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Vitamin C is a powerful antioxidant and its levels are decreased in Alzheimer's patients. Even sub-clinical
vitamin C deficiency could impact disease development. To investigate this principle we crossed APP/PSEN1
transgenic mice with Gulo knockout mice unable to synthesize their own vitamin C. Experimental mice were
maintained from 6 weeks of age on standard (0.33 g/L) or reduced (0.099 g/L) levels of vitamin C and then
assessed for changes in behavior and neuropathology. APP/PSEN1 mice showed impaired spatial learning in
the Barnes maze and water maze that was not further impacted by vitamin C level. However, long-term
decreased vitamin C levels led to hyperactivity in transgenic mice, with altered locomotor habituation and
increased omission errors in the Barnes maze. Decreased vitamin C also led to increased oxidative stress.
Transgenic mice were more susceptible to the activity-enhancing effects of scopolamine and low vitamin C
attenuated these effects in both genotypes. These data indicate an interaction between the cholinergic
system and vitamin C that could be important given the cholinergic degeneration associated with
Alzheimer's disease.
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1. Introduction

Alzheimer's disease is a neurodegenerative disorder that leads to
deficits in learning and memory, altered personality, and ultimately
death. There are up to 5.2 million sufferers in the United States
including half a million under the age of 60 and it is incurable
(Alzheimer's Association (2008)). Nevertheless, lifestyle factors such
as diet, exercise, and cognitive activity can delay the onset of
symptoms (Mattson, 2000). One method suggested to slow the
development or progression of the disease is an increase in dietary
antioxidants, including vitamin C. Oxidative stress is created by an
imbalance in the body's antioxidant defenses and the production of
free radicals and is elevated in Alzheimer's disease (Nunomura et al.,
2007). Furthermore, plasma levels of the antioxidant vitamin C are
lower than normal in Alzheimer's patients, regardless of intake
(Charlton et al., 2004; Riviere et al., 1998). Increased vitamin C intake
from the diet or supplement form has been shown in some studies to
lower the risk of developing Alzheimer's disease (Engelhart et al.,
2002; Morris et al., 1998), and Alzheimer's patients with higher
baseline CSF/plasma vitamin C ratios exhibit slower disease progres-
sion over the course of one year (Bowman et al., 2009). Other studies
found no such associations (Gray et al., 2008; Laurin et al., 2004;
Luchsinger et al., 2003; Paraskevas et al., 1997).

Thebrain is particularly susceptible to oxidative stress due to its large
oxygen turnover, which leads to the generation of oxygen free radicals.
Thebrain is also rich in polyunsaturated fatty acids and thus especially at
risk from the effects of lipid peroxidation as well as oxidative damage to
both proteins and oligonucleotides. The putative benefits of Vitamin C to
Alzheimer neuropathology are lower oxidative stress in the brain,
decreased amyloid aggregation, or both. The neurotoxic amyloid-β (Aβ)
peptide is the primary constituent of the neuritic plaques that aggregate
in the brains of Alzheimer's patients. Aβ is often considered a primary
pathogenic agent in thedisease, although greater focus is nowalso being
devoted to other pathogenic features including oxidative stress
(Castellani et al., 2006). Aβ is thought to act synergistically with
oxidative stress to influence the development of neuritic plaques and
plaque-related neuropathology. In vitro, oxidative stress has been shown
to stimulate β-secretase (BACE1) activity, increasing production of
pathogenic Aβ40 and Aβ42 variants (Tamagno et al., 2008). In turn, small
Aβ oligomers act at themitochondrion to increase production of reactive
oxygen species and induce further oxidative damage (Butterfield et al.,
2001;Mark et al., 1996; Pappolla et al., 1998; Perluigi et al., 2006; Uberti
et al., 2007). Both Aβ and oxidative stress are toxic to neurons (Manelli
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and Puttfarcken, 1995; Resende et al., 2008), and have been shown to
impair memory in an acute, drug-like fashion in the absence of Aβ
aggregation (McDonald et al., 1994; McDonald et al., 1996; Sweeney
et al., 1997). Accordingly, administration of antioxidants such as vitamin
C can reversememorydeficits resulting fromanumber of insults. Dietary
vitamin C supplements lowered oxidative stress in the brain in APP/
PSEN1mice, and in combination with a low dose of vitamin E improved
cognitive function in the water maze (Harrison et al., 2009c). Vitamin C
administered intraperitoneally has been shown to attenuate memory
deficits due to age, hippocampal lesion, and the muscarinic receptor
antagonist scopolamine (Arzi et al., 2004; de Angelis and Furlan, 1995;
Harrison et al., 2009a; Harrison et al., 2009b; Parle and Dhingra, 2003).
This may be attributable to the demonstrated ability of vitamin C to
inhibit acetylcholinesterase (Dhingra et al., 2006). Pomegranate juice, a
rich source of vitamin C and polyphenol antioxidants, improved
performance in the water maze and lowered soluble Aβ42 and Aβ
plaque formation in the hippocampus (Hartman et al., 2006). In addition
to reducing the number of apoptotic neurons, the antioxidantmelatonin
improved cholinergic function, reduced Aβ deposits, and rescued the
memory deficits of mice overexpressing amyloid precursor protein
(APP) (Feng et al., 2004). These results suggest that vitamin C acts in a
common pathway critical to maintaining a good cognitive function, and
may be particularly relevant to Alzheimer-related dementia given its
interactions with Aβ and cholinergic neurotransmission.

LowVitamin C levels do not impair cognitive function inmice lacking
L-gulono-γ-lactone oxidase (Gulo; EC 1.1.3.8), despite increased
oxidative stress in the cortex and cerebellum (Harrison et al., 2008).
Unlike wild-type mice, Gulo−/− mice lack the ability to synthesize
vitamin C fromglucose, and dependon dietary supplements for survival.
In the present experiment Gulo−/− mice were bred with APP/PSEN1
transgenic mice overexpressing APP and presenilin 1 (PSEN1), a bigenic
mouse model of Aβ plaque formation that normally exhibits elevated
oxidative stress (Bernardo et al., 2008). The mice were maintained on
dietary ascorbate supplements that were sufficient for healthy growth,
or a reduced level that was sufficient to prevent scurvy. Long-term low
levels of vitamin C were expected to lead to increased oxidative stress
and a concomitant exacerbation of memory deficits and Aβ aggregation
in the transgenic mice compared to adequately-supplemented trans-
genic and non-transgenic mice.
2. Methods

