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Abstract
Vitamin C (ascorbate) has important antioxidant functions that can help protect against oxidative
stress in the brain and damage associated with neurodegenerative disorders such as Alzheimer’s
disease. When administered parenterally ascorbate can bypass saturable uptake mechanisms in the
gut and thus higher tissue concentrations can be achieved than by oral administration. In the present
study we show that ascorbate (125 mg/kg) administered intraperitoneally (i.p.) 1-hour before testing,
partially attenuated scopolamine-induced (1 mg/kg i.p.) cognitive deficits in Morris water maze
performance in young mice. Cumulative search error, but not escape latency nor path length, was
significantly improved during acquisition in ascorbate plus scopolamine-treated mice although
performance did not equal that of control mice. During the probe trial, scopolamine led to increased
search error and chance level of time spent in the platform quadrant, whereas mice pre-treated with
ascorbate prior to scopolamine did not differ from control mice on these measures. Ascorbate had
no effect on unimpaired, control mice and neither did it reduce the peripheral, activity-increasing
effects of scopolamine. Ascorbate alone increased acetylcholinesterase activity in the medial
forebrain area but had no effect in cortex or striatum. This change, and its action against the amnestic
effects of the muscarinic antagonist scopolamine, suggest that ascorbate may be acting in part via
altered cholinergic signaling. However, further investigation is necessary to isolate the cognition-
enhancing effects of ascorbate.
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1. Introduction
Vitamin C (ascorbic acid) is of vital importance in the brain, which will sequester it at the
expense of other organs in conditions of low ascorbate availability [28]. In fact, in guinea pigs
dying of scurvy, when other organs are almost devoid of ascorbic acid, brain levels did not
decrease below about 25 % of normal [19]. In the first written study of scurvy, British naval
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surgeon Dr. James Lind reported his surprise in finding that “the brains of these poor people
were always sound and entire (p.245)” [30]. Ascorbate is a powerful antioxidant and thus may
help prevent oxidative stress and related damage in a number of neurodegenerative diseases
including Alzheimer’s disease [15,17]. Furthermore, ascorbate is critical for the synthesis of
norepinephrine from dopamine, is involved in regulation of dopamine and glutamate
transmission [43] and is also involved in release of acetylecholine from vesicles [27] and thus
has also been proposed to have important neuromodulatory functions [44].

We have recently shown that ascorbate (125 mg/kg) administered via intraperitoneal (i.p.)
injection reversed some of the learning and memory deficits in aged (12 month) and very old
(24 month) APP/PSEN1 transgenic mice, a mouse model of Alzheimer’s disease [16]. Twelve
consecutive days of daily treatments did not cause any changes in oxidative stress, amyloid
plaque level or stored ascorbate levels in brain or liver, measured 24 hours following the final
treatment. We hypothesized that the effect of treatments was mediated via a short-term
pharmacological-like action of ascorbate on neurotransmission. The muscarinic antagonist
scopolamine causes short-term learning and memory deficits and has been used to provide a
model of pharmacologically-induced dementia [47,53]. When administered parenterally,
ascorbate improved cognition against age- and scopolamine-induced amnesia in a passive
avoidance task, a memory test in the elevated plus maze, and a habituation test in light-dark
activity chambers [9,39,49]. The most common form of treatment for Alzheimer’s disease
involves acetylcholinesterase inhibitors (AChEIs) which work in degenerating cholinergic
systems by keeping acetylcholine active for longer periods at the synapse. It has been proposed
that ascorbate may have AChEI properties [10] although this has not been confirmed. Blueberry
extract, another antioxidant compound, administered i.p. for 7 days has also been found to
inhibit acetylcholinesterase (AChE) activity and enhance cognitive function in mice [38].
Longer (7 weeks) dietary treatment with antioxidant polyphenols found in tea also reduced
AChE activity and attenuated scopolamine-induced amnesia in mice [23]. The present
investigation was, therefore, conducted to seek confirmation as to whether ascorbate may act
as a modulator of the cholinergic system or AChEI in young wild-type mice.

In the present study young wild-type mice were treated with scopolamine to induce memory
deficits in the Morris water maze. Ascorbate treatment (i.p.) was investigated for its ability to
reverse these deficits. Mice were also assessed for effects of drug on anxiety and activity to
ascertain whether ascorbate mediated the cognitive effects of scopolamine, and to confirm that
these could be dissociated from any non-cognitive peripheral effects such as increased
locomotor activity. Following behavioral testing, mice were given one final treatment of
ascorbate and/or scopolamine and brain tissue, liver, and serum were assessed for any short-
term changes in ascorbate level, oxidative stress or AChE activity resulting from the treatments.

