
Vitamin C deficiency in the brain impairs cognition, increases 
amyloid accumulation and deposition, and oxidative stress in 
APP/PSEN1 and normally-aging mice

Shilpy Dixit1, Alexandra Bernardo1, Michelle Jennifer Walker1, John Andrew Kennard1, 
Grace Youngeun Kim1,2, Eric Sean Kessler1,2, and Fiona Edith Harrison1

1Division of Diabetes, Endocrinology and Metabolism, Department of Medicine, Vanderbilt 
University Medical Center, Nashville, Tennessee, 37232, USA
2Program in Neuroscience, Vanderbilt University, Nashville, Tennessee, 37232, USA

Abstract
Subclinical vitamin C deficiency is widespread in many populations, but its role in both 
Alzheimer’s disease and normal aging is understudied. In the present study we decreased brain 
vitamin C in the APPSWE/PSEN1deltaE9 mouse model of Alzheimer’s disease, by crossing APP/
PSEN1+ bigenic mice with SVCT2+/− heterozygous knockout mice, which have lower numbers of 
the sodium-dependent vitamin C transporter required for neuronal vitamin C transport. SVCT2+/− 

mice performed less well on the rotarod task at both 5 and 12 months of age compared to 
littermates. SVCT2+/− and APP/PSEN1+, mice, and the combination genotype SVCT2+/−APP/
PSEN1+, were also impaired on multiple tests of cognitive ability (olfactory memory task, Y-maze 
alternation, conditioned fear, Morris water maze). In younger mice, both low vitamin C 
(SVCT2+/−) and APP/PSEN1 mutations increased brain cortex oxidative stress (malondialdehyde, 
protein carbonyls, F2-isoprostanes) and decreased total glutathione compared to wild-type 
controls. SVCT2+/− mice also had increased amounts of both soluble and insoluble Aβ1-42 and a 
higher Aβ1-42/1-40 ratio. By 14 months of age, oxidative stress levels were similar among groups, 
but there were more amyloid-β plaque deposits in both hippocampus and cortex of SVCT2+/−APP/
PSEN1+ mice compared to APP/PSEN1+ mice with normal brain vitamin C. The data suggest that 
even moderate intracellular vitamin C deficiency plays an important role in accelerating amyloid 
pathogenesis, particularly during early stages of disease development, and that these effects are 
likely modulated by oxidative stress pathways.
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Introduction
Under normal circumstances vitamin C (ascorbate) is maintained at high concentrations in 
brain tissue where it is critical for maintenance of oxidative balance 1. Vitamin C is 
concentrated via a two-step transport system with the sodium-dependent vitamin C 
transporter (SVCT2); from blood into the cerebral spinal fluid (CSF) at the choroid plexus, 
and then from extracellular fluid into neurons. Additional recycling pathways exist for 
retention under conditions of diminished intake, including reduction of the oxidized form 
(dehydroascorbic acid) to vitamin C (ascorbic acid) within astrocytes. However, brain and 
CSF levels can decrease under conditions of prolonged deficient intake, which may create a 
dangerous oxidative imbalance during normal aging, and particularly during inflammatory 
neurodegenerative diseases such as Alzheimer’s disease.

Oxidative stress is a critical component of Alzheimer’s disease neuropathology 2, 3. Several 
studies have thus sought to define the role for vitamin C in Alzheimer’s disease, but 
population studies have yielded mixed results as to the effectiveness of dietary supplements 
in older adults 4–7. Animal studies of vitamin C supplementation by oral, intraperitoneal, and 
intravenous administration, have found modest benefits on cognition, oxidative stress 
markers and amyloid-related pathology in mouse models of aging and Alzheimer’s 
disease 8–11. Vitamin C was also protective against amyloid-β induced apoptosis in cultured 
SH-SY5Y and diminished amyloid-β secretion from cells 12, and protected against increased 
intracellular calcium and cell death in PC12 cells 13. In contrast, in humans under normal or 
disease conditions, deficiency is likely to be a major contributing factor to pathology. A 
large portion of the Western world may be deficient in vitamin C, and in several studies 
lower blood vitamin C correlated with cognitive impairment 14–17. It is therefore critical to 
determine how prolonged sub-clinical vitamin C deficiency can impact normal aging and 
neurodegenerative disease from the very earliest stages of disease when pathogenic 
pathways may be more malleable.

We generated a novel mouse model of vitamin C deficiency in Alzheimer’s disease by 
crossing SVCT2 heterozygous knockout mice 18 with a bigenic mouse carrying two 
mutations known to cause early-onset Alzheimer’s disease (SVCT2+/−APP/PSEN1+). These 
mice have intracellular vitamin C deficiency, but normal circulating levels, since they can 
synthesize the vitamin in liver. We hypothesized that low vitamin C would induce oxidative 
stress from an early age and that this would accelerate the development of pathological 
changes such as amyloid-β production and deposition, as well as the associated cognitive 
deficits. Accumulation of reactive oxygen species is a natural part of aging and thus we were 
also interested to study the effects of low vitamin C on normal aging in the non-transgenic 
mice.

Results and Discussion
Vitamin C is an essential antioxidant that humans must obtain through their diets, and one of 
which many people have depleted or deficient levels. We predicted that lower brain vitamin 
C would contribute to an environment of oxidative imbalance that would accelerate 
Alzheimer’s disease neuropathology. We tested this hypothesis by studying cognition, 
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oxidative stress, and amyloidogenic changes in a mouse model of Alzheimer’s disease with 
partial ablation of vitamin C transport in the brain.

Low Vitamin C disrupts memory in wild-type and APP/PSEN1+ mice
Olfactory memory—Olfactory memory testing was conducted in 5-month old mice. Data 
for this test were not normally distributed and therefore a log10 transformation was used on 
the data. Baseline exploration levels did not vary among the genotypes for either the water 
or familiar odor trials (Fs<3.68, ps>0.06). Habituation to the familiar odor (decreased 
investigation time) on day 2 compared to day 1 was used to index 24-hour recall memory of 
the familiar odor for each group. A t-test was performed between exploration times of the 
familiar odor on the two test days for each group. As expected, all mice that did not carry 
APP/PSEN1 mutations showed habituation to the familiar odor with less exploration 
recorded on day 2, indicated as a positive preference score (day 1 - day 2 exploration) in 
Figure 1A, (SVCT2+/− t(14)=2.176 p=0.047; wild-type t(16)=4.15 p<0.001, Fig. 1A (left, 
open bars)). APP/PSEN1+ mice showed a strong but non-significant trend towards 
habituation of exploration (t(16)=2.035, p=0.059; white hatched bar), whereas no decrease 
was observed in SVCT2+/−APP/PSEN1+ mice (t(11)=−1.578, p=0.143; red hatched bar). A 
secondary index of memory can be derived from differences in greater exploration of the 
novel smell on day 2 compared to the previously-presented odor. Wild-type mice showed 
this pattern of behavior (t(16)= −2.149, p=0.047 Fig. 1A (right)), but the same differences 
were not observed for APP/PSEN1+ mice (t(16)=−0.337, p=0.74), nor for SVCT2+/− mice 
(t(14)=1.18, p=0.258). SVCT2+/−APP/PSEN1+ spent more time exploring the familiar odor 
than the novel odor (t(11)=3.65, p=0.004). An impairment in olfactory memory may be 
particularly relevant given that olfactory deficits in mild cognitive impairment and 
Alzheimer’s disease correlate with verbal and visual memory performance 19 and may 
predict the likelihood of further cognitive decline 20.

Spatial memory—Tests of spatial memory in hippocampal-dependent tasks are also very 
important in Alzheimer’s disease in which the hippocampus is so heavily compromised. 
Alternation behavior in the Y-maze is thought to reflect spatial working memory. At 5 
months, mice with APP/PSEN1 mutations made fewer alternations than wild-type mice 
(F1, 55=9.09, p=0.004, Fig. 1B). Although the effect appeared larger in SVCT2+/−APP/
PSEN1+ mice, there were no significant effects of SVCT2 genotype (Fs<0.87, ps>0.36). At 
12 months, there were no differences according to APP/PSEN1 genotype (Fs<0.58, 
ps>0.45), however, mice with low vitamin C made fewer alternations (F1, 49=4.92, p=0.031, 
Fig. 1C). Unexpectedly, alternation behavior did not further decline in the older animals 
compared to the 5-month age group, and the deficit observed in the APP/PSEN1+ mice was 
no longer apparent at the older time point. The number of arm entries decreased with age, 
from group averages of 21.4–25.2 at 5 months, to 15.9–20.8 in the older mice. The greatest 
change (a 37% decrease) was observed in the APP/PSEN1+ group. It is possible that 
reducing the number of arms entered, and therefore also increasing the amount of time in 
each arm per entry, helps to diminish the cognitive demands of this task and therefore leads 
to improved, or at least less-impaired, performance.
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More comprehensive examination of spatial learning and memory was made using the 
Morris water maze. Decreasing escape latencies across 3 days of cued (visible) platform 
testing indicated that all mice were physically able to solve the task and learn the rule that 
the platform led to escape (5M: F2, 114=90.336, p<0.001; 12M F2, 100=113.69, p<0.001, data 
not shown). Hidden platform testing was then conducted to test memory for a location 
within the pool using extra-maze cues. It is important that all mice be given sufficient 
opportunity to learn the location of the platform in order to make comparisons of memory 
capacity during the probe trial. We therefore used 8 days of task acquisition training, after 
which average escape latencies were all under 10 s in the younger mice, and under 15 s in 
the older mice, indicating learning in all groups (5M: F7, 399=39.57, p<0.001, Fig. 2A; 12M 
F7, 336=34.46, p<0.001, Fig. 2E). At 5 months APP/PSEN1 mutant mice were slightly faster 
overall to locate the platform (F1, 57=4.73, p=0.034). This result was likely driven by the 
slightly poorer performance of the SVCT2+/− mice on the first 4 days of testing, but there 
were no other significant effects of genotype (Fs<3.41, ps>0.07), and all mice were equally 
quick to locate the maze by the end of training. At 12 months there were no group 
differences according to genotype (Fs<2.61, ps>0.07).