2.1. Subjects

Gulo−/− mice were bred in-house from heterozygous Gulo+/−
mice obtained from the Mutant Mouse Regional Resource Centers
(www.mmrrc.org, stock #000015-UCD) and were maintained on a
C57BL/6J background (Jackson Laboratories, USA stock #000664).
APPSwe/PSEN1ΔE9 bigenic mice were obtained from Jackson Laboratory
(Bar Harbor, USA; stock #004462) and maintained as double hemi-
zygotes by crossing with wild-type individuals on a B6C3F1/J back-
ground strain (Jackson Laboratories stock# 100010). APP/PSEN1bigenic
mice harbor the Swedish double-mutation (K595N/M596L) in the APP
gene, and a deletion in exon 9 of the PSEN1 gene. The mice exhibit
amyloid aggregation and amyloid-related neuropathology and cognitive
decline, and age- and genotype-dependent cholinergic dysfunction
(Bernardoet al., 2008; Lalonde et al., 2005;Machova et al., 2008;Reiserer
et al., 2007). Gulo−/− mice have normal cognition even when main-
tained for many weeks on very low (0.033 g/L) levels of vitamin C
(Harrison et al., 2008). Mice were group-housed by gender in standard
tub cages (26.5×17×12 cm) with fiber bedding under a 12/12-h light/
dark cycle (lights on at 0600 h), with free access to food andwater. Mice
were housed in a colony room in the same suite as the behavioral testing
rooms. 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. Breeding schedule

All APP/PSEN1 transgenics were hemizygous for both APP and PSEN1,
and all breedings paired a mouse wild-type for both transgenes and a
mouse hemizygous for both transgenes. Gulo−/− homozygous mice
(APP/PSEN1 wild-type) were bred with APP/PSEN1 mice (wild-type for
Gulo). All offspring were therefore Gulo+/− and either APP/PSEN1+ or
APP/PSEN−. Breeding pairs were then established with one Gulo+/
−APP/PSEN1+ parent and one Gulo+/−APP/PSEN1− parent. Offspring
were obtained in the expected Mendelian ratios. Only Gulo−/−APP/
PSEN1− (Knockout–Wild–type; KO–WT) and Gulo−/−APP/PSEN1+
(Knockout–Transgenic; KO–Tg) mice were used for behavioral testing. A
small number of Gulo+/+APP/PSEN1− (Wild-type–Wild-type; WT–
WT) and Gulo+/+APP/PSEN1+ (Wild-type–Transgenic; WT–Tg) mice
were kept to assess the effect of the Gulo knockout on oxidative stress.
Genotypes were confirmed by polymerase chain reaction analysis of tail
biopsies at 21 days of age and again at the end of the experiment with a
new tail sample collected after sacrifice. Both the C57BL/6J and B6C3F1/J
strains arewell characterized both by our lab and others and although the
combination of two background strains may bring out characteristics not
apparent in either strain individually, all of the mice in the present
study were from the same background combinations. Both parents were
Gulo+/− and either APP/PSEN1+ or APP/PSEN1−. Therefore, all of the
mice used in the study groups were selected from littermates and any
strain characteristics balanced across groups.

2.3. Ascorbic acid treatments

Gulo−/− mice depend on dietary supplements of vitamin C to
maintain levels high enough to prevent scurvy. Drinking water was
supplemented with either 0.33 g/L (standard; STD) or 0.099 g/L
(reduced, RED) ascorbate. A low supplementation level of 0.033 g/L is
sufficient tomaintain supra-scorbutic vitamin C levels and allowhealthy
weight gain with age in C57BL/6J mice (Harrison et al., 2008; Parsons
et al., 2006). However, pilot testing with this dose revealed that KO–Tg
mice, but not KO–WT mice, lost weight and became sick; thus the
vitamin C in the water was increased threefold to 0.099 g/L for the
reduced vitamin C group. Treatments were given in deionized water
with 20 µL 0.5 MEDTA/L to increase stability of the vitamin C in solution.
Water bottles were filled with fresh supplemented water twice each
week. Experimental mice were derived from Gulo+/− dams capable of
synthesizing their own vitamin C; however, prenatal vitamin C levels
may be an important determinant of motor abilities in adulthood
(Harrison et al., 2008). Therefore, all breeding pairs received the
standard level of vitamin C supplementation to ensure an adequate
supply to themother andpups duringall stages of development. Allmice
up to 6 weeks of age were maintained on the standard treatment level.
At 6 weeks of age mice were pseudo-randomly assigned to either STD
(0.33 g/L) or RED (0.099 g/L) treatment groups. Behavioral testing was
carried out from 4 months of age and cognitive testing began at
6 monthsof age,with aminimumof 25KO–WTmice and15KO–Tgmice
in each treatment group. Approximately equal numbers of male and
female mice were used in each group.

3. Behavioural procedures

3.1. Exploratory locomotor activity

Locomotor activity was assessed in commercially-available activity
monitors (ENV-510; MED Associates, Georgia, VT), as previously
described (McDonald et al., 1998; Siesser et al., 2006). Activity was
automatically recorded by the breaking of infrared beams as the
mouse explored the chamber, and analyzed using a Windows-based
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computer. Each session lasted 10 min, and the chambers were cleaned
with a 10% alcohol solution between each session. Four activity
sessions were conducted to assess memory for the testing environ-
ment, and each mouse was tested in the same activity monitor on
every trial. Two sessions were conducted on 2 consecutive days when
mice were 4 months old, followed by two sessions on consecutive
days at 6 months of age.

Implicit memory for context and procedure can be measured by
comparingperformancebetween sequential test sessionsusingmethods
modified from the original work on memory savings by Ebbinghaus
(1885) and Platel and Porsolt (1982). In the present study, the change in
activity over time (habituation) was used to infer memory of the
environment. Typically, activity will decrease from one test session
to the next until a baseline level of activity is reached. Habituation was
calculated as previously described (Harrison et al., 2008). Day-to-day
habituation was measured by taking the difference in distance (d)
traveled between sessions 1 and 2, and 3 and 4 (d1−d2 and d3−d4).
Memory savings between the secondand third test sessions,whichwere
conducted 8 weeks apart, were calculated using the following formula:
[100·(d1−d3)/(d1−d2)]. Using this formula, the change in activity
across test sessionscanbecomparedbetweengroups regardless of initial
activity levels. An increase in activity between the second and third
sessions indicates a ‘loss’ of the initial habituation and is reflected in a
savings score of b100%. Inversely, equivalent or reduced activity on the
third session (savings score of N100%) indicates that all of the
habituation processes have been ‘saved’ and the habituation process is
either continuing or baseline activity levels have been reached.

3.2. Anxiety

APP/PSEN1 bigenicmice exhibit slightly decreased anxiety in some
studies (Lalonde et al., 2004; Reiserer et al., 2007) but not in others
(Bernardo et al., 2008). Ascorbate supplementation did not alter
anxiety levels in Gulo−/− mice (Harrison et al., 2008). However,
anxiety can significantly confound cognitive tests if one group of
animals differs systematically from another (Holmes et al., 2002).