2. Materials and Methods
Subjects

The current study was performed to further elucidate data and hypotheses obtained in APP/
PSEN1 transgenic mice, a model of Alzheimer’s disease [16]. The experiments were, therefore,
conducted in B6C3F1/J mice, which form the background strain for the APP/PSEN1 mouse
line. Twelve male and 12 female B6C3F1/J mice were obtained at 6 weeks of age from The
Jackson Laboratory (Bar Harbor, ME). Animals were housed in single-sex cages in groups of
four in a light- and temperature-controlled environment on a 12-h light/12-h dark schedule
with free access to food and water for the duration of the experiment. Behavioral testing began
when mice were aged 12 weeks. A further 12 12-week-old mice were used for visible platform
testing in the water-maze and a final 20 mice were used for additional neurochemistry assays
as described below but were not used for behavioral testing. All procedures were approved by
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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.

Groups
For behavioral testing, four test groups each comprised six animals. Equal numbers of male
and female mice were used in each group. Groups received the vehicle alone (CON), ascorbate
alone (AA), scopolamine alone (SCOP), or ascorbate and scopolamine (AA-SCOP). For
additional biochemical assays, a further 20 mice were divided equally among the four groups
with approximately equal numbers and male and female mice in each group. Visible platform
testing was conducted with only six CON and six SCOP mice.

Drugs
Ascorbate solutions (125 mg/kg) were prepared immediately before administration in
deionized water and adjusted to pH 7. Solutions were kept in the dark in aluminum-foil covered
containers and administered within 30 minutes of preparation in order to minimize the effects
of oxidation. Scopolamine hydrochloride (S-1013) was obtained from Sigma-Aldrich (St
Louis, MO, USA) and dissolved in 0.9 % physiological saline to a final dose of 1 mg/kg.
Ascorbate or the vehicle was administered i.p. 60 min. before each daily behavioral testing
session, including the water maze probe trial. Scopolamine was administered i.p. 30 min. prior
to behavioral testing. Administration volume for both drugs was 10 ml/kg.

Behavioral procedures
Differences in anxiety and locomotor activity can negatively impact on ability to perform
complex learning tasks such as the water maze. We therefore first tested mice in the zero maze
and locomotor activity chambers to provide a more complete behavioral phenotype in order to
interpret correctly data from Y-maze and water maze tests.

Locomotor activity—Locomotor activity was assessed in commercially-available activity
monitors (ENV-510; MED Associates, Georgia, VT), as previously described [52]. Activity
was automatically recorded by the breaking of infrared beams as the mouse explored the
chamber, and analyzed using a Windows-based computer. Each session lasted 30 min, and the
chambers were cleaned with a 10% alcohol solution between each mouse.

Zero maze—Anxiety was assessed using a standard Zero maze (San Diego Instruments, CA).
A flat, plastic ring (inner edge diam. 51 cm, outer edge diam. 61 cm) was divided into four
alternating sections, two of which had 15 cm high walls (closed sections) and 2 of which had
just a 1 cm lip to prevent mice falling from the maze (open sections). The apparatus was raised
61 cm from the ground. Mice were released in the center of one of the open sections and
permitted to explore the maze for 5 min. Sessions were filmed from above and scored by a
trained experimenter for time spent in open and closed sections, and number of transitions
between sections.

Y-maze—Spontaneous alternation behavior was tested in a standard Y-maze made of clear
acrylic tubing, as previously described [18]. 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.

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 [16,18]. Mice were given four acquisition trials per day for 9 days in a massed
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fashion, i.e., each mouse completed all four trials before the next mouse began its trials. The
water maze was located in the centre of a room with 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 [31,32]. Escape latency and path length to reach the hidden platform
were recorded during acquisition. Time spent swimming in the periphery (within 8 cm from
edge of pool) can indicate increased anxiety and is a non-cognitive behavior that can adversely
affect learning and the measurement of learning in the water maze [56]. Swim speed can be a
confounding factor for assessing escape latency and path length does not provide any
information about where the mouse is swimming in relation to the platform. Therefore, water
maze acquisition can also be assessed using cumulative search error (distance from the platform
during daily acquisition sessions) calculated as a daily average from each of the four training
trials on that day. This can be a more informative measure because it takes into account trial
time and proximity to the platform.