During the 60 s no-platform probe trial, memory is typically assessed through time spent 
swimming in each of the quadrants (target versus non-target, Fig. 2I). At both ages all 
groups showed a significant preference for the platform quadrants (Fs>4.90, ps<0.05, Figs. 
2B,F). Post hoc comparisons indicated that at both ages the wild-type mice tended to 
perform with greater accuracy than the APP/PSEN1 mice, with stronger preferences for the 
target quadrant over non-target quadrants, and the poorest performance was observed in the 
SVCT2+/−APP/PSEN1+ mice. Goal-directed swimming may be better represented by time 
spent swimming within a defined radius of the platform edge (20 cm) and number of times 
the mouse crosses the previous platform location. At 5 months of age, mice carrying APP/
PSEN1 mutations spent less time swimming in the target zone than wild-type mice 
(F1, 57=9.58, p=0.003), but there was no additional effect of SVCT2 genotype (Fs<0.58, 
ps>0.45; Fig. 2C). At 12 months of age performance was similar across the groups (Fs<0.93, 
ps>0.34, Fig. 2G). Platform crossings did not differ among the groups at 5 months (Fs<1.14, 
ps>0.71, Fig. 2D). At 12 months, mice with low vitamin C levels made 25–50% fewer 
platform crossings than mice with normal vitamin C, which were still making approximately 
4 platform crossings, similar to the young mice, regardless of the presence of APP/PSEN1 
mutations (SVCT2 genotype: F1, 48=6.06, p=0.017, Fig. 2H). There was no main effect of 
APP/PSEN1 genotype and no interaction (Fs<0.72, ps>0.40). Mice with low vitamin C had 
marginally slower swim speeds overall compared to normal vitamin C mice in the probe 
trial at 5 months of age (F1, 57=5.175, p=0.027). This was not the case at 12 months where 
there were no differences in swim speed (Fs<2.10, ps>0.15, data not shown), and so poorer 
performance at this age cannot be attributed to physical ability. These data are in line with 
previous reports in mice of this genotype which found similar, or even larger, cognitive 
impairments in APP/PSEN1+ mice to those reported here in both water maze and Y-maze 
tasks 21, although other reports have failed to show deficits in the Y-maze at 7 months 22. 
The APP/PSEN1 mouse line was originally developed on a hybrid background 23, and 
reports in mice that have been backcrossed for multiple generations to the C57Bl/6 
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background used here, typically show fewer deficits at early age points (e.g. 6–8 
months 24, 25).

The older cohort of mice was also tested using conditioned fear chambers. Twenty-four 
hours after training, similar levels of freezing were observed among the groups in the 
original test chamber (Fs<0.77, ps>0.39, Fig. 1D). However, when tested in a novel 
environment with the conditioned stimulus (tone), APP/PSEN1 mutant mice were 
significantly impaired, showing less freezing, compared to wild-type mice (F1, 46=4.458, 
p=0.04, Fig. 1E). There was no effect of SVCT2 genotype (Fs<0.19, ps>0.67). There were 
no differences among the groups in shock-threshold; all mice flinched or jumped, and 
vocalized at shocks of 0.35mA or lower, which was below the test stimulus of 0.5 mA.

We also assessed locomotor activity and anxiety in the mice because impairments in either 
of these areas could confound data from the tests of cognitive ability. Mice were tested in 
locomotor activity chambers for 15 min per day on two consecutive days. At both 5 and 12 
months all mice showed expected decreases in distance traveled on day 2 compared to day 1 
(F1, 59=52.2, p<0.001; F1, 50 =118.89, p<0.001 Fig. 3A; B), a pattern of habituation that 
reflects memory for the testing context. Taken in combination with the results described 
above, these data suggest that cognitive impairments were not limited to behaviors 
dependent on the integrity of the hippocampal formation, and also that the impairments 
observed were not reflective of global dysfunction. Both low vitamin C and APP/PSEN1 
genotype, separately or in combination, led to poorer performance in mice under conditions 
of more active memory demands (e.g. alternation in Y-maze, probe trial in water maze), but 
not when recall of the testing context was more passive (context-dependent freezing, 
habituation to locomotor activity chambers).

Vitamin C deficiency is associated with mild hyperactivity at 12 months but does not alter 
anxiety

At 12 months, low vitamin C (SVCT2+/−) mice were slightly hyperactive compared to mice 
with normal vitamin C (F1, 50=6.79, p=0.012), but there were no other differences according 
to genotype at either age. As a measure of anxiety in a novel environment we performed 
‘open field’ analyses on time spent in the center of the chamber during the first 5 min of the 
first trial in the locomotor activity chambers. There were no differences according to group 
on this measure of anxiety (Fs<1.96, ps>0.17, data not shown). At 5 months there were no 
differences in exploration of the elevated zero maze (Fs<2.47, ps>0.12, Fig. 3C), but at 12 
months the SVCT2+/− and the SVCT2+/−APP/PSEN1+ mice showed further evidence of 
mild hyperactivity in that they traveled further in the maze than mice with normal vitamin C 
levels (F1, 52=5.81, p=0.19, Fig. 3D). There were no differences on the time spent in the 
closed zones at either age (Fs<0.72, ps>0.40, data not shown). Increased exploration was not 
observed in Y-maze arm entries in the low vitamin C mice, neither were differences detected 
in investigation time in the olfactory learning task. In combination with the lack of 
differences in anxiety measures, it is not likely that this mild difference affected cognitive 
behavior. Mild hyperactivity has been reported in this Alzheimer’s disease mouse model, 
but is not thought to be a determinant of cognitive deficits 2627, and in a related study, 
vitamin C supplementation given in drinking water (1.0 g/L) improved a hyperactivity 
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deficit in female J20 mice (bearing Swedish and Indiana mutations of APP) in the Y-maze 
spontaneous exploration task 11. Extreme vitamin C deficiency leads to severe lethargy and 
low activity 28, but agitation and motor disturbances are features of Alzheimer’s disease that 
may be being modeled by the hyperlocomotion in mouse models 26, 2930 and it is therefore 
interesting that the modest decrease in vitamin C contributed to this increased activity in the 
older cohort of mice.

Low vitamin C impairs performance on the rotarod
We next assessed procedural learning and neuromuscular ability using the rotarod, with 3 
trials conducted on each of 2 consecutive days. This task is known to be sensitive to effects 
of normal aging and as expected, 12 month old mice performed more poorly than younger 
mice, with shorter latencies to fall or rotate on the equipment. At both ages mice showed 
improvements on day 2 compared to day 1, indicating intact procedural learning (Fs>10.68, 
ps<0.002). A significant impairment was observed in low vitamin C mice at both ages 
compared to normal vitamin C mice (5M F1, 54=6.81, p=0.012 Fig. 1E; 12 M: F1,44=10.096, 
p=0.003 Fig. 1F). The SVCT2 is expressed 31 in muscle fibers, and thus transporter 
deficiency could conceivably lead to weakness. We did not specifically measure the 
decrease in vitamin C in muscle although the heterozygous mutation, although data from 
brain and other organs in these mice 32, suggests the mutation would result in a similar 
vitamin C decrease of 30–50%. Muscular weakness in aging is likely a combination of 
muscular atrophy and neuronal changes, particularly at the neuromuscular junction 33. Low 
vitamin C in the gulo−/− model that cannot synthesize its own vitamin C, and is therefore 
vulnerable to even greater decrease in vitamin C based on dietary intake, has been shown to 
impact motor abilities in rotarod and also water maze in mice younger than 5 months of age, 
further supporting a major role for maintaining vitamin C to support optimal muscular 
strength 34, 35 These mice are not known to have major cognitive deficits, although testing 
has mostly been limited to mice younger than 5 months of age 34, 35. The deficits observed 
in strength and coordination on the rotarod in the younger cohort of mice suggests that 
vitamin C during middle age could be critical to maintaining good muscular health in aging.