3.2.1. Elevated plus maze
Mice were tested using a standard elevated plus maze to assess

anxiety via differential exploratory tendencies in enclosed versus open
arms, as previously described (Reiserer et al., 2007).At the beginningof a
session, mice were gently placed in one of the open arms facing the
central area, and allowed to explore freely for 5 min. Sessions were
recorded and analyzed using NIH Image software on a Macintosh
computer, running a macro specially written to collect data about the
mouse's position on the maze throughout the trial (Miyakawa et al.,
2001a). The time spent in closed arms was calculated as the percent of
total time on arms, excluding time in the central area. The number of
entries into arms and total distance traveled were also recorded.

3.2.2. Locomotor activity monitors
Anxiety was assessed using the activity monitors described above.

Mice with higher anxiety tend to stay closer to the walls of the
apparatus rather than in the open center. The periphery was defined
as the area within 6 cm of each of the side-walls, and the center area
the remaining 15×15 cm square. Data from the initial 10 min that the
mice spent in the apparatus were reanalyzed to calculate the percent
of time that mice spent close to the periphery of the apparatus.

3.3. Learning and memory

3.3.1. Spontaneous alternation
Spontaneous alternation behavior was tested in a standard Y-maze

made of clear acrylic tubing, as previously described (Harrison et al.,
2008). The number and sequence of arm entries made during a 5-min
session were recorded. Alternations were defined as an entry into
each arm within three consecutive arm choices (e.g. ABC or BAC).
Percent alternation was calculated as the number of alternations
divided by the number of total arm entries minus two.

3.3.2. Barnes maze
We have shown that 7-month-old APP/PSEN1 mice are impaired on

the spatial learning (hidden target) version of the Barnes maze task, but
not on the cued-target control version (Bernardo et al., 2008; Reiserer
et al., 2007). As previously described (Bernardo et al., 2008; Harrison
et al., 2006; Reiserer et al., 2007), mice were trained to locate an escape
box positioned beneath the edge of a 105-cm diam. flat, acrylic disk. The
escape boxwas locatedunder oneof 12 equally-spaced escapeholes that
could be open and closed by means of sliding doors. During the cued
version of the task the escape hole was marked by a conspicuous
polystyrene cone and its location varied from trial to trial. During the
hidden-target version, the hole was always located in the same place
relative to the extra-maze cues, but the maze itself was cleaned with a
10% ethanol solution and rotated between trials to eliminate the use of
intra-maze cues to locate the target hole. Each trial began with the
mouse being released from a black acrylic escape box, and continued
until the mouse found the escape hole or to a maximum of 180 s. If the
mouse did not find the escape hole within 180 s, it was gently guided to
the target location and into the escapebox.Uponentering theescapebox
the mouse was confined for 30 s and then returned to the home cage.
Training sessions comprised four trials each, with an intertrial interval
(ITI) of approx. 20 min. Five visible and five hidden sessions of four trials
each were run on consecutive days. The principal dependent measures
studied in the Barnesmazewere errors to thefirst visit to the target hole
(primary errors), total errors, and visits to the target without entering
the escape box (omission errors). The pattern of errors a mouse makes
can be more informative than the number because they represent the
strategy used to locate the escape box (Harrison et al., 2006). The use of
extra-maze room cues to locate the hidden target is reflected in a direct
search strategy. Mice that use the overall shape of themaze to locate the
escape hole follow a serial-search strategy, visiting incorrect locations
sequentially around the edge of the maze. Trials on which neither of
these patterns is evident are designated as mixed. Only the first visit to
the escape hole was used to determine escape strategy, i.e., exploration
following an omission error was ignored for the purpose of classifying
search paths.

3.3.3. Morris water maze
Hidden platform testing was conducted in a 107-cm diam. pool

with a circular acrylic platform (10 cm diam.) submerged 1 cm below
the surface of the water, as previously described (Bernardo et al.,
2007; Harrison et al., 2008). Mice were given four acquisition trials
per day for 8 days in a spaced fashion, i.e., each mouse completed its
first trial before the first mouse began its second trial. ITIs ranged from
10 to 15 min. The watermaze was located in the center of a roomwith
distinct, visual cues fixed to the walls that were clearly visible from
the pool. These extra-maze cues remained stationary throughout
acquisition and probe test sessions. Sessions were captured by an
overhead camera and analyzed in real time using an NIH Image macro
on a Macintosh computer written specifically for the water maze task
(Miyakawa et al., 2001a,b). Latency and path length to reach the
hidden platform were the variables of interest during acquisition. In
addition we measured the daily average of the cumulative distance
from the platform for each training trial (cumulative search error;
(Gallagher et al., 1993)). This measure represents a combination not
only of the latency and path length to locate the platform but also the
accuracy of the search while the mouse is in the pool. Twenty-four
hours following target acquisition a 60-s probe trial was conducted.
The time spent in the target and non-target quadrants and average
distance from the platform location (search error) were the primary
dependentmeasures derived from the probe trial. Search errormay be
more sensitive measures of selective search on the probe trial than



Fig. 1. Survival. KO–Tg mice receiving the initial 0.033 mg/L low level of vitamin C
supplementation were more likely to die than KO–WT mice on the same supplemen-
tation. Fig. 1 shows percentage survival rates by age in weeks. Based on these data the
reduced vitamin C supplementation level for the experiment was increased to
0.099 mg/L vitamin C. Low-treated KO–Tg versus KO–WT ⁎⁎⁎Pb .001.
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time in quadrant (Bernardo et al., 2007; Gallagher et al., 1993). Swim
speed and peripheral swimming were also assessed in the water
maze, to determine whether differences in performance could be
attributed to non-cognitive factors. Peripheral swimming was defined
as the percentage of time the mouse spent within 8 cm of the wall of
the pool.

3.3.4. Scopolamine-induced locomotion
Scopolamine is a non-selective muscarinic receptor antagonist and

is known to increase locomotor activity, presumably due to elevated
striatal dopamine induced by increased acetylecholine (ACh) release
(Bazalakova et al., 2007; Douglas et al., 2001; Sipos et al., 1999).
Scopolamine hydrochloride (S-1013) was obtained from Sigma-
Aldrich (St Louis, MO, USA) and dissolved in 0.9% physiological saline
and administered intraperitoneally in a volume of 10 mL/kg of mouse.
The same activity monitors used to assess context–memory savings
were also used for the 4-hour scopolamine challenge; however, each
mouse was assigned to a different chamber than in previous sessions.
At the beginning of the session mice were left undisturbed for 90 min
to permit activity levels to reach a stable baseline level. Three saline
injections were then administered at 20-min intervals to monitor and
stabilize any change in activity levels as a response to injection. A final
injection of 1 mg/kg scopolamine was then administered, and mice
were left undisturbed for a further 90 min to assess the effect of the
drug on activity over time.

