory deficits in
middle-aged (9 mo), but not old (20 mo) APP/PSEN1 and WT mice. ASC treatment effects
were independent from changes in AD neuropathology or monoaminergic signaling.

In Experiment 1 we confirmed the time course of ASC uptake in ASC-depleted gulo (-/-)
mice. Depleted mice that received no ASC treatment had virtually undetectable ASC content
in the liver and spleen. ASC levels in the cortex were much lower than normal, but remained
elevated compared to the liver and spleen. These results confirmed the preferential retention
of ASC in the brain relative to other organs [45, 46]. The larger increase in the liver
compared to spleen reflects the different distribution of ASC transporters, as well as the
blood content of the two organs. Both the liver and spleen are filtration units for circulating
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blood, but the liver contains both SVCT1 and SVCT2, whereas the spleen contains only
SVCT2 [3, 5]. SVCT1 has a higher capacity than SVCT2 [3], which allowed for a larger
increase in ASC in the liver compared to the spleen. The delayed uptake time course in the
cortex (slight increase in ASC at 120 min post-treatment) confirmed the slower, two-step
SVCT2 mechanism, from blood into CSF at the choroid plexus, and then into neurons [6].

Although we did not find a detectable increase in stored ASC in Experiment 1, the time
course for Experiment 2 was chosen based on therapeutic windows observed in previous
studies using intraperitoneal administration [17, 29] and findings from Experiment 1
showing increased circulating ASC from 30-120 min after intravenous treatment. In
addition, the time course of Experiment 2 was chosen so that both training and retention
trials of the Modified Y-maze could be administered within this time frame. We report an
age-related deficit in short-term spatial memory in middle-aged (9 mo) and old (20 mo)
APP/PSEN1 and WT mice. The Modified Y-maze task has been used extensively with rats
but also has been validated in number of inbred and hybrid mouse strains [31, 47, 48].
C57BL/6 mice (APP/PSEN1 background strain in the present study) show robust
exploration of novelty and learning on the task. Age-related impairment in the Modified Y-
maze has been reported in high responder rats [49], but few studies exist comparing this task
in aging mice [50, 51].

We have confirmed that the Modified Y-maze is sensitive to age-related changes in APP/
PSEN1 and WT mice; however, no genotype-specific impairment was detected. Young
APP/PSEN1 mice displayed increased activity during training and retention trials; however,
this result has not been reported in other studies using APP/PSEN1 AD model mice [52, 53].
These findings may not be meaningful and do not alter the interpretation of the retention
trial, as additional exploration in young APP/PSEN1 mice did not lead to improved
performance on the task. Importantly, acute ASC treatment did not affect overall exploration
at any age tested. Few Modified Y-maze studies using AD model mice exist. Age- and
genotype-related impairment has been reported at 16 months in TGF-1 mice, a model for
cerebral amyloidosis [54], although no genotype-related impairment has been reported up to
8-12 months in APP/PSEN1 mice [55]. APP/PSEN1 mice show spatial learning deficits in
other tasks such as the Morris water maze [21, 37] and it is possible that increasing task
difficulty in the present study may have revealed more robust genotype effects [56-58].
Increasing the ITI in the present study would have increased difficulty and perhaps revealed
more subtle genotype-related differences, particularly since retention times of up to 2 hours
have been reported in young C57BL/6 mice [31]. However, the experiment was designed so
that mice would be under the effects of ASC treatments during both encoding and retention
trials and longer ITIs may have required additional treatments.

ASC treatments in Experiment 2 replicated findings from Experiment 1 in depleted gulo (-/
—) mice. At 45 min post-treatment, liver levels reflected the increased circulating ASC due
to intravenous administration and cortical levels were unchanged. In addition, no age-related
changes in cortical or liver ASC were reported. Stability of cortical ASC is frequently
reported [59], though reports of depletion with age usually compare immature young
animals to old animals [60]. The present study confirmed this notion, as no change was
found when comparing young (but mature), middle-aged and old mice. Given the small
cortical changes detected in the depleted gulo (=/-) mice, we did not expect to find
detectable changes in ASC in the WT and APP/PSEN1 mice in this study. Our data are in
line with two earlier studies in our lab that suggested AD model mice do not show
differences in baseline ASC levels [17, 61] because mice can synthesize their own ASC and
thus are able to maintain consistently high ASC levels. Other studies using AD model mice
and ASC do not always report baseline ASC levels [62].
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The Modified Y-maze task depends on the hippocampus [33] and several neurotransmitter
systems have been implicated in behavior on this task, such as GABA [63], acetylcholine
and glutamate [64]. Dopamine is often associated with spatial learning [65, 66] and our
results confirmed that dopamine is involved in spatial learning assessed by the Modified Y-
maze in APP/PSEN1and WT mice. In saline treated mice, improved spatial memory was
associated with increased dopamine in the nucleus accumbens. These results suggest that
whereas dopamine is important for the behavior assessed by the Modified Y-maze, it does
not appear to be the mechanism by which ASC was effective.