Low vitamin C and APP/PSEN1 mutations enhance development of lipid peroxidation and 
decrease antioxidant potential

As expected, cortex vitamin C level was determined by SVCT2 transporter expression, and 
was up to 30% lower in SVCT2+/− mice in both 6 and 14 month old mice (F1, 59=18.14, 
p<0.001; F1, 42=30.88, p<0.001, Fig. 4A). APP/PSEN1 genotype had no effect on brain 
vitamin C level at either age (Fs<3.78, ps>0.057). A modest 20–30% decrease in brain 
vitamin C is likely to be present in a significant number of humans with decreased dietary 
intake or vitamin C loss. Although direct comparisons with human brain levels are not 
possible, we have shown that mice on a low, but non-scorbutic, vitamin C deficiency 
schedule can have much larger decreases of up to 75% from normal brain, with almost 
undetectable levels in serum and liver, without suffering ill health 36. Clinical and 
population studies of plasma vitamin C routinely report levels in the depleted and deficient 
range (<28 µM) in 10–15% of subjects, with clinical scurvy reported in some 
populations 37, 38.
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Malondialdehyde (MDA) levels followed a significant inverse relationship with brain 
vitamin C levels such that MDA was higher in mice with low vitamin C in the brain 
compared to mice with normal vitamin C at both 6 and 14 months (F1, 58=9.89, p=0.003; 
F1, 44=6.47, p=0.015, Fig. 4B). At 6 months MDA levels were also higher in APP/PSEN1+ 

mice than wild-type (F1, 58=5.19, p=0.026), and although this effect was likely driven by the 
low value in the wild-type mice compared to the three other groups, there was no interaction 
between the genotypes (F1, 58=2.52, p=0.12). At 6 months protein carbonylation was also 
higher in all mutant groups than in wild-type mice as indicated by an SVCT2 x APP/PSEN1 
genotype interaction (F1,37=5.29, p=0.027, Fig. 4C). There were no main effects of either 
SVCT2 or APP/PSEN1 mutation alone at 6 months (Fs1, 37<2.49, ps>0.12) and there were 
no differences among groups at 14 months (Fs1, 29<0.88, ps>0.36). At 6 months, F2-
isoprostanes were highest in APP/PSEN1 mutant mice (F1, 37=4.56, p=0.039, Fig. 4D) with 
no further effect of SVCT2 genotype (Fs<0.12, ps>0.73). At 14 months, there were no 
differences among the groups (Fs<1.16, ps>0.29). Total glutathione (GSH+GSSG) was 
measured in cerebellum and was higher in wild-type mice than in other groups at 6 months 
(interaction F1, 35=7.46, p=0.010; main effects of SVCT2 and APP/PSEN1 alone 
Fs1, 35<0.85, ps>0.36, Fig. 4E). There were no differences among groups in 14-month old 
mice (Fs1, 26<2.28, ps>0.14). The ratio between GSH:GSSG did not differ among the groups 
at either age (Fs<1.52, ps>0.23, data not shown). Finding adverse changes in this wide range 
of markers of antioxidant/oxidative stress profile is strongly indicative that oxidative stress 
is an important driving feature of the other pathological changes observed in the mice. 
However, it is not the only mechanism that could be impacted by the lower vitamin C in the 
brain. Inflammatory response, including astrocytic activation, is another pathological change 
associated with Alzheimer’s disease. In this study, inflammatory response was indexed by 
measuring GFAP in hippocampus by semi-quantitative Western blot in 4 to 8 mice per 
group. At 6 months there were no differences in GFAP expression among the groups 
(Fs1, 14=1.04, ps>0.33). By 14 months, a larger inflammatory response was observed in the 
APP/PSEN1 mutant mice, which had greater GFAP protein expression (F1, 19 =4.28, 
p=0.05, Fig. 4F), but there were no further effects of SVCT2 genotype (Fs<0.40, ps>0.54). 
Similarly, Murakami et al. 11 reported decreased carbonyls following vitamin C 
supplementation to normal mice, and increased GSH, but no change in GFAP expression.

Low vitamin C enhances amyloid accumulation and deposition
Our initial hypothesis was that elevated oxidative stress would contribute to acceleration of 
other pathological features of Alzheimer’s disease. Total Aβ1-40 and Aβ1-42 levels in 
hippocampus were very low overall in the younger mice. Nonetheless, some differences 
were noted according to vitamin C level. Where assumption of equal variances was violated, 
non-parametric tests (Mann Whitney U test) were employed instead of a two-tailed t-test. 
Soluble and insoluble Aβ1-40 did not vary solely according to SVCT2 genotype (ps>0.077, 
Fig. 5A), but soluble and insoluble Aβ1-42 were both higher in SVCT2+/−APP/PSEN1+ mice 
than in APP/PSEN1+ mice with normal vitamin C levels (soluble: Mann Whitney U=10, 
p=0.04; insoluble: t(13)=2.38, p=0.033, Fig. 5C). This increase in Aβ1-42 was also reflected 
in the ratio of total Aβ1-42/1-40, which was increased in SVCT2+/−APP/PSEN1+ mice (Mann 
Whitney U=7, p=0.014, Fig. 5E). Thioflavin-S positive plaque deposits were extremely low 
at 6 months, and in many mice, none was visible in hippocampus or cortex. Accordingly, 
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there was no difference according to SVCT2 genotype in either area (ps>0.87, Fig. 5G, I). 
At 14 months, Aβ1-40 and 1-42 levels were greatly increased from the previous age point but 
no longer differed according to SVCT2 genotype (ps>0.53, Fig. 5B,D), possibly indicating 
that disease processes had advanced far enough to make it harder to tease apart relatively 
subtle differences that were evident at an earlier age. The ratio of total Aβ1-42/1-40 was also 
similar between the two groups (t(10)=0.62, p=0.55). However, there were significantly 
more thioflavin-S positive plaques observed in SVCT2+/−APP/PSEN1+ mice than in APP/
PSEN1+ mice in both hippocampus (t(19)=2.66, p=0.015) and cortex (t(20)=2.42, ps=0.025, 
Fig. 5H, I) indicating that the earlier increase in Aβ1-42 may have contributed to more robust 
amyloid seeding.

Six months of vitamin C supplementation lowered soluble Aβ1-42 and the Aβ1-42/1-40 ratio, 
in 12-month old J20 mice, which the authors attributed to an effect on oligomerization 11. 
Our mice had a lifelong decrease in vitamin C, and we noted changes from a much earlier 
stage of amyloid accumulation, at 6 months, although our data still fit the hypothesis that 
vitamin C affects amyloid oligomerization. In vitro, vitamin C suppressed reactivity of the 
amyloid-β A11 antibody that recognizes a particular conformation of toxic, prefibrillar Aβ 

oligomers 39. Less specific changes in oxidative stress can also influence factors in the 
pathways for over-production of amyloid-β (e.g. BACE1 enzymatic function) 40. Familial 
forms of Alzheimer’s disease are more typically associated with increased amyloid-β 

production, whereas sporadic Alzheimer’s disease is more likely to implicate failed 
clearance mechanisms. The altered Aβ1-42/40 ratio in young mice and increased plaques at 
12 months suggest that vitamin C could be involved in both processes. Gulo−/− mice lack the 
ability to synthesize vitamin C, and like humans, require supplementation for survival 41. In 
Gulo−/− mice crossed with the 5XFAD Alzheimer’s model, high dose (3.3g/L) 
supplemented mice showed less plaque deposition, and less GFAP immunoreactivity than 
mice with a lower, although not deficient, supplementation level (0.66g/L)10. 5XFAD mice 
had disrupted cerebral capillaries in the vicinity of plaques, but this effect was lessened with 
the very high vitamin C supplementation. In vitro vitamin C tightens endothelial cell 
junctions 42, which may be another mechanism by which vitamin C is beneficial in 
Alzheimer’s disease, and one that requires closer attention given the co-morbidity with 
cardiovascular disease and dementia.

One further potential role for vitamin C deficiency in the cognitive decline observed in this 
study is that SVCT2+/−APP/PSEN1+ mice appear more susceptible to pharmacologically-
induced seizures and have a higher mortality rate than the other genotypes 43. There is a 
known association between APP mutations and seizures 44–46. Seizures can independently 
induce additional β-amyloid production, as well as cognitive deficits, and also significantly 
increase oxidative stress 47–50. It is, therefore, possible that unobserved seizures while in the 
home-cage could have contributed to the pathologies reported here, but such a relationship 
would have to be determined specifically in future studies.