3.3.5. Neurochemistry
Mice were anaesthetized using isoflurane and sacrificed by decap-

itation. Brains were quickly removed, cut along the midline, and stored
following one of the methods described below, depending on the
subsequent assay.

3.3.6. Vitamin C
Vitamin C levelsweremeasured in cortex, cerebellum, hippocampus,

and liver of seven to 19mice per group. Samples were quickly dissected
on ice from fresh tissue, frozen in liquid nitrogen, and stored at−80 °C
until assayed. Vitamin C concentrationsweremeasured by ion pair HPLC
(Pachla andKissinger, 1979) andelectrochemical detection aspreviously
described (Harrison et al., 2008; May et al., 1998), with tetrapentyl
ammonium bromide used as the ion pair reagent.

3.3.7. Lipid peroxidation
Lipid peroxidation was assessed via malondialdehyde levels. Mal-

ondialdehyde was measured in 5 to 11 cortical samples per group by
homogenizing small, weighed tissue samples in 1 mL 5% TCA solution.
Sampleswere centrifuged at 13,000 rpmat room temperature for 5 min.
250 µL of sample was reacted with the same volume of 0.02 M
thiobarbituric acid for 35 min at 95 °C followed by 10 min at 4 °C.
Malondialdehydewas then specificallymeasuredusingHPLCwith inline
fluorescence detection of the malondialdehyde–thiobarbituric acid
adduct. Malondialdeyhde levels were also assessed in Gulo+/+APP/
PSEN1+ (WT–Tg) and Gulo+/+APP/PSEN1− (WT–WT) mice in order
to ascertain whether Gulo knockout genotype alone contributed to
increased oxidative stress.

In order to assessβ-amyloid aggregates, hemi-brains from5 to 8 KO–
Tg mice per treatment were placed in a 10% formalin solution for three
days as a fixative and then stored in phosphate-buffered saline.
Sections 30-µm thickwere cut using a freezingmicrotome, andmounted
on slides for histology. Thioflavin S stainingwas conducted andanalyzed
as described previously (Bernardo et al., 2008; Bernardo et al., 2007).
Digital images of the dorsal hippocampus and overlying cortex were
taken using a fluorescent imaging microscope with an Axiocam high-
resolution camera (Carl ZeissMicroimaging Inc., Thornwood,NY,USA) at
a magnification of 40×. The area of the hippocampus and overlying
cortex occupied by amyloid plaques was determined using the freely-
available Image J software (National Institute of Health, Bethesda, MD,
USA). Quantification was performed by an experienced experimenter
whowas blind to the treatment condition of mice. Plaque coverage was
calculated as percent of total region measured in pixels. Three sections
were assayed per mouse for hippocampus and cortex, and the mean
value used to calculate percent coverage for each area.

3.3.8. Statistical analyses
The comparisons of interest in the present experiment were the

effect of genotype at each treatment level and the effect of treatment
within each genotype. Therefore, univariate and Repeated-Measures
Analysis of Variance (ANOVA and RMANOVA) were conducted with
Genotype and Treatment as between-groups variables. Planned follow-
up comparisonswere conducted using Bonferroni-corrected t-testswith
or without a significant omnibus ANOVA. No post-hoc tests were
needed.

Savings is measured as a percent change from baseline exploration
levels, the meaning of which differs depending on whether it is an
increase or a decrease. Because this renders the data susceptible to
skewing by a small number of animals, analyses were conducted using
log10-transformed data. Mice that explored more in the second session
than the first were excluded from the analysis, as this represents an
abnormal habituation process that could skew the data (3 of 28 KO–WT
STD; 8 of 22 KO–WT RED; 1 of 15 KO–Tg STD; and 2 of 13 KO–Tg RED).
Mice that exploredmore on the third than the original test session were
given a savings score of 0% saved. The four locomotor activity sessions
were analyzed using a 2 Session×2 Trial RMANOVA.

4. Results

4.1. Survival

Survival rates varied between the genotypes on the initial low
supplementation level [χ2=12.098, Pb .001; Fig. 1], as mentioned
above. There was a significantly higher death rate in KO–Tg mice
compared to KO–WT mice on the LOW vitamin C (0.033 mg/L)
supplementation (Pb .001) but not in RED- (0.099 mg/L) or STD-
(0.33 mg/L) treated mice. Age of death in the LOW-treated mice ranged
from10 weeks to22 weeks. The average age of deathwas approximately
14 weeks, i.e., following 8 weeks of LOW supplementation. Only one
KO–Tg mouse and none of the KO–WTmice on the STD treatment died
before the end of the experiment.

4.2. Anxiety

Mice in all four groups spent 70–80% of the time in the periphery of
the locomotor activity chamber during the first 10-min activity session.
Percent time spent in periphery and ambulatory velocity did not differ
among groups [Fs1, 77b3.07; PsN .084, data not shown]. Behaviors on the
elevated plus maze also did not differ by group, indicating that
exploration and anxiety were not affected by genotype or treatment.
Total distance, percent time spent in closed arms, and percent entries
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into closed armswere all similar amonggroups [Fs(1, 76)b2.917,PsN .092,
data not shown].

4.3. Locomotor activity and contextual memory savings

Overall, APP/PSEN1 mice traveled farther in the locomotor activity
chambers than wild-type mice [F1, 78=14.458, Pb .001], and RED-
treated mice were more active than STD-treated mice [F1, 78=4.403,
P=.039, Fig. 2a]. However, a significant Genotype×Treatment interac-
tion [F1, 78=10.085, P=.002] highlighted a more interesting pattern.
RED-treatment increased activity in KO–Tg (P=.001) but not KO–WT
mice (Pb .644).

Locomotor activity tends to decrease across successive trials as mice
habituate to the testing environment. Significant effects of session and
trial showed that this was the case in the present study [Fig. 2a;
FsN26.565, Psb .001]. There was also a significant Session×Trial×Treat-
ment interaction [F=6.085, P=.016]. Follow-up analyses revealed that
although the pattern of decreasing activity between trials held for all
groups of mice during session 1 (Pb .001), there was no difference
between trial 1 and trial 2 in session 2 for STD-treated mice (P=.152).
This indicates that these mice, but not RED-treated mice (Pb .001), had
fully habituated to the testing context. The abnormal pattern of activity in
the RED-treated KO–Tg mice is more clearly revealed in the scores for
saved habituation (Fig. 2b). There was no main effect of genotype on
savings score [F1, 65=1.929; P=.17], but treatment had a significant
effect on saved habituation between the two test sessions [Treatment
F1, 65=8.379; P=.005, Genotype×Treatment F1, 65=5.805; P=.019].
Savings did not differ according to genotype in STD-treated mice
(P=.443), but RED-treated KO-Tg mice had lower savings scores than
KO–WTmice given the same supplement level (P=.014). The effect of
treatment was restricted to the KO–Tg mice; KO–WT mice had similar
savings scores regardless of supplementation status (P=.708).