Twenty-four hours following target acquisition a 60-s probe trial was conducted. The time
spent in the target versus non-target quadrants and the average distance from the platform
location (search error [6,14]) were the primary dependent measures derived from the probe
trial. Swim speed and peripheral swimming were also assessed during the probe trial.

An additional 12 mice were tested on a cued-platform version of the water maze (as previously
described [16]) following treatment with either saline or scopolamine (1 mg/kg) in order to
establish whether scopolamine had a detrimental effect on visual acuity as has previously been
demonstrated in mice at higher doses of scopolamine [45]. Ascorbate has not been found to
affect visual acuity in the water maze [16]. In the cued-platform version of the water maze task
the platform is visible above the surface of the water, which is not rendered opaque prior to
testing, and is also marked with a clearly-visible black ball suspended above the target. Mice
received four trials per day for 3 days. The platform was located in a one of four different
positions in each daily trial, and the order of platform locations was different each day.

Neurochemical procedures
Tissue acquisition—Animals were anaesthetized using isoflurane and then quickly
sacrificed by decapitation. Trunk blood was collected, stored on wet ice for 1 hour, and
subsequently centrifuged at 4 °C at 13 000 rpm for 20 minutes. Serum was collected from each
sample for measurement of ascorbate levels. Liver samples were removed and weighed and
kept at −80 °C until assayed. Brains were quickly removed and placed in an ice-cold mouse
brain matrix with 1 mm coronal section slice intervals (Zivic instruments, Pittsburgh, PA). The
first blade was placed at the optic chiasm, two slices were taken anterior and two slices taken
posterior to this point. The four segments were then separated and cooled further on the blade
using dry ice. A 1 mm diameter tissue biopsy punch was then used to remove selected core
samples from each section (8 cortex, 3 striatum, 2 medial forebrain bundle (MFB)) with
reference to a stereotaxic mouse brain atlas [40]. Punch samples were stored at −80 °C until
needed for determination of AChE activity. Remaining unsliced tissue included frontal cortex
and cerebellum and was used for analysis of ascorbate, malondialdehyde (MDA) and
glutathione (GSH).

Ascorbate measurement—Ascorbate levels were measured in cortex, liver and blood
serum. Concentrations were measured by ion pair HPLC and electrochemical detection as
previously described [16,37].
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Acetylcholinesterase activity—Acetylcholinesterase activity was measured using a
colorimetric assay based on the methods of Ellman [12]. The protocol was modified for use
with 96 well microtiterplates as previously described [16].

Malondialdehyde (MDA)—MDA was quantified to detect any short-term changes in lipid
peroxidation following treatments using methods based on [46] but modified for use with 96
well microtiter plates. Small, weighed tissue samples were homogenized in 1 ml 5% TCA
solution and serum (50 µl) was treated with 300 µl of ice cold 5% TCA. Samples were vortexed
and then centrifuged at 13 000 rpm at room temperature for 5 min. The sample (300 µl) was
reacted with the same volume of 20 mM thiobarbituric acid (TBA) for 35 minutes in a water
bath at 95 °C, followed by 10 minutes at 4 °C. An MDA standard was also prepared with 3 µl
of 1 mMol MDA combined with 300 µl of 5 % TCA and both mixed with 300 µl TBA. The
standards were placed in the water bath and refrigerator at the same time as the samples. A
standard curve was prepared from dilutions of this solution. Sample or standard (250 µl) was
added to separate wells of a 96-well microtiterplate. Malondialdehyde was then specifically
measured on a Spectramax M5 microplate reader (Molecular Devices, USA) with an excitation
wavelength of 515 and an emission wavelength of 553. Duplicate samples were assayed for
both standards and samples.

Glutahione (GSH)—GSH was measured as an additional indication of change in oxidative
mechanisms following treatments. Total glutathione (GSH plus oxidized form glutathione
disulfide (GSSG)) was measured according to the methods of [42] using a spectrophotometric/
microplate reader assay method. Briefly, weighed samples were homogenized in 0.5 ml of
homogenization buffer; liver in ice-cold 5% metaphosphoric acid and brain in 0.6%
sulfosalicylic acid–Triton-X solution. Samples were centrifuged and the supernatant diluted 1
in 4 with homogenization fluid. 20 µl of sample or GSH standard was added to separate wells
of a 96-well microtiterplate. 120 µl of DTNB and Glutathione reductase solution was added
to the sample and after allowing 30 s for conversion of GSSG to GSH 60 µl of β-NADPH was
added and GSH was then specifically measured on a Spectramax M5 microplate reader
(Molecular Devices, USA) at 412 nm using a kinetic measurement program that took one
reading every 30 s for 2 ½ min.