In our study, mice with low vitamin C, whether carrying APP/PSEN1 mutations or not, were 
exposed to potential oxidative imbalance levels for their entire lives. We found detectable 
oxidative stress increases by 6 months of age. The same changes were evident in wild-type 
mice by 14 months of age, representing a much shorter duration of oxidative imbalance in 
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those mice. The finding of learning and memory deficits in normally-aging SVCT2+/− mice, 
with deficits starting at just 5 months of age, also suggests that avoiding deficiency may be 
more useful in the prevention of cognitive decline, but does not rule out a role for 
supplementation to maintain a maximal or optimal level during aging. It is likely that 
different pathways are implicated in the damage seen in the mice with and without amyloid 
accumulation, however, it is likely that each pathway involves oxidative imbalance, either 
directly or indirectly. The extent to which specific changes are synergistic, or additive, 
within the pathological framework of Alzheimer’s disease rather than normal aging, remains 
to be established. Dietary treatments with vitamins C, E and other antioxidants have been 
shown to rescue memory impairments in rodents with oxidative stress and learning deficits 
due to APP and PSEN1 mutations, melamine treatment, and hypoxia 51–54. Similarly, 
vitamin E supplementation to Tg2576 mice decreased oxidative stress in the brain and 
decreased Aβ1-40 and Aβ1-42 levels, but the latter effects were found only when supplements 
were started before 6 months of age, not in an older cohort that were treated from 14 
months 55. Six months of a medical food cocktail containing vitamins C and E, among 
several other constituents, also decreased soluble and insoluble Aβ1-40 as well as soluble 
Aβ1-42 in Tg2576 mice 56. Three months of a combination diet combining antioxidants 
(including vitamins C and E), plus a number of items specifically designed to stimulate 
synaptic membrane formation, decreased both Aβ1-40 and Aβ1-42 in APP/PSEN1+ mice at 6 
months of age 57. Finally, the antioxidant resveratrol decreased plaque deposition in 
Tg19959 mice when treatments were begun at 45 days 58.

The range of behavioral measures used in the present study was designed to tap into a 
number of specific brain areas; hippocampal tasks of spatial learning, amygdala-dependent 
cue-testing in the conditioned fear task, striatal-dependent locomotor activity, and 
cerebellar-dependent procedural learning on the rotarod. Although the focus of Alzheimer’s 
disease-related studies more typically center on hippocampal and cortical tasks, owing to the 
concentration of amyloid pathology in those areas, vitamin C is high, and preferentially 
preserved, in each of these brain areas. The behavioral and biochemical data suggest that 
antioxidant status is critical across a number of brain areas, and that each may contribute to 
the behavioral changes observed in aging and Alzheimer’s disease. Given that not all brain 
areas under oxidative stress are also associated with high amyloid load, the lack of function 
cannot solely be attributed to increased amyloidogenesis. Other potential causes of 
functional decline include cell death, impaired synaptogenesis and neurotransmitter 
function, and the specific role of vitamin C deficiency in each of these has yet to be shown.

Data from human clinical trials of antioxidant supplementation seldom show clear efficacy 
against the clinical manifestation of Alzheimer’s disease (such as Aβ1-42 levels, or cognitive 
decline 59, although supplements do increase vitamin levels (C and E) and decrease 
measures of oxidative stress in CSF after only one month of supplementation 60, 61. 
Unfortunately, such studies seldom make comparisons between deficient and replete states; 
they are typically conducted in subjects already suffering from mild to moderate 
Alzheimer’s disease, and are often limited in the number of measures that may be taken to 
assess cognition and biochemical changes. That dietary antioxidants can ameliorate the 
oxidative state in vivo has been born out many times 60, 61, but the effects of prolonged non-
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scorbutic deficiency of vitamin C (and other antioxidants) beginning before or with disease 
development, has not yet been adequately tested in clinical populations. The findings 
reported here suggest that greater impetus needs to be given to dietary control to avoid 
deficiency in early to mid-adulthood, rather than late-life supplementation when disease 
processes are much more firmly established. Amyloid-β is detectable in brains of cognitively 
normal individuals as early as their mid-thirties 62.

Summary and Conclusions
Combined, these data suggest that chronic hypovitaminosis for vitamin C may accelerate the 
development of oxidative stress in the brain during normal aging, and also has a role in 
amyloid production, oligomerization and/or deposition. Of particular note is that the greatest 
effects of both APP/PSEN1 mutations and low vitamin C on oxidative stress and amyloid-β 

were observed before 6 months of age. In APP/PSEN1 mice this represents a very early 
stage of disease pathogenesis, before significant amyloid production or accumulation, and 
before a large inflammatory response has been triggered. By 14 months, group differences in 
oxidative stress levels were less distinguishable, presumably eclipsed by normal changes 
due to aging that occur even in the wild-type mice. We conclude therefore that vitamin C 
deficiency can play a critical role in protection against both Alzheimer’s neuropathology and 
normal aging, but that greater attention should be paid to nutritional intakes in early middle-
age rather than waiting for later life interventions.

Methods

Animals—All animals were housed in a temperature and humidity controlled vivarium and 
were kept on a 12:12 hour light cycle. All procedures were approved by the Vanderbilt 
Institutional Animal Care and Use Committee. Female C57Bl/6J wild-type mice (http://
jaxmice.jax.org/strain/000664.html) and male bigenic APPSWE/PSEN1∆E9 mice (http://
jaxmice.jax.org/strain/005864.html) were obtained from Jackson Laboratories and used to 
found the colonies used in this study. SVCT2+/− mice have decreased expression of the 
SVCT2 transporter and 20–30% decreased brain vitamin C levels although they retain the 
ability to synthesize vitamin C, and peripheral SVCT2-dependent tissue contents are within 
50–90% of SVCT2+/+ littermates 18. These mice were originally obtained from Dr. Robert 
Nussbaum. They were backcrossed at least 10 generations to the C57Bl/6J strain and 
maintained on that same background. The total numbers of mice available for behavioral 
and biochemical studies for each group are presented in Table 1. For simplicity we use the 
term “wild-type” to denote mice that do not carry the mutations APP and PSEN1. Mice that 
are wild-type for SVCT2 will be described using “SVCT2+/+” or by describing their vitamin 
C levels (normal vitamin C versus low vitamin C in the SVCT2+/− mice).

Behavioral testing
All behavior testing was undertaken using facilities of the Vanderbilt Murine 
Neurobehavioral Core. The experimental design is shown in Figure 6. In addition to the 
planned cognitive testing, a series of control tasks for anxiety (elevated plus maze), 
locomotor activity, and neuromuscular ability (rotarod), were also performed. If behavior in 
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these control tasks were affected either by APP/PSEN1 mutations, or by vitamin C 
deficiency, it could confound interpretation of learning and memory tasks (e.g. extreme 
anxiety and hypolocomotion would limit exploration of a novel area and diminish learning 
potential).

Elevated Zero Maze—Anxiety was measured using a standard Elevated Zero Maze (San 
Diego Instruments, CA). A single 5-minute trial was filmed from above, and the exploration 
paths in open and closed zones were analyzed using AnyMaze (Stoelting Co. IL).

Locomotor activity—Activity was measured on two consecutive days in standard 
locomotor activity chambers (approx. 30 x 30 cm, ENV-510; MED Associates, Georgia, 
VT, USA). Activity was recorded automatically for 15 minutes by the breaking of infrared 
beams.

Rotarod—Motor coordination and balance were tested using a commercially available 
accelerating rotarod (Ugo Basile model 7650; Stoelting Co., Wood Dale, IL, USA) as 
described 34. The time taken for the mouse to rotate on the rod (clinging to the rod and 
rotating along with it instead of remaining on top) and/or to fall, were recorded with a 
maximal trial duration of 300 s. Three trials were given per day, on 2 consecutive days.

Y-maze—Spontaneous alternation was measured in a single 5-minute trial in a standard Y-
maze made of clear acrylic tubing, with arms 32 cm long 34. Alternation was defined as 
consecutive entries into three different arms (e.g. ABC, BCA).

Olfactory learning—Olfactory learning was undertaken to assess 24-hour recall of a 
familiar scent, based on the methods described in 63. On the initial test day mice were given 
two 3-minute trials in which they were exposed to a 2.5 X 2.5 cm square of filter paper 
moistened with either water or a scent (designated the ‘familiar’ odor). Olfactory cues were 
cherry, almond, or vanilla (diluted 1/400 in water, McCormick & Co., Inc, MD). On the 
second day of testing mice were again given two trials, one with the familiar odor and one 
with a novel odor. Olfactory cues and test order were randomized. Each trial was recorded 
and later scored by two trained observers for number of visits to the scented paper, and the 
time spent investigating the paper. Decreasing investigation time of the familiar odor on day 
2 compared to day 1, and preference for the novel odor over the familiar odor on day 2 were 
used to index memory of the familiar odor. This task was only used at 5 months due to lower 
exploratory activity and the potential for loss of olfactory ability in the older mice.