4.4. Y-maze

Mice that completed 10 or fewer arm entries (one mouse from each
group)were excluded from Y-maze analyses. Exploration in the Y-maze
varied among groups [genotype F1, 75=7.34, P=.008; treatment
F1,75=.154, P=.696; Genotype×Treatment F1, 75=4.285, P=.042].
KO–Tgmice on the RED treatment mademore arm entries than KO–WT
mice on the same supplementation (P=.002) and KO–WT mice on the
STD supplementation (P=.038, data not shown). KO–Tg and KO–WT
mice on STD treatments did not differ (P=.635), and vitamin C
supplementation did not affect arm entries in KO–Tg mice (P=.305).
Alternation behavior in the Y-maze did not differ according to genotype
Fig. 2. Locomotor activity. Mice were given two 10-min sessions in locomotor activity
chambers on consecutive days at 4 months and 6 months of age (a) KO–Tg RED-treated
mice were initially hyperactive in the locomotor activity chambers and (b) had a lower
savings score (Pb .05), indicating impaired habituation processes. Data representmean+1
S.E.M. ⁎Pb .05 different from KO–WTmice on equivalent vitamin C supplementation.
or treatment [62%–68% alternation for each group; Fs1, 75b1.472,
PsN .229] indicating intact spatial working memory on this task in all
groups of mice.

4.5. Barnes maze

During Barnes maze testing, when the target hole was marked by a
conspicuous, visible cue, all mice quickly learned to locate the target and
escape from the maze. The latency and number of errors to target all
decreased over the initial five cued sessions [Fs4, 256N16.976, Psb .001]
anddidnot differ according to treatment or genotype [Fsb1.202,PsN .310;
data not shown]. When mice relied on distal spatial cues to locate the
escape hole all mice improved further in primary and total errors and
latency over the five sessions [Fs4, 256N22.626, Psb .001]. KO–Tg mice
mademore primary errors [F1, 64=5.999, P=.017], and a higher number
of total errors [F1, 64=8.601, P=.005; Fig. 3a] than KO–WT mice,
reflecting poorer spatial learning in transgenic mice. STD- and RED-
treated mice did not differ in primary or total errors and there was no
Genotype×Treatment interaction [Fs1, 64b1.104, PsN .297]. Consistent
with impaired learning of the Barnes maze, KO–Tg mice took slightly
longer to locate the escape hole [primary latency, F1, 64=.3.099, P=.083]
and to enter the escape box [total latency, F1, 64=5.627, P=.021]
compared to KO–WTmice (data not shown). There were nomain effects
of treatment or Genotype×Treatment interactions [Fs1, 64b1.753,
PN .190] on latency measures in the Barnes maze.

Occasionally a mouse will visit the target hole but not enter the
escape box. The number of these omission errors is generally low
although such errors are more common during early test sessions.
Omission errors typically decline as mice habituate to the maze and
any anxiety responses associated with entering the escape hole, or
motivation to further explore the maze have declined. Given the
generally low numbers of omission errors that are made during
hidden-target training the group differences become clearer when
omission errors are summed across trials. During hidden-target trials
KO–Tg mice made more omission errors than the KO–WT mice
[F1, 64=5.169, P=.026] and the RED-treated mice made more errors
than STD-treated mice [F1, 64=3.992, P=.050]. There was no inter-
action [F1, 64=1.111, P=.296]. Despite the significant effects of
genotype and supplementation status, most mice made fewer than
two omission errors across all 5 days of hidden-target testing (Fig. 3b).

The way a mouse solves the Barnes maze may reveal whether they
aremaking use of distal roomcues or using non-spatial information such
as the shape of themaze, to locate the escape hole (Harrison et al., 2006).
Among all groups combined, the types of strategy used differed across
sessions [F2, 128=52.5, Pb .001]. This reflected the fact that the use of
direct (spatial) searches increased and the proportion of non-spatial
(serial and mixed) strategies decreased (Psb .001), as mice learned the
location of the escape hole. However, strategy use varied between KO–
WT and KO–Tg mice across sessions, regardless of vitamin C supple-
mentation status [F2, 128=3.358, P=.038]. KO–WT mice made
significantly more direct searches than KO–Tg mice indicating stronger
spatial learning abilities in these mice (P=.048, Fig. 3c). The number of
serial searches (P=.082) and mixed searches (P=.396) did not differ
between genotypes. Strategy use was not affect by vitamin C
supplementation [F1, 64=1.0, P=.321].

4.6. Water maze

Search error for all groups combined decreased across the eight
acquisition sessions in the Morris water maze [F7, 546=132.66,
Pb .001]. Consistent with our previous data, transgenic mice did not
learn as quickly as the wild-type groups [Genotype F1,78=5.92,
P=.017; Genotype×Session F7, 546=3.113, P=.003; Fig. 3d]. The
effect of ascorbate treatment was not significant [F1, 78=.036,
P=.851]. Escape latency and path length data showed similar
genotype [Fs1,78N5.02, Psb .029] and interaction effects [FsN2.23,



Fig. 3. Learning and memory. At 8 months of age mice were trained for 10 days on the Barnes maze (5 cued-target and 5 hidden-target sessions) followed by 8 acquisition sessions
and a probe trial in the Morris water maze. (a) During Barnes maze hidden-target training KO–Tg mice made significantly more errors than KO–WT mice (Pb .05). (b) Omission
errors—visits to the target hole but not entering it — during hidden-target acquisition were higher in KO–Tg than KO–WT mice (Pb .05) and higher in mice receiving RED vitamin C
supplementation mice than in mice on STD treatments (Pb .05). Individual scores shown, group mean indicated by red horizontal bar. (c) KO–WTmice were more likely than KO–Tg
mice to use a direct escape strategy to locate the target box (Pb .05), but strategy use was not affected by vitamin C supplementation. All mice learned to locate the hidden platform
across the 8 days of training in the Morris water maze. (d) Cumulative search error during training indicated greater search accuracy in KO–WT than KO–Tg mice but no effect of
vitamin C. (e) KO–Tgmice were less accurate in their platform search during the probe trial as shown by a greater search error. Data represent mean+1 S.E.M. ⁎Pb .05 different from
KO–WT mice.