Several potential mechanisms by which ASC could improve learning and memory were
investigated in the present study. APP/PSEN1 mice had increased soluble and total Ap42
with age, though we did not report impairment specific to the APP/PSEN1 genotype. Mice
receiving a final ASC treatment were found to have decreased amounts of AB42, but it is
unlikely that this result suggests a significant clearance of AB42 45 min after an acute
treatment with ASC. The more probable explanation is that this result is due to the
variability of AB42 deposits with age in APP/PSEN1 mice. We also examined the amount of
monoamines—dopamine, serotonin and norepinephrine—and their metabolites in the
nucleus accumbens across age and genotype. We reported age-related decreases in
dopamine and metabolite DOPAC, but no changes in any neurotransmitter or metabolite as a
function of ASC treatment. ASC is directly involved in catecholamine and serotonin
synthesis [2]; however, the present results suggest that a mechanism for ASC-induced short-
term spatial memory improvement does not involve dopamine or other monoamines. Low
statistical power may have complicated interpretation of null neurochemical findings in
Experiment 2, especially given the small sample sizes for 3 and 9 month-old mice. Based on
the time course data from Experiment 1, though, it appears that any potential changes in
neurotransmitter function may not have been captured at our 45 min interval, as brain levels
of ASC had not significantly increased at this point. The Meredith and May study used
embryos from genetically modified mice that had permanently increased and decreased ASC
in brain. It is possible that such changes occur in long term ASC deficiency such as lack of
dietary intake but that was not assessed in this study

Other potential mechanisms were not investigated in the current study. Our previous work
suggested the cholinergic system might be implicated [21]; however, the time course data
from the present study suggests changes in the cholinergic system would also not be
detected at the current treatment interval. Another possible mechanism involves the effects
of ASC on blood flow. ASC facilitates endothelial- and nitric oxide-dependent vasodilation
[67, 68]. Vasodilation increases blood flow and provides additional nutrients and
neuroprotective factors, which could allow for improved spatial processing through a highly
metabolically active structure like the hippocampus. Similar effects are seen with physical
exercise-induced increases in blood flow, including changes in neuroprotective factors such
as brain-derived neurotrophic factor (BDNF), which have been found to mediate spatial
memory improvement [69-71]. In normal aging, degradation and dysfunction in the
cardiovascular system is found in humans [72]. Interestingly, a multi-nutrient diet (including
ASC) was found to increase cerebral blood flow in APP/PSEN1 mice, which display
reduced blood flow compared to WT controls [73], and improved search and swim
efficiency in the Morris water maze [74].

ASC is also important for maintaining the general function of the blood brain barrier (BBB)
[75, 76]. Breakdown or disruptions of the BBB are found in normal aging [77] and AD [78,
79] and are associated with memory loss [80, 81]. ASC has been found to tighten junctions
between endothelial cells such as those that form the BBB, especially in cases of additional
oxidative stress [82, 83]. Though we did not report any additional impairment in our APP/
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PSEN1 mice, it appears plausible that the benefits of ASC in middle-aged mice may be due
to increased blood flow.

In the present study we expected to see detrimental effects of AD pathology and to
determine if ASC could rescue AD-related deficits. We found no additional impairment in
APP/PSEN1 mice but instead report that ASC improved learning in normally aging mice.
Normal and pathological aging do not involve identical processes, and have different
outcomes at a behavioral and neuroanatomical level. For example, normal aging does not
include gross neuron loss in the hippocampus [84], whereas in AD there is a massive loss of
neurons [85]. Normal aging in the hippocampus is associated with alterations in synapses
[86] as well as reduced neurogenesis [87]. In addition, a different pattern of deficits is seen
in normal aging and AD when using eyeblink classical conditioning [88]. There is great
interest in identifying mechanisms specific to normal, rather than pathological, aging [89]
and behavioral tasks sensitive to age-related memory impairment. Interestingly, our
Modified Y-maze task was found to be more sensitive to normal aging and not AD, and
ASC treatment did not affect AD pathology. Therefore, the Modified Y-maze may be better
suited for studies of normal aging.

A final issue to consider is the absence of impairment in our APP/PSEN1 mice. At both 9
and 20 months of age, these mice had accumulated AB42 in the hippocampus but no
additional decreases in dopamine or metabolites in the nucleus accumbens, despite reports of
degeneration of VTA dopaminergic neurons that project to the forebrain [11]. There is
considerable controversy regarding the presence and/or timing of learning and memory
deficits in APP/PSEN1 mice [90]. There have been several reports of unimpaired spatial
learning ability in AD model mice [91-93]. Within APP/PSEN1 mice the background strain
can vary, including C57BL/6 [40, 41] and B6C3 hybrid mice [18, 19]. It is possible that the
absence of a behavioral deficit in the present study may be due to the C57BL/6 background
strain. C57BL/6 mice, in particular, have been reported to be robust learners in strain
comparisons of spatial learning tasks [94, 95] and these findings may be due to differences
in hippocampus physiology [96]. A strong learning ability from the background strain may
obscure or delay the appearance of deficits. Therefore, genotype- or age-related comparisons
may be complicated by changes in the appearance of learning and memory deficits.