Water maze—Water maze testing was conducted in a 107-cm diam. pool with a circular, 
acrylic platform (10 cm diam.) in equipment as described 34. For cued-platform testing the 
platform surface was visible above the water and a marker, visible to the mice while 
swimming, was inserted into the platform. For hidden platform testing the water was 
rendered opaque through the addition of non-toxic white paint and the platform was 
submerged 1 cm below the water. Mice were given four acquisition trials per day (max. 60 s 
each) for cued trials (3 days), and hidden platform acquisition (8 days). Sessions were 
captured by an overhead camera and analyzed using AnyMaze (Stoelting Co. IL). Twenty-
four hours following the final training trial a 60-s probe trial was conducted. The time spent 
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in the target and non-target quadrants, number of crosses of the platform location, and time 
spent within 20 cm of the platform edge were the primary dependent measures derived from 
the probe trial. Swim speed and peripheral swimming (time within 10 cm of the pool wall) 
were also assessed to determine whether differences in performance could be attributed to 
non-cognitive factors. This protocol was employed to ensure that mice from both age 
groups, and all genotypes, would have sufficient opportunity to learn the platform location. 
Anxiety associated with this task can impact learning ability 64, and pre-training with the 
visible version helps to reduce anxiety through repeated exposure, and also serves to 
introduce the animals to the rule that escape from the maze is possible following location of 
a platform. The 8-days of acquisition testing ensures that even at the older age group, mice 
are able to learn the spatial task, and thus, probe testing for memory is possible (which it is 
not if all mice are not given sufficient opportunity to learn the location of the platform).

Fear Conditioning—Fear conditioning was carried out with two specialized chambers 
and computer software (Med Associates Inc. USA). Mice were placed in conditioning 
chambers that had a plexiglass door, metal walls and a metal grid floor through which a 
shock could be delivered. These were housed within sound attenuating chambers. During the 
initial training trial mice learned to associate a 30 s shock with a 2 s electric shock (0.5 mA). 
There were three tone-shock pairings during the 8-minute trial. Twenty-four hours later, 
mice received a context-retrieval trial in which they were placed in the same testing chamber 
as was used the day before and left undisturbed for 4 minutes before being returned to the 
home cage. One hour later, the context was altered by placing a white plastic, curved ‘wall’ 
and floor into the chambers, along with a dish containing 1 ml of vanilla flavoring 
(McCormick, USA). Mice were tested in the chamber that they had not previously been 
tested in. For each trial cameras mounted to the inside of the door of the outer containment 
box and computer software scored the mice for the amount of time spent freezing 
(remaining immobile). As a final control measure to ascertain whether genotypes were 
equally sensitive to the shocks, mice underwent shock threshold testing. They were exposed 
to a series of 1 second shocks of increasing intensity (0.075 to 0.5 mA). Their response 
(flinch, run, jump and vocalize) was noted for each shock value. The trial was ended and no 
further shocks were given once the mouse had vocalized at a particular shock strength.

Biochemical testing—Following terminal anesthesia with isoflurane and cervical 
dislocation, the tip of the tail was cut off and saved for genotyping. Mice were then 
decapitated and brains were quickly removed and hemisected sagittally. One hemisphere 
was immersion-fixed in 10 % formalin for 3 days, then removed to a 10 % sucrose solution 
and stored at 4°C. The remaining brain was dissected into cortex, hippocampus, and 
cerebellum. All samples were frozen on dry ice and stored at −80°C.

Ascorbic acid—Vitamin C (ascorbic acid) was measured by HPLC with electrochemical 
detection as described previously 34. Values were calculated per gram tissue wet weight.

Malondialdehyde (MDA)—MDA was analyzed as thiobarbituric-reactive substances as 
described previously 65. Values were calculated per milligram tissue wet weight.

Dixit et al. Page 12

ACS Chem Neurosci. Author manuscript; available in PMC 2016 April 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Isoprostanes—Isoprostanes were determined by GC-MS in the Vanderbilt Eicosanoid 
Core Facility, using previously described methods 66.

Protein carbonyls—Protein carbonyls were determined by reaction with DNPH using 
previously described methods 67, 68 with values calculated per mg protein.

Glutathione—Total glutathione (reduced glutathione (GSH) and oxidized glutathione 
(GSSG)) were measured using previously described methods 69.

ELISA (soluble/insoluble Aβ1-40 and Aβ1-42)—Aβ levels were quantified using anti-
human Aβ1-40 and Aβ1-42 sandwich ELISA kits, according to the manufacturer’s instructions 
(Invitrogen Corporation, Camarillo, CA; cat. # KHB3481 & KHB3441).

Western Blotting—GFAP was detected using previously described methods 70. 
Incubation with primary antibody - 1:1,000 anti-GFAP (Cat.#MAB360, Millipore, Bedford, 
MA) diluted in blocking buffer (5% milk, TBS-0.1% Tween 20), occurred overnight at 4°C 
with shaking. The membrane was then washed with TBS-Tween-20 and incubated with 
secondary antibody − 1:20,000 anti-mouse IgG-HRP (Promega, Madison, WI) for 1 hour at 
room temperature before detection with chemiluminescence (Perkin Elmer, Waltham, MA).

Thioflavin S—Sections (30 microns thick) were cut from the formalin-fixed hemi-brain 
using a benchtop sliding microtome (Leica) on which the brains were frozen with dry ice. 
Sections were floated in 24-well plates containing 1xPBS and then mounted on gelatin-
coated, charged glass slides. Three to five sections per mouse, containing hippocampus and 
cortex and spaced approximately 100 microns apart were chosen for quantification of 
thioflavin-S (Sigma Aldrich, USA) positive plaques as described previously 8, 71. Digital 
images of the hippocampus and overlying cortex were taken using a fluorescent imaging 
microscope (EVOSfl, AMGmicro) at a magnification of 4X. Separate images were stitched 
together in Adobe Photoshop and the area of the hippocampus and overlying cortical areas 
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 researcher who was blind to the genotype of the mice. Plaque coverage was 
calculated as percent of total region measured, in pixels.

Statistics—Data were first checked for normality, skew and outliers (greater than two 
standard deviations above or below the mean). Where necessary, data were transformed with 
log10 transformation, or analyzed using non-parametric analyses as described in results. All 
analyses were first run with sex as a fixed variable. There were no significant differences 
according to sex so all data were collapsed and analyzed together. Normality testing, 
ANOVA and t-test were analyzed using SPSS 19.0 for MAC. Single factor (2x2) ANOVA 
was conducted with SVCT2 genotype (SVCT2+/−, SVCT2+/+), and APP/PSEN1 genotype 
(wild-type, APP/PSEN1+) as the between-groups variables. Behavioral tests with multiple 
trials were analyzed with Repeated Measures ANOVAs with the same between-groups 
factors as above. Non-parametric testing was done in Graphpad Prism 5 for Mac OS X.

Dixit et al. Page 13

ACS Chem Neurosci. Author manuscript; available in PMC 2016 April 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Acknowledgments
This work was supported by grant R01 AG038739 from the NIH/NIA to FE Harrison.

Abbreviations

SVCT sodium-dependent vitamin C transporter

APP amyloid precursor protein

PSEN1 presenilin 1

MDA malondialdehyde

References
1. Frei B, England L, Ames BN. Ascorbate is an outstanding antioxidant in human blood plasma. 

Proceedings of the National Academy of Sciences of the United States of America. 1989; 86(16):
6377–81. [PubMed: 2762330] 

2. Pratico D, Clark CM, Liun F, Rokach J, Lee VY, Trojanowski JQ. Increase of brain oxidative stress 
in mild cognitive impairment: a possible predictor of Alzheimer disease. Archives of neurology. 
2002; 59(6):972–6. [PubMed: 12056933] 

3. Pratico D, Sung S. Lipid peroxidation and oxidative imbalance: early functional events in 
Alzheimer's disease. J Alzheimers Dis. 2004; 6(2):171–5. [PubMed: 15096701] 

4. Morris MC, Beckett LA, Scherr PA, Hebert LE, Bennett DA, Field TS, Evans DA. Vitamin E and 
vitamin C supplement use and risk of incident Alzheimer disease. Alzheimer disease and associated 
disorders. 1998; 12(3):121–6. [PubMed: 9772012] 

5. Morris MC, Evans DA, Bienias JL, Tangney CC, Bennett DA, Aggarwal N, Wilson RS, Scherr PA. 
Dietary intake of antioxidant nutrients and the risk of incident Alzheimer disease in a biracial 
community study. Jama. 2002; 287(24):3230–7. [PubMed: 12076219] 

6. Masaki KH, Losonczy KG, Izmirlian G, Foley DJ, Ross GW, Petrovitch H, Havlik R, White LR. 
Association of vitamin E and C supplement use with cognitive function and dementia in elderly 
men. Neurology. 2000; 54(6):1265–72. [PubMed: 10746596] 

7. Zandi PP, Anthony JC, Khachaturian AS, Stone SV, Gustafson D, Tschanz JT, Norton MC, Welsh-
Bohmer KA, Breitner JC. Reduced risk of Alzheimer disease in users of antioxidant vitamin 
supplements: the Cache County Study. Archives of neurology. 2004; 61(1):82–8. [PubMed: 
14732624] 

8. Harrison FE, Hosseini AH, McDonald MP, May JM. Vitamin C reduces spatial learning deficits in 
middle-aged and very old APP/PSEN1 transgenic and wild-type mice. Pharmacology, biochemistry, 
and behavior. 2009; 93(4):443–50.