Fig. 4. Scopolamine and locomotor activity. Following all learning andmemory testing a
subset of mice were given an additional 4-hour long locomotor activity session.
Following a 90-min habituation in the activity chambers, mice were given 3 saline
injections at 20-min intervals (broken arrows) and finally a single 1 mg/kg i.p. injection
of scopolamine (solid arrow). RED-treated mice were less active following scopolamine
administration than their STD-treated counterparts (Pb .01), and KO–Tg mice were
more active than KO–WT mice (Pb .05). Data represent mean+1 S.E.M.
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Psb .032]; data not shown. Neither escape latency nor path length was
affected by ascorbate treatment [Fs1, 78b .054, PsN .817]. During the
60-s probe trial all four groups showed preferential search, spending
more time in the target quadrant than the non-target quadrants
[FsN10.69; Psb .006]. However, the measure of search error
revealed greater accuracy in KO–WT compared to KO–Tg mice
[F1, 78=10.179, P=.002; Fig. 3e]. There was no effect of treatment
on search error [F1, 78b .032, PsN .859]. Groups did not differ in time
spent in the perimeter, path length, or swim speed during the
probe trial [Fs1, 78b 1.029, PsN .314].

4.7. Scopolamine and activity

Scopolamine-induced activity was assessed in a subset of animals
(n=6–16mice per group). Following a 90-minhabituation period during
which mice were left undisturbed in the locomotor activity chambers,
three saline injections were administered at 20-min intervals. During this
time all mice continued to decrease in locomotor activity [F5, 185=6.32,
Pb .001] and therewerenodifferencesaccording togenotypeor treatment
following saline injections [Fs1, 37b2.58, PsN .12, Fig. 4]. Importantly, there
were also no group differences in the first 10 min of the session
[Fs1, 37b1.39, PsN .25], showing that the hyperactivity observed in the
4-month-old KO–Tg mice receiving low levels of ascorbate had abated
by the time the scopolamine challenge was administered. Following
administration of a 1 mg/kg dose of scopolamine there were significant
changes over time as all mice experienced an immediate increase in
activity that tailed off with time [F8, 296=33.512, Pb .001]. All mice
demonstrated an initial increase in activity immediately following the
scopolamine injection [F1, 37=143.66, Pb .001]. This increase was
greater in STD-treated mice than RED-treated mice [treatment
F1, 37=9.58, P=.004, treatment×time F1, 37=6.04, P=.019]. Although
all groups except the KO–Tg STD mice appeared to be approaching pre-
scopolamine levels of activity by the final two 10-min periods of the
session, the significant differences in activity levels according to
genotype and treatment remained [Genotype F1, 37=6.60, P=.014;
Treatment F1, 37=4.40, P=.043; Genotype×Treatment interaction
F1, 37=1.95, P=.17].
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4.8. Biochemical measures

4.8.1. Vitamin C
In order to assess the effects of prolonged low levels of vitamin C

supplementation on stored vitamin C levels, samples were analyzed
from the cortex, hippocampus, cerebellum and liver. The liver is the site
of vitamin C synthesis inGulowild-typemice and reflects any changes in
circulatingantioxidant levels. In the liver,mice receiving reduceddietary
ascorbate had lower levels of stored vitamin C, compared tomice on the
standard diet [F1, 53=12.944, P=.001, Fig. 5a]. There was no effect of
genotype and no Genotype×Treatment interaction in the liver [Fs.096,
PsN .758]. In each of the brain areas assayed, treatment with the RED-
supplement led to stored vitamin C levels that were significantly lower
than those in STD-supplemented groups [cortex F1, 43=8.57, P=.005;
hippocampus F1, 43=15.20, Pb .001; cerebellum F1, 43=6.74, P=.012;
Fig. 5a]. There were no genotype differences and no Genotype×Treat-
ment interactions in any of the brain tissues assayed [Fsb2.75, PsN .10].
4.8.2. Oxidative stress
Malondialdehyde levels were measured in cortical samples from

standard- and reduced-treated KO–WT and KO–Tg (n=5–11 per
group) mice and also in WT–WT and WT–Tg mice (n=4 per group)
maintained on unsupplemented water in order to assess the role of
knocking out the Gulo enzyme on oxidative stress. When standard-
treated Gulo−/− mice were compared with water-fed Gulo+/+
mice there were no differences in cortical MDA levels according to
Fig. 5. Vitamin C and oxidative stress. Vitamin C levels were measured in the liver, cortex,
hippocampus and cerebellum. (a) Vitamin C levelswere significantly lower in RED-treated
mice in liver and each of the brain areas assayed. Malondialdehyde, a marker for lipid
peroxidation,was used as an indicator of oxidative stress in the brain. (b)Malondialdehyde
levels in STD-treated Gulo−/−mice did not differ fromwater-fed Gulo+/+mice. Mice in
the RED-treated groups had increasedmalondialdehyde levels relative to standard-treated
mice and Gulo wild-type mice. There was no effect of genotype in STD-treated mice but
malondialdehyde levels were higher in RED KO–Tg mice than KO–WT mice on the same
supplementation level. Data represent mean+1 S.E.M. ⁎Pb .05; ⁎⁎Pb .01; ⁎⁎⁎Pb .001,
different from STD-treated mice. ++Pb .01 KO–Tg different from KO–WTmice.
Gulo genotype (or water treatment) or APP/PSEN1 genotype [Fsb4.0,
PsN .06, Fig. 5b]. When Gulo−/− mice on different water treatments
were compared, RED-treated mice had greater levels of malondialde-
hyde in the cortex than STD-treated mice [F1, 26=9.32, P=.005,
Fig. 5b]. There was no significant main effect of genotype and no
significant interaction between the factors [Fsb2.18, PsN .15]. How-
ever, planned comparisons revealed that the effect of treatment was
due to differences between KO–Tg mice (P=.008) and not KO–WT
mice (P=.21), indicating that transgenic animals were more
susceptible to the effects of low ascorbate.

4.8.3. β-amyloid deposition
β-amyloid plaques were quantified in five KO–Tg RED-treated and

eight KO–Tg STD-treated mice. No gender differences were observed
[Fsb1, PsN .34] so data were collapsed and analyzed together. There
were no differences in percent area covered with plaque ormean size of
plaques between mice given reduced and standard vitamin C supple-
ments in either the hippocampus or cortex [Fs1,11b2.25,PsN .16; data not
shown].

5. Discussion

We have shown that APP/PSEN1 transgenic mice lacking Gulo are
more sensitive to low levels of vitamin C than Gulo knockouts that do
not carry the mutant transgenes. Using a supplementation level
previously shown to maintain good health in Gulo−/− mice, half the
double-transgenics lacking Gulo died within 6 months. Thus, dietary
supplements were increased to avoid the survival bias that would
have otherwise arisen in the data. The mice survived when provided
with a 3-fold higher concentration of vitamin C, but exhibited significant
behavioral abnormalities compared to the other three groups. Impaired
cognition in the KO–Tg mice under reduced supplementation was
associated with reduced habituation, and accompanied by increased
neocortical oxidative stress. These results suggest that APP/PSEN1 mice
are more susceptible to the deleterious effects of vitamin C deficiency.