The present study showed that ASC could improve short-term spatial memory in middle-
aged (9 mo) mice; however, the action of ASC at 9 months is no longer sufficient to
improve memory by 20 months of age. Our data suggest that middle-aged mice perform at
the level of younger mice with a single intravenous ASC treatment but that any benefit of
ASC on short-term spatial memory is independent of changes in AB42 burden or
monoamine signaling. The precise mechanism for the beneficial effects of ASC and the
differences between 9 and 20 month-old mice that render ASC ineffective still need to be
investigated. In addition, our data have shown that the Modified Y-maze is a useful task for
aging- and dopamine-related studies. As intravenous ASC is sometimes used as a treatment
in cancer patients [97, 98] at doses of 1000 mg or more, our results using a dose relevant to
and tolerated by humans (approximately 600 mg in a 60 kg person) [99] suggest that the
cognition enhancing effects of intravenous ASC require further exploration.
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Figure 1.

Intravenous ASC uptake time course in ASC-depleted gulo (/=) mice. A) Liver ASC
increased significantly above WT levels beginning 30 min post-treatment and remained
elevated through 120 min. B) Spleen ASC did not return to WT levels but was significantly
increased at 60 and 120 min post-treatment. C) Cortical ASC was not significantly increased
at any time following treatment, although a slight increase was seen at 120 min. Group sizes
were 5-6 for all analyses. Values are mean = SEM. *different from No Inj; +different from
30 min; ~different from 60 min. -------- indicates ASC level of WT mice or gulo (/=) mice
supplemented with 1.0 g/L ASC.
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Figure 2.

Intravenous ASC improved short-term spatial memory in APP/PSEN1 and WT mice aged 9
months. A) The time spent exploring the novel arm of the Modified Y-maze decreased
significantly with age as mice aged 20 months were significantly impaired relative to mice
aged 3 (p <.001) and 9 months (p < .05). ASC treatment significantly improved spatial
memory in 9 month-old APP/PSEN1 and WT mice (p < .05). No other effects of genotype
or ASC treatment were reported. B) Total exploration was not affected by ASC treatment,
although 3 month-old mice covered significantly more distance than 20 month-old mice (p
<.05). This effect was mainly due to elevated activity in 3 month-old APP/PSEN1 mice.
Values are mean £ SEM. Numbers on bars indicate group size. * p<.05; ** p<.0lina
One-Sample T Test comparing time in the novel arm to chance (100 sec). # p < .001
compared to all 3 mo mice; ” p < .05 compared to all 9 mo mice.
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Figure 3.

Hippocampal AB42 increased with age in APP/PSEN1 mice. A) Soluble AB42 increased
with age, with significantly elevated amounts in mice aged 20 months (p = .05). B) Total
AP42 was significantly elevated at 9 (p < .001) and 20 (p < .001) months compared to 3
months. ASC treated mice had significantly less AB42 (p < .05), though this result was likely
due to variability in total Ap42 measurements among mice. Values are mean + SEM. n=6
for each age group. * p < .05 compared to 3 mo; *** p <.001 compared to 3 mo.

Behav Brain Res. Author manuscript; available in PMC 2015 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kennard and Harrison

Page 19
T COwrsAaL [ APP/PSENT SAL > 61 O wrsAaL [ APP/PSEN1 SAL
ey I wrAsc [l APP/PSEN1 ASC 2 I wrAsc [l APP/PSEN1 ASC
0 3+ g
g 3 49
0
Q o 7] L
(2] b I
5 X o
[]
T - £
| [«
3 |‘ 3
~1 1414 613 10{10 0 414 613 10§10
o 3 mo 9 mo 20 mo 3mo 9 mo 20 mo
Age Age
Figure4.

Intravenous ASC increased liver but not cortical ASC. A) Liver ASC was significantly
increased 45 min post-treatment (p < .001). Overall, liver ASC was stable from 3-20 months
of age. No genotype effects were reported. B) Cortical ASC levels were not altered by age,
genotype or treatment. Values are mean = SEM. Numbers on bars indicate group size.
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Figureb5.

Changes in dopamine in the nucleus accumbens with age. A) Dopamine decreased with age
(p < .05) but was not affected by genotype or ASC treatment. B) Dopamine metabolite
DOPAC was significantly lower in mice aged 9 (p < .05) and 20 (p < .001) months
compared to 3 month-old mice. The amount of DOPAC was not affected by genotype or
ASC treatment. C) In saline treated mice, larger amounts of dopamine correlated
significantly with better performance on the Modified Y-maze (p < .05). Values are mean +

SEM. Numbers on bars indicate group size.
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