9. Kennard JA, Harrison FE. Intravenous ascorbate improves spatial memory in middle-aged APP/
PSEN1 and wild type mice. Behavioural brain research. 2014; 264:34–42. [PubMed: 24508240] 

10. Kook SY, Lee KM, Kim Y, Cha MY, Kang S, Baik SH, Lee H, Park R, Mook-Jung I. High-dose 
of vitamin C supplementation reduces amyloid plaque burden and ameliorates pathological 
changes in the brain of 5XFAD mice. Cell Death Dis. 2014; 5:e1083. [PubMed: 24577081] 

11. Murakami K, Murata N, Ozawa Y, Kinoshita N, Irie K, Shirasawa T, Shimizu T. Vitamin C 
restores behavioral deficits and amyloid-beta oligomerization without affecting plaque formation 
in a mouse model of Alzheimer's disease. Journal of Alzheimer's disease : JAD. 2011; 26(1):7–18.

12. Huang J, May JM. Ascorbic acid protects SH-SY5Y neuroblastoma cells from apoptosis and death 
induced by beta-amyloid. Brain research. 2006; 1097(1):52–8. [PubMed: 16725131] 

13. Yallampalli S, Micci MA, Taglialatela G. Ascorbic acid prevents beta-amyloid-induced 
intracellular calcium increase and cell death in PC12 cells. Neuroscience letters. 1998; 251(2):
105–8. [PubMed: 9718985] 

Dixit et al. Page 14

ACS Chem Neurosci. Author manuscript; available in PMC 2016 April 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



14. Gale CR, Martyn CN, Cooper C. Cognitive impairment and mortality in a cohort of elderly people. 
BMJ (Clinical research ed. 1996; 312(7031):608–11.

15. Riviere S, Birlouez-Aragon I, Nourhashemi F, Vellas B. Low plasma vitamin C in Alzheimer 
patients despite an adequate diet. International journal of geriatric psychiatry. 1998; 13(11):749–
54. [PubMed: 9850871] 

16. Charlton KE, Rabinowitz TL, Geffen LN, Dhansay MA. Lowered plasma vitamin C, but not 
vitamin E, concentrations in dementia patients. The journal of nutrition, health & aging. 2004; 
8(2):99–107.

17. Polidori MC, Mecocci P. Plasma susceptibility to free radical-induced antioxidant consumption 
and lipid peroxidation is increased in very old subjects with Alzheimer disease. Journal of 
Alzheimer's disease : JAD. 2002; 4(6):517–22.

18. Sotiriou S, Gispert S, Cheng J, Wang Y, Chen A, Hoogstraten-Miller S, Miller GF, Kwon O, 
Levine M, Guttentag SH, Nussbaum RL. Ascorbic-acid transporter Slc23a1 is essential for vitamin 
C transport into the brain and for perinatal survival. Nature medicine. 2002; 8(5):514–7.

19. Makizako M, Makizako H, Doi T, Uemura K, Tsutsumimoto K, Miyaguchi H, Shimada H. 
Olfactory identification and cognitive performance in community-dwelling older adults with mild 
cognitive impairment. Chem Senses. 2014; 39(1):39–46. [PubMed: 24200528] 

20. Conti MZ, Vicini-Chilovi B, Riva M, Zanetti M, Liberini P, Padovani A, Rozzini L. Odor 
identification deficit predicts clinical conversion from mild cognitive impairment to dementia due 
to Alzheimer's disease. Arch Clin Neuropsychol. 2013; 28(5):391–9. [PubMed: 23669447] 

21. Lalonde R, Kim HD, Maxwell JA, Fukuchi K. Exploratory activity and spatial learning in 12-
month-old APP(695)SWE/co+PS1/DeltaE9 mice with amyloid plaques. Neuroscience letters. 
2005; 390(2):87–92. [PubMed: 16169151] 

22. Reiserer RS, Harrison FE, Syverud DC, McDonald MP. Impaired spatial learning in the APPSwe + 
PSEN1DeltaE9 bigenic mouse model of Alzheimer's disease. Genes, brain, and behavior. 2007; 
6(1):54–65.

23. Borchelt DR, Ratovitski T, van Lare J, Lee MK, Gonzales V, Jenkins NA, Copeland NG, Price 
DL, Sisodia SS. Accelerated amyloid deposition in the brains of transgenic mice coexpressing 
mutant presenilin 1 and amyloid precursor proteins. Neuron. 1997; 19(4):939–45. [PubMed: 
9354339] 

24. Minkeviciene R, Banerjee P, Tanila H. Memantine improves spatial learning in a transgenic mouse 
model of Alzheimer's disease. The Journal of pharmacology and experimental therapeutics. 2004; 
311(2):677–82. [PubMed: 15192085] 

25. Savonenko A, Xu GM, Melnikova T, Morton JL, Gonzales V, Wong MP, Price DL, Tang F, 
Markowska AL, Borchelt DR. Episodic-like memory deficits in the APPswe/PS1dE9 mouse 
model of Alzheimer's disease: relationships to beta-amyloid deposition and neurotransmitter 
abnormalities. Neurobiology of disease. 2005; 18(3):602–17. [PubMed: 15755686] 

26. Cheng D, Logge W, Low JK, Garner B, Karl T. Novel behavioural characteristics of the APPSwe/
PS1DeltaE9 transgenic mouse model of Alzheimer's disease. Behavioural brain research. 2013; 
245:120–7. [PubMed: 23419740] 

27. Hooijmans CR, Van der Zee CE, Dederen PJ, Brouwer KM, Reijmer YD, van Groen T, Broersen 
LM, Lutjohann D, Heerschap A, Kiliaan AJ. DHA and cholesterol containing diets influence 
Alzheimer-like pathology, cognition and cerebral vasculature in APPswe/PS1dE9 mice. 
Neurobiology of disease. 2009; 33(3):482–98. [PubMed: 19130883] 

28. Ward MS, Lamb J, May JM, Harrison FE. Behavioral and monoamine changes following severe 
vitamin C deficiency. Journal of neurochemistry. 2013; 124(3):363–75. [PubMed: 23106783] 

29. Chung JA, Cummings JL. Neurobehavioral and neuropsychiatric symptoms in Alzheimer's 
disease: characteristics and treatment. Neurologic clinics. 2000; 18(4):829–46. [PubMed: 
11072263] 

30. Taemeeyapradit U, Udomittipong D, Tepparak N. Characteristics of behavioral and psychological 
symptoms of dementia, severity and levels of distress on caregivers. Journal of the Medical 
Association of Thailand = Chotmaihet thangphaet. 2014; 97(4):423–30. [PubMed: 24964685] 

Dixit et al. Page 15

ACS Chem Neurosci. Author manuscript; available in PMC 2016 April 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



31. Low M, Sandoval D, Aviles E, Perez F, Nualart F, Henriquez JP. The ascorbic acid transporter 
SVCT2 is expressed in slow-twitch skeletal muscle fibres. Histochem Cell Biol. 2009; 131(5):
565–74. [PubMed: 19125272] 

32. Harrison FE, Dawes SM, Meredith ME, Babaev VR, Li L, May JM. Low vitamin C and increased 
oxidative stress and cell death in mice that lack the sodium-dependent vitamin C transporter 
SVCT2. Free radical biology & medicine. 2010; 49(5):821–9. [PubMed: 20541602] 

33. Manini TM, Hong SL, Clark BC. Aging and muscle: a neuron's perspective. Current opinion in 
clinical nutrition and metabolic care. 2013; 16(1):21–6. [PubMed: 23222705] 

34. Harrison FE, Yu SS, Van Den Bossche KL, Li L, May JM, McDonald MP. Elevated oxidative 
stress and sensorimotor deficits but normal cognition in mice that cannot synthesize ascorbic acid. 
Journal of neurochemistry. 2008; 106:1198–1208. [PubMed: 18466336] 

35. Chen Y, Curran CP, Nebert DW, Patel KV, Williams MT, Vorhees CV. Effect of vitamin C 
deficiency during postnatal development on adult behavior: functional phenotype of Gulo(−/−) 
knockout mice. Genes, brain, and behavior. 2012; 11(3):269–77.

36. Harrison FE, Green RJ, Dawes SM, May JM. Vitamin C distribution and retention in the mouse 
brain. Brain research. 2010; 1348:181–6. [PubMed: 20570663] 

37. Raynaud-Simon A, Cohen-Bittan J, Gouronnec A, Pautas E, Senet P, Verny M, Boddaert J. Scurvy 
in hospitalized elderly patients. The journal of nutrition, health & aging. 2010; 14(6):407–10.