Statistics
All data were analyzed using SPSS 16.0 for Windows. There were no independent effects of
sex so data were collapsed into treatment groups for further analyses. For single dependent
variables in the Y-maze, Zero maze, water maze probe trial, and neurochemical assays
univariate ANOVAs were conducted with treatment group as the between-groups factor.
Locomotor activity and water maze acquisition measures of escape latency, path length, swim
speed, and cumulative search error were analyzed using repeated measures ANOVA
(RMANOVA) with Time or Session as the repeated factors and the same between-groups factor
of treatment group. For water maze probe trial analysis, preferential swimming in the probe
trial was assessed using a t-test against chance performance of 25 % (15 s) in the target quadrant
with analyses conducted separately for each group. In the Y-maze, percent alternation was also
assessed against chance alternation performance (of 50 %) using a one-sample t-test within
each group. Following a significant omnibus ANOVA, Bonferroni post-hoc comparisons were
conducted. The comparisons of interest in the present experiment were the effect of each
treatment compared to the control mice, and scopolamine-treated versus ascorbate and
scopolamine-treated mice.
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3. Results
Locomotor activity

Scopolamine increased mouse locomotor activity [F3, 20 = 12.305, p<.001; Fig. 1a]. Overall
SCOP and AA-SCOP mice traveled further than CON and AA mice (ps<.05). Despite
differences in overall activity levels, all mice habituated to the activity chambers over the
course of the 30-min. session [Time F5, 100 = 31.152, p<.001, Time × Group F5, 100 = 1.841,
p<.039]. Group differences were significant at each 5-min time point (ps<.05) and the decrease
in activity across time was also significant in each group (ps<.05) although rate of decrease
differed among the groups. Moving speed did not differ among the treatment groups [F3, 20 =
2.434, p=.095].

Zero maze
Scopolamine also increased activity in the Zero maze as shown by the group differences in
number of transitions [F3, 20 = 4.308, p=.017; Fig. 1b], however, only the SCOP group differed
significantly from CON mice (p=.045). Anxiety in the zero maze, assessed via percent time
spent in closed areas of the maze, was normal (aprox. 60–75 %) in all mice and did not differ
among groups [F3, 20 = 2.578, p=.082; Fig. 1c].

Y maze
An overall effect of treatment in the Y-maze arm entries [F3, 20 = 9.765, p≤.001; Fig. 1d]
indicated that SCOP and AA-SCOP mice made more arm entries than CON mice (ps<.05).
The differences in activity level did not affect alternation behavior. Percent alternation was
aprox. 10 % lower in scopolamine-treated mice but there was no significant difference among
the groups [F3, 20 = 1.45, p=.258; Fig. 1e]. However, when each group’s performance was
compared to chance alternation level of 50 % a different pattern emerged. Both CON and AA
groups alternated above chance [CON t(5) = 4.863, p=.005; AA t(5) = 3.356, p=.02], but neither
scopolamine-treated group alternated at above-chance levels [SCOP t(5) = .835, p=.442; AA-
SCOP t(5) = 1.25, p=.267].