Transgenic mice were impaired on the measures of learning and
memory in the present study, as has been shown previously in ours and
others' labs (Bernardo et al., 2008; Ding et al., 2008; Lalonde et al., 2005;
Reiserer et al., 2007). In the Barnes maze, KO–Tg mice took longer to
locate the escape hole beneath the maze and visited more non-target
holes before escaping. Theywere also less likely thanKO–WTmice touse
a direct/spatial search strategy. Similarly, KO–Tg mice took longer to
locate the escapeplatform in thewatermaze andwere not as accurate in
their swim search during the probe trial. Reduced vitamin C led to
greater numbers of omission errors by KO–Tgmiceduring hidden-target
Barnesmaze testing. An omission error is defined as a failure to enter the
Barnes maze escape box the first time it is encountered on a particular
trial. This type of behavior can result from a number of non-mnemonic
processes. Like the water maze, the Barnes maze is an aversively-
motivated task. Mice tend to avoid brightly-lit open spaces, presumably
because this leaves them vulnerable to predators (e.g., owls). However,
other factorsmay influence behavior to keep themouse on the surface of
themaze. For example,micemayalsobe afraidof predators (e.g., snakes)
lurking in the dark escape tunnel. In addition, mice may have an innate
tendency to explore novel environments, a behavior that generally
habituates with repeated trials. Both of these factors are more prevalent
early in training, when the maze and its features are relatively new.
Consistent with this, omission errors are common during the first few
days of training, i.e., during cued-target testing, but are generally
negligible during the later hidden-target (spatial) stage of testing
(Reiserer et al., 2007). The persistent omission errors during spatial
trainingon theBarnesmaze cannot be attributed to abnormal anxiety, as
there were no group differences on any of the anxiety measures
assessed. It is possible that KO–Tg RED-treated mice may have deficient
exploratory habituation processes. Such a possibility is reinforced by the
finding that, unlike the other three groups, RED-treated KO–Tg mice
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failed to fully habituate to the open field chambers across the first four
testing sessionsandhadmuch lower savings scores (Fig. 2a–b). Although
scorbutic guinea pigs have been shown to exhibit decreased locomotor
behaviors, this is likely attributable to ill health (Kaufmann et al., 1986).
The health and weight of the mice in the present study was constantly
monitored and although vitamin C intake was decreased, the animals
were otherwise healthy. These deficiencies likely represent a change in
habituation processes rather than in long-term spatial memory because
these mice did not show greater learning or memory deficits than
standard-treated counterparts in the Barnes or water mazes. The
reduced vitamin C level used herewas three times higher thannecessary
tomaintain good health in Gulo null mice (Harrison et al., 2008) and the
behavioral effects of decreased supplementation in the transgenic mice
would likely have been much greater had they been able to survive on
the lower supplementation level.

The scopolamine challengewasperformedat theendof thebehavioral
battery (at 10months) and the other tasks were begun earlier (at 4 and
6 months). By the time scopolamine testing was conductedmice showed
similar activity levels during the habituation period of the task, further
supporting the proposal that the increased exploration observed in the
earlier locomotor activity sessions was attributable to differences in early
habituation processes rather than persistent hyperactivity. Scopolamine
increases locomotor activity through an interaction between the
cholinergic and dopaminergic systems (Fink and Morgenstern, 1980;
Mathur et al., 1997).When challengedwith scopolamine, transgenicmice
on both treatments showed greater increases in activity than wild-type
mice, and both RED-treated groups were less active than the STD groups,
with no interaction between the factors. The demonstration of a
differential effect on RED-treated mice indicates an interaction between
ascorbate and the cholinergic and/or dopaminergic systems. APP/PSEN1
mice have impaired cholinergic function with onset between 5 and
7 months of age (Goto et al., 2008;Machova et al., 2008),whichmayaffect
their response to scopolamine. Dopaminergic function in these mice has
not yet been explored. However, differing patterns of activity between
supplementation groups may reflect differences in striatal or accumbens
dopamine induced by varying brain vitamin C levels. Vitamin C is an
essential co-factor in the synthesis of norepinephrine fromdopamine and
vitamin C deficiency in guinea pigs has been shown to increase brain
dopamine level in proportion to the change in brain ascorbate (Deana
et al., 1975; Hoehn and Kanfer, 1980; Saner et al., 1975). Vitamin C is
released in the striatum with behavioral activation (O'Neill and Fillenz,
1985) and both locomotor activity and vitamin C release increase in
response to dopamine agonists (Pierce and Rebec, 1990).

The tissue vitamin C levels reported here in standard-treated mice
are similar to levels previously reported in Gulo −/− and APP/PSEN1
mice (Harrison et al., 2009c; Harrison et al., 2008). Lower vitamin C
treatments in the triple-mutant (KO–Tg) mice led to significantly
lowered (40–60%) vitamin C in cortex, hippocampus, and cerebellum.
Striatal vitamin C levels were not measured specifically in this case;
however, we have foundpreviously that striatal levels in Gulo−/−mice
are similar to levels in the cortex (Harrison et al., 2008). Gulo−/−mice
are entirely dependent on dietary vitamin C supplements to maintain
tissue levels high enough toprevent scurvy. ForGulo−/−miceonapure
inbred C57BL/6J background, a low supplementation level of 0.033 g/L is
sufficient to maintain supra-scorbutic vitamin C levels and to allow
healthy weight gain with age (Harrison et al., 2008; Maeda et al., 2000).
However, during preliminary testing for the present study it became
apparent that this level was not sufficient to maintain KO–Tg mice. The
cause of death in these animals is not clear. Regularmonitoringofweight
and appearance make it unlikely that the premature deaths can be
attributed solely to scurvy. Given the discrepancy in the death rates
between the genotypes it is likely that Gulo−/−APP/PSEN1 needed
higher amounts of vitamin C to maintain health, perhaps in part to
counteract the elevated oxidative stress levels in these mice.

Oxidative stress has been reported to be higher in APP/PSEN1mice
relative to wild-types (Bernardo et al., 2008; Harrison et al., 2009c). In
the present study malondialdehyde levels were elevated in reduced-
vitamin-C-treated mice, and mice carrying the APP/PSEN1 transgenes
had the highest levels detected. Brain vitamin C levels were similarly
reduced by treatment regardless of genotype, but the effect on both
malondialdehyde levels and behavioral function was greater in KO–Tg
mice. These data suggest that low levels of vitamin C can induce
oxidative stress and that its effects are more pronounced where there
is a preexisting genetic susceptibility. The lower levels did not appear
to affect spatial learning but did alter habituation processes and may
also have disrupted normal cholinergic and dopaminergic signaling. It
is possible, therefore, that a level of vitamin C that is sufficient to
maintain basic health in a normal mouse is not sufficient to maintain
optimal cognitive health in a mouse model of Alzheimer's disease. If
these conclusions can be extrapolated to humans, they reinforce the
need to maintain sufficient daily dietary vitamin C levels. Further-
more, dietary deficiency may be even more dangerous in those
carrying genetic risk factors for developing Alzheimer's disease
(Morris et al., 2002). In the present study only vitamin C levels
were restricted, and although this is a major antioxidant in the body, it
is possible that production or sequestration of other antioxidants
(such as glutathione) was increased to maintain oxidative homeo-
stasis in the mice. However, in human disease, increased oxidative
stress and reduced antioxidant intake are likely to occur together due
to poor diet or other environmental factors.