38. Bowman GL, Dodge H, Frei B, Calabrese C, Oken BS, Kaye JA, Quinn JF. Ascorbic acid and 
rates of cognitive decline in Alzheimer's disease. J Alzheimers Dis. 2009; 16(1):93–8. [PubMed: 
19158425] 

39. Cheng F, Cappai R, Ciccotosto GD, Svensson G, Multhaup G, Fransson LA, Mani K. Suppression 
of amyloid beta A11 antibody immunoreactivity by vitamin C: possible role of heparan sulfate 
oligosaccharides derived from glypican-1 by ascorbate-induced, nitric oxide (NO)-catalyzed 
degradation. The Journal of biological chemistry. 2011; 286(31):27559–72. [PubMed: 21642435] 

40. Guglielmotto M, Giliberto L, Tamagno E, Tabaton M. Oxidative stress mediates the pathogenic 
effect of different Alzheimer's disease risk factors. Front Aging Neurosci. 2010; 2:3. [PubMed: 
20552043] 

41. Maeda N, Hagihara H, Nakata Y, Hiller S, Wilder J, Reddick R. Aortic wall damage in mice 
unable to synthesize ascorbic acid. Proceedings of the National Academy of Sciences of the 
United States of America. 2000; 97(2):841–6. [PubMed: 10639167] 

42. May JM, Qu ZC, Qiao H. Transfer of ascorbic acid across the vascular endothelium: mechanism 
and self-regulation. Am J Physiol Cell Physiol. 2009; 297(1):C169–78. [PubMed: 19419995] 

43. Warner TA, Kang JQ, Kennard JA, Harrison FE. Low brain ascorbic acid increases susceptibility 
to seizures in mouse models of decreased brain ascorbic acid transport and Alzheimer's disease. 
Epilepsy Res. 2015; 110:20–5. [PubMed: 25616451] 

44. Um JW, Nygaard HB, Heiss JK, Kostylev MA, Stagi M, Vortmeyer A, Wisniewski T, Gunther 
EC, Strittmatter SM. Alzheimer amyloid-beta oligomer bound to postsynaptic prion protein 
activates Fyn to impair neurons. Nature neuroscience. 2012; 15(9):1227–35.

45. Palop JJ, Chin J, Roberson ED, Wang J, Thwin MT, Bien-Ly N, Yoo J, Ho KO, Yu GQ, Kreitzer 
A, Finkbeiner S, Noebels JL, Mucke L. Aberrant excitatory neuronal activity and compensatory 
remodeling of inhibitory hippocampal circuits in mouse models of Alzheimer's disease. Neuron. 
2007; 55(5):697–711. [PubMed: 17785178] 

46. Minkeviciene R, Rheims S, Dobszay MB, Zilberter M, Hartikainen J, Fulop L, Penke B, Zilberter 
Y, Harkany T, Pitkanen A, Tanila H. Amyloid beta-induced neuronal hyperexcitability triggers 
progressive epilepsy. The Journal of neuroscience : the official journal of the Society for 
Neuroscience. 2009; 29(11):3453–62. [PubMed: 19295151] 

47. Lesne S, Ali C, Gabriel C, Croci N, MacKenzie ET, Glabe CG, Plotkine M, Marchand-Verrecchia 
C, Vivien D, Buisson A. NMDA receptor activation inhibits alpha-secretase and promotes 
neuronal amyloid-beta production. The Journal of neuroscience : the official journal of the Society 
for Neuroscience. 2005; 25(41):9367–77. [PubMed: 16221845] 

48. Noebels J. A perfect storm: Converging paths of epilepsy and Alzheimer's dementia intersect in the 
hippocampal formation. Epilepsia. 2011; 52 (Suppl 1):39–46. [PubMed: 21214538] 

Dixit et al. Page 16

ACS Chem Neurosci. Author manuscript; available in PMC 2016 April 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



49. Chin J, Scharfman HE. Shared cognitive and behavioral impairments in epilepsy and Alzheimer's 
disease and potential underlying mechanisms. Epilepsy & behavior : E&B. 2013; 26(3):343–51.

50. Palop JJ, Mucke L. Epilepsy and cognitive impairments in Alzheimer disease. Archives of 
neurology. 2009; 66(4):435–40. [PubMed: 19204149] 

51. An L, Zhang T. Vitamins C and E reverse melamine-induced deficits in spatial cognition and 
hippocampal synaptic plasticity in rats. Neurotoxicology. 2014; 44C:132–139. [PubMed: 
24960222] 

52. Harrison FE, Allard J, Bixler R, Usoh C, Li L, May JM, McDonald MP. Antioxidants and 
cognitive training interact to affect oxidative stress and memory in APP/PSEN1 mice. Nutritional 
neuroscience. 2009; 12(5):203–18. [PubMed: 19761651] 

53. Fukui K, Omoi NO, Hayasaka T, Shinnkai T, Suzuki S, Abe K, Urano S. Cognitive impairment of 
rats caused by oxidative stress and aging, and its prevention by vitamin E. Annals of the New 
York Academy of Sciences. 2002; 959:275–84. [PubMed: 11976202] 

54. Joseph JA, Denisova NA, Arendash G, Gordon M, Diamond D, Shukitt-Hale B, Morgan D. 
Blueberry supplementation enhances signaling and prevents behavioral deficits in an Alzheimer 
disease model. Nutritional neuroscience. 2003; 6(3):153–62. [PubMed: 12793519] 

55. Sung S, Yao Y, Uryu K, Yang H, Lee VM, Trojanowski JQ, Pratico D. Early vitamin E 
supplementation in young but not aged mice reduces Abeta levels and amyloid deposition in a 
transgenic model of Alzheimer's disease. Faseb J. 2004; 18(2):323–5. [PubMed: 14656990] 

56. Parachikova A, Green KN, Hendrix C, LaFerla FM. Formulation of a medical food cocktail for 
Alzheimer's disease: beneficial effects on cognition and neuropathology in a mouse model of the 
disease. PloS one. 5(11):e14015. [PubMed: 21103342] 

57. Broersen LM, Kuipers AA, Balvers M, van Wijk N, Savelkoul PJ, de Wilde MC, van der Beek 
EM, Sijben JW, Hageman RJ, Kamphuis PJ, Kiliaan AJ. A specific multi-nutrient diet reduces 
Alzheimer-like pathology in young adult AbetaPPswe/PS1dE9 mice. Journal of Alzheimer's 
disease : JAD. 2013; 33(1):177–90.

58. Karuppagounder SS, Pinto JT, Xu H, Chen HL, Beal MF, Gibson GE. Dietary supplementation 
with resveratrol reduces plaque pathology in a transgenic model of Alzheimer's disease. 
Neurochemistry international. 2009; 54(2):111–8. [PubMed: 19041676] 

59. Galasko DR, Peskind E, Clark CM, Quinn JF, Ringman JM, Jicha GA, Cotman C, Cottrell B, 
Montine TJ, Thomas RG, Aisen P. Alzheimer's Disease Cooperative S. Antioxidants for 
Alzheimer disease: a randomized clinical trial with cerebrospinal fluid biomarker measures. 
Archives of neurology. 2012; 69(7):836–41. [PubMed: 22431837] 

60. Kontush A, Mann U, Arlt S, Ujeyl A, Luhrs C, Muller-Thomsen T, Beisiegel U. Influence of 
vitamin E and C supplementation on lipoprotein oxidation in patients with Alzheimer's disease. 
Free radical biology & medicine. 2001; 31(3):345–54. [PubMed: 11461772] 

61. Arlt S, Muller-Thomsen T, Beisiegel U, Kontush A. Effect of one-year vitamin C- and E-
supplementation on cerebrospinal fluid oxidation parameters and clinical course in Alzheimer's 
disease. Neurochemical research. 2012; 37(12):2706–14. [PubMed: 22878647] 

62. Rodrigue KM, Kennedy KM, Devous MD Sr, Rieck JR, Hebrank AC, Diaz-Arrastia R, Mathews 
D, Park DC. beta-Amyloid burden in healthy aging: regional distribution and cognitive 
consequences. Neurology. 2012; 78(6):387–95. [PubMed: 22302550] 

63. Witt RM, Galligan MM, Despinoy JR, Segal R. Olfactory behavioral testing in the adult mouse. 
Journal of visualized experiments : JoVE. 2009; (23)

64. Harrison FE, Hosseini AH, McDonald MP. Endogenous anxiety and stress responses in water 
maze and Barnes maze spatial memory tasks. Behavioural brain research. 2009; 198(1):247–51. 
[PubMed: 18996418] 

65. Harrison FE, Hosseini AH, Dawes SM, Weaver S, May JM. Ascorbic acid attenuates scopolamine-
induced spatial learning deficits in the water maze. Behavioural brain research. 2009; 205:550–
558. [PubMed: 19703495] 

66. Milne GL, Sanchez SC, Musiek ES, Morrow JD. Quantification of F2-isoprostanes as a biomarker 
of oxidative stress. Nature protocols. 2007; 2(1):221–6.

67. Sgaravatti AM, Magnusson AS, Oliveira AS, Mescka CP, Zanin F, Sgarbi MB, Pederzolli CD, 
Wyse AT, Wannmacher CM, Wajner M, Dutra-Filho CS. Effects of 1,4-butanediol administration 

Dixit et al. Page 17

ACS Chem Neurosci. Author manuscript; available in PMC 2016 April 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



on oxidative stress in rat brain: study of the neurotoxicity of gamma-hydroxybutyric acid in vivo. 
Metabolic brain disease. 2009; 24(2):271–82. [PubMed: 19296210] 

68. Hawkins CL, Morgan PE, Davies MJ. Quantification of protein modification by oxidants. Free 
radical biology & medicine. 2009; 46(8):965–88. [PubMed: 19439229] 

69. Rahman I, Kode A, Biswas SK. Assay for quantitative determination of glutathione and 
glutathione disulfide levels using enzymatic recycling method. Nature protocols. 2006; 1(6):3159–
65.