Water maze
Escape latency and path length decreased across the 9 days of training in all four groups [escape
latency F8, 160 = 20.835, p<.001, Fig. 2a; path length F8, 160 = 15.108, p<.001, Fig. 2b]. There
was a main effect of group and Group × Session interaction effects for both measures [Fs
>1.815, ps<.016]. SCOP and AA-SCOP mice took longer and traveled farther to locate the
platform than did CON mice (ps<.001) and the AA-SCOP treatment performed no better than
SCOP alone mice on either measure (ps>.24). Nevertheless, some improvement was seen in
each of the four groups on both measures (ps<.05) indicating that even scopolamine-treated
mice learned something about the location of the platform and the rules governing escape from
the maze. Time spent swimming in the periphery of the maze decreased across acquisition
sessions for all groups [F8, 160 = 77.489, p<.001; Fig. 2c], however, peripheral swimming
differed among the groups [Group F3, 20 = 4.406, p=.016; Session × Group F24, 160 = 4.042
p<.001]. Across the whole of water maze acquisition only the SCOP group spent significantly
more time in the periphery than CON mice (p<.001). AA-SCOP mice did not differ from CON
mice (p=.151), but neither did they spend significantly less time than SCOP mice in the
periphery (p=.066). Reduction in peripheral swim time across sessions was seen in all four
groups (ps<.05). SCOP and AA-SCOP groups had higher peripheral swim times than controls
from the first test session (CON 35.9 %; AA 43.4 %; SCOP 67.7 %; AA-SCOP 60.8 %).
However, by the final day of testing, AA-SCOP mice had reached the same low levels as CON
and AA groups.
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The measure of cumulative search error combines information from each of the three measures
described above. Data were collapsed into 3-day bins for clarity. Cumulative search error
decreased across sessions indicating improvement in all groups [F2, 40 = 90.801, p<.001; Fig.
2d], but performance differed among the groups [Group F3, 20 = 18.543, p<.001; Session ×
Group F6, 40 = 2.422 p=.043]. On days 1–3, SCOP and AA-SCOP groups did not differ from
each other (p=.60) and both had a greater cumulative search error than CON mice (ps<.002).
However, by days 7–9 although both SCOP (p<.001) and AA-SCOP (p<.03) mice still
performed more poorly than CON mice, AA-SCOP had significantly lower cumulative search
error than SCOP-alone mice (p<.023). These data represent a partial rescue of the scopolamine-
induced learning deficit by ascorbate. Performance of AA and CON mice did not differ at any
point during acquisition trials (ps>.41). Swim speed did not vary among the groups during
water maze acquisition trials [Fs < 3.371, ps > .10].

Preferentially swimming in the quadrant that previously contained the platform indicates
memory for the former platform location. Preferential swimming was seen in CON, AA, and
AA-SCOP, who each spent significantly more than 25 % of the time (15 s) swimming in the
platform quadrant but the same was not true for the SCOP group [CON t(5) =12.24, p<.001;
AA t(5) = 4.46, p=.007; SCOP t(5) =1.96, p=.108; AA-SCOP t(5) =2.83, p=.037; Fig. 2e]. The
proportion of the probe trial that mice spent swimming in the platform quadrant also differed
among the groups [F3, 20 = 3.996, p=.022; Fig. 2e]. SCOP mice spent significantly less time
swimming in the platform quadrant than CON mice (p=.003). AA-SCOP mice spent slightly
more time swimming in the platform quadrant than SCOP mice. Although this difference was
not significant (p=.063), neither did they differ significantly from CON mice (ps=.156). AA
and CON mice did not differ (p=.083). Similarly, search error during the probe trial differed
according to group [F3, 20 = 4.86, p=.011; Fig. 2f]. Only SCOP mice had a significantly greater
search error than CON mice (p=.002). AA and AA-SCOP mice did not differ from CON mice
(ps>.145), although neither was AA-SCOP search error significantly smaller than that of SCOP
mice. Given that activity levels were greater in scopolamine treated mice in the land-based
tasks described above, and peripheral swimming was greater in scopolamine-treated mice
during water maze acquisition, it was important to establish that these factors did not differ
greatly among the groups during the probe trial in order to be able to attribute the differences
found to cognitive ability. Path length during the probe trial did not differ among the groups
[F3, 20 = .581, p=.635; Fig 2g]. Peripheral swimming during the probe trial was also similar
among groups [F3, 20 = .237, p=.870; Fig. 2h]. Group means ranged from 8 to 12.5 %, which
are similar to those found on the final day of training (7.4 to 20.8 %) and indicate that mice
were not simply circling at the pool perimeter, but were more likely actively searching for the
platform. Swim speed was similar among the groups during the probe trial (CON 21.2 cm/s,
AA 21.2 cm/s, SCOP 21.3 cm/s, AA-SCOP 22.4 cm/s) [F3, 20 = .579, p=.636]. Performance
on the visible platform version of the water maze was not adversely affected by scopolamine
treatment. Neither escape latency nor path length varied between the groups across the 3 days
of testing [Fs<.892, ps>.367].

Neurochemical data
Following behavioral testing mice were given one further treatment prior to sacrifice. Times
of sacrifice were 30 min. following scopolamine injections or 60 min. following ascorbate
injections to correspond with the timing of behavioral tests. Scopolamine had no effect on
ascorbate levels in serum, liver or brain. Ascorbate treatments led to a small, non-significant
increase in serum ascorbate [F3, 18 = 1.735, p<.196; Fig. 3a]. The same pattern was reflected
in the liver [F3, 20 = 29.171, p<.001; Fig. 3b], where ascorbate levels