Although Aβ deposition is often considered an endpoint to a
neuropathological cascade, it is correlatedwith levels of small oligomers
that are toxic in vitro. Soluble Aβ induces oxidative stress and can have
an acute, drug-like amnestic effect in the absenceof amyloid aggregation
(Cleary et al., 2005; McDonald et al., 1994; McDonald et al., 1996;
Sweeney et al., 1997). No changes were observed in Aβ plaque
deposition in the present study, despite differing brain vitamin C levels.
Similarly, hyperhomocysteinemia exacerbated spatial memory deficits
in the Tg2576 APP-overexpressing mouse line without altering Aβ
deposition (Bernardo et al., 2007). These results suggest that processes
related to oxidative stress and cell deathmaynot affect initial Aβ seeding
or the rate of aggregation. Although this is the first study examining the
effects of vitamin C deficiency on plaque formation in APP-over-
expressing mice, other dietary antioxidants have been investigated
with mixed results (Lim et al., 2001; Quinn et al., 2007; Stackman et al.,
2003; Yang et al., 2008). In one study, vitamin Ewas administered in the
diet to Tg2576 APP-overexpressing mice, which normally start to
develop plaques from approximately 10 months of age (Sung et al.,
2004). When treatment was initiated at 5 months of age, significantly
reduced plaque was observed in 13-month-old mice; in contrast, there
wasnoeffect of vitaminEonAβ aggregationwhenadministered from14
to 20 months of age. These results may be attributable to the age of the
mice, the duration of treatments, or the amount of Aβ in the brain.
Although APP levels are stable throughout life in these mice, Aβ levels
increase exponentially starting at around9 months of age (Kawarabaya-
shi et al., 2001). A similar exponential increase begins at 4-5 months of
age inAPP/PSEN1double-transgenics (Garcia-Alloza et al., 2006;Gordon
et al., 2002). In the present study vitamin C levels were reduced from
6 weeks of age, long before Aβ starts to aggregate, and although
transgenic mice maintained on the 0.099 mg/kg dose treatment level
had increased oxidative stress and exhibited significantly greater
exploratory locomotor activity, plaque levels did not vary among the
groups. These results suggest that modest reductions in vitamin C and
elevated malondialdehyde levels do not affect the oligomerization or
initial aggregation of Aβ, and that aggregated amyloidwas unlikely to be
responsible for the abnormal habituation processes in the RED-treated
transgenic mice.

A key feature of Alzheimer's disease neuropathology is neuronal
death. This is not typically seen in APP/PSEN1mice, and a valid criticism
of this model is that it does not recapitulate this important feature of the
disease. Oxidative stress is a common inducer of neuronal apoptosis in a
number of neurodegenerative conditions, and both oxidative stress and
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cell death are reduced by antioxidant treatment (melatonin) in
senescence-accelerated mice (Caballero et al., 2009). Further work is
now needed on the role of vitamin C deficiency in these processes.

Given the selective nature of the behavioral deficits in reduced-
vitamin C groups, our data suggest that stored vitamin C levels,
oxidative stress, and global cognitive functioning do not share a
simple relationship. There was a clear reduction in vitamin C levels in
RED-treated mice in all brain areas assayed as well as in the liver,
indicating that the mice can survive long-term with low vitamin C
intake and appear physically healthy even as low antioxidant levels
are affecting brain biochemistry and function. However, there is
considerable potential for reducing stored levels when intake is three-
to-four times lower than normal requirements. This window of
potential change for brain vitamin C, duringwhich time normal bodily
functioning can be maintained, has the potential to be damaging long
term. While the current recommended daily vitamin C intake for
adults is 75 mg for females and 90 mg for males, the clinical signs of
scurvy will be avoided if just 10 mg per day in ingested. Nevertheless,
there is clearly a great difference in physical, biochemical, and
cognitive function between individuals with sufficient Vitamin C and
those with sub-clinically deficient levels. It is likely that a far greater
proportion of the general public than expected exists at deficient
vitamin C levels without any apparent sign of ill health (Hampl et al.,
2004; Johnston et al., 1998; Johnston and Thompson, 1998) and these
low levels of vitamin C may have a critical impact on cognitive ability
and brain health.

There are two routes by which ascorbate can enter the brain.
Ascorbate may pass via Sodium Dependent Vitamin C Transporters or
as oxidized dehydroascorbic acid (DHA) via glucose transporters
(Harrison and May, 2009). The latter is not a primary route due to
short half-life of DHA in physiological buffers (approx. 6 min) (Bielski
et al., 1981) and the low amount of DHA circulating in the blood.
Circulating DHA concentrations in are very low human plasma
(b2 µM) relative to those of ascorbate con (40–50 μM) (Dhariwal
et al., 1991). However, when infused in high quantities DHAwill enter
the brain where it can be recycled to ascorbate (Minamizono et al.,
2006). Thus it is possible that infusions of DHA could provide an acute
method of increasing low ascorbate to normal, or even increasing
relatively normal ascorbate levels in those under higher risk of
oxidative stress and Alzheimer's disease. Such treatments are already
under investigation to treat oxidative damage following ischemic
stroke and may have increased benefits in hyperglycemic animals
where excess glucose blocks the route of entry of DHA into the brain
(Bemeur et al., 2005; Minamizono et al., 2006).

A considerable body of evidence exists to suggest that low
antioxidant status is associated with development of Alzheimer's
disease, and that antioxidant therapies may reduce risk. Our original
hypothesis was that lowering vitamin C intakewould increase oxidative
stress and concomitantly increase amyloid burden and memory deficit.
However, amyloid burden was not affected despite increased oxidative
stress in the reduced-vitamin-C group. Overall, the reduced vitamin C
had two major effects in the transgenic mice—to disrupt normal
habituation processes (in the activity chambers and in the Barnes
maze) and to increase oxidative stress—effects that may become more
pronounced at an advanced age. Given the differential reactions to
scopolamine on locomotor activity, it is plausible that vitamin C may be
exerting its effects by modulating cholinergic and/or dopaminergic
systems. This is an area that warrants further investigation.
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