70. Buckman LB, Thompson MM, Moreno HN, Ellacott KL. Regional astrogliosis in the mouse 
hypothalamus in response to obesity. The Journal of comparative neurology. 2013; 521(6):1322–
33. [PubMed: 23047490] 

71. Bernardo A, McCord M, Troen AM, Allison JD, McDonald MP. Impaired spatial memory in APP-
overexpressing mice on a homocysteinemia-inducing diet. Neurobiology of aging. 2007; 28(8):
1195–205. [PubMed: 16837103] 

Dixit et al. Page 18

ACS Chem Neurosci. Author manuscript; available in PMC 2016 April 15.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Figure 1. Learning and memory tasks
At 5 months of age (5M) SVCT2+/−APP/PSEN1+ mice were the only group to show no 
decrease in interest of the familiar odor on the second day of testing (24 hour recall) (A, 
left). Only wild-type mice showed evidence of a significant preference for the novel over the 
familiar odor on day 2. In contrast, SVCT2+/−APP/PSEN1+ mice spent significantly less 
time exploring the novel odor than the familiar odor (A, right). At 5 months of age, mice 
carrying APP/PSEN1 mutations were impaired on the Y-maze alternation task regardless of 
vitamin C status (B), whereas at 12 months of age (12M) impairments were seen in 
SVCT2+/− and SVCT2+/−APP/PSEN1+ mice compared to mice with normal vitamin C 
levels (C). The older cohort of mice was also tested in the conditioned fear paradigm. All 
groups spent similar time freezing during the 4-minute trial in the original training context 
(D). However, mice carrying APP/PSEN1 mutations spent less time freezing in a new 
context, when they heard the tone that had been the conditioned stimulus, indicating 
impaired cue recall in these mice (E). Data shown are mean +S.E.M. p<0.05 t-test between 
exploration of odors (time in seconds, log10 transformed) on two separate trials (left: 
familiar on day 1 versus day 2, right: novel versus familiar on day 2); * p<0.05, main effect 
of SVCT2+/− compared to SVCT2+/+, or main effect of APP/PSEN1+ compared to APP/
PSEN1−.
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Figure 2. Morris water maze learning
Mice were trained on the hidden version of the water maze for 8 days to ensure that all mice 
had been given sufficient trials to learn the location of the hidden platform (A, E). 
Swimming locations during the no-platform probe trial were recorded and analyzed by 
group according to quadrant (target versus non-target), time spent within 20 cm of the 
platform edge, and crosses of the platform location, as depicted in (I). At both 5 months 
(5M) and 12 months (12M), each group showed some degree of preference for swimming in 
the target quadrant, although these preferences were clearer in mice that did not carry APP/
PSEN1 mutations (B, F). Time spent in the 50 cm-diameter zone around the platform (20 
cm from platform edge) was lower in APP/PSEN1 mutant mice at 5 months (C), but did not 
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differ according to group at 12 months (G). Number of crosses of the platform location was 
similar across groups at 5 months (D), but was significantly lower in all mice with low 
vitamin C (SVCT2+/−) at 12 months of age (H). Data shown are mean +S.E.M. p<0.05 non-
target quadrants compared to target quadrant for each group; * p<0.05, Main effect of 
SVCT2+/− compared to SVCT2+/+, or main effect of APP/PSEN1+ compared to APP/
PSEN1−.
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Figure 3. Activity, anxiety and neuromuscular co-ordination
Locomotor activity was tested in two 15-minute sessions on two consecutive days (D1, D2). 
At 5 months of age (5M) there were no differences according to genotype (A), but at 12 
months (12M) SVCT2+/− mice were slightly hyperactive compared to SVCT2+/+ mice with 
normal vitamin C levels (B). Performance on the elevated zero maze was similar among 
groups at 5 months (C), but at 12 months SVCT2+/− mice traveled further than SVCT2+/+ 

mice (D). Performance on the accelerating rotarod, tested across 2 days (D1, D2), was 
significantly poorer in SVCT2+/− mice than SVCT2+/+ at both 5 months (E) and 12 months 
of age (F). Data shown are mean +S.E.M. * p<0.05, **p<0.01, main effect of SVCT2+/− 

compared to SVCT2+/+.
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Figure 4. Measures of oxidative stress, antioxidant status and neuroinflammation
Mice that had undergone behavioral testing were sacrificed at 6 months (6M: “5-month” 
group) and 14 months of age (14M: “12-month” group). Lacking one copy of the SVCT2 
successfully lowered vitamin C in the brains of SVCT2+/− mice (A). Low vitamin C 
significantly increased MDA at both ages, and at 5 months, MDA was also higher in APP/
PSEN1+ mice (B). Protein carbonyls were also higher in all groups compared to wild-type 
mice at 6 months, but by 14 months of age the levels of carbonyls were similar regardless of 
genotype (C). F2-isoprostanes were increased in mice carrying APP/PSEN1 mutations, but 
only in 6-month old mice (D). Total glutathione levels were higher in wild-type mice than 
all other groups at 6 months, but no further differences were seen at 14 months (E). APP/
PSEN1 mutations increased GFAP expression as detected by Western blot in 14-month old 
mice, although no differences were apparent in the younger cohort (F). Data shown are 
mean +S.E.M. *p<0.05, **p<0.01, ***p<0.001, Main effect of SVCT2+/− compared to 
SVCT2+/+; +p<0.05, main effect of APP/PSEN1+ compared to APP/PSEN1−; p<0.05 
different from wild-type controls according to pairwise comparisons following significant 
interaction between genotypes in the Univariate ANOVA (comparisons between APP/
PSEN1+ and wild-type at each level of SVCT2, and between SVCT2+/− and SVCT2+/+ 

within APP/PSEN1+ or wild-type mice).
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Figure 5. Measurement of amyloid-β
Amyloid-β levels are only reported in mice that carry APP/PSEN1 mutations. At 6 months 
of age (6M), soluble and insoluble amyloid-β1-40 and amyloid-β1-42 were very low, and 
insoluble amyloid proteins of both lengths were more numerous in mice with low vitamin C 
(A, C). This relationship was confirmed by the higher ratio of total amyloid-β1-42 /amyloid- 
β1-40 in SVCT2+/−APP/PSEN1+ mice with low brain vitamin C (E). In the older cohort that 
was sacrificed at 14 month of age (14M), amyloid-β1-40 and amyloid-β1-42 levels were much 
higher than in the younger mice, but did not differ according to group (B, D). Neither did the 
ratio of total amyloid- β1-42 /amyloid-β1-40 differ according to vitamin C level at that age 
(F). Thioflavin-S-positive plaques were infrequent and small in 6-month old mice and 
coverage did not vary according to vitamin C level (G). By 14 months of age plaque 
deposits were far more numerous and were also significantly greater in SVCT2+/−APP/
PSEN1+ mice compared to APP/PSEN1+ mice with normal vitamin C transport (H). Data 
shown in panels A to F are mean +S.E.M. Data shown in panels G and H are medians, 
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+quartiles, with maximum and minimum group values represented by whiskers. *p<0.05, 
SVCT2+/−APP/PSEN1+ compared to SVCT2+/+APP/PSEN1+ mice. Example images of 
thioflavin-S stained sections are given in (I). Panels Ii and Iii show representative sections of 
the average percent coverage values for SVCT2+/−APP/PSEN1+ and SVCT2+/+APP/
PSEN1+ mice at 6 months of age. Panels Iiii and Iiv depict representative sections of the 
average coverage for 14-month-old mice.
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Figure 6. Experimental design
Behavioral testing was begun at 5 months, or 12 months of age. Mice were sacrificed for 
biochemical measures following behavioral testing, at 6 months, or 14 months of age.
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Table 1

Total numbers of mice included in behavioral studies.

5 months – behavior
6 months - neurochemistry

12 months – behavior
14 months - neurochemistry

APP/PSEN1- APP/PSEN1+ APP/PSEN1- APP/PSEN1+

SVCT2+/-
Low vitamin C

“SVCT2+/−”
8 male, 7 female

“SVCT2+/− APP/PSEN1+”
7 male, 5 female

“SVCT2+/−”
6 male, 5 female

“SVCT2+/− APP/PSEN1+”
7 male, 5 female

SVCT2+/+
Normal vitamin C

“Wild-type”
7 male, 12 female

“APP/PSEN1+”
10 male, 8 female

“Wild-type”
8 male, 13 female

“APP/PSEN1+”
9 male, 5 female

Group names are given above group distributions. Not all mice were included in all biochemical tests due to quantity of brain samples available for 
analyses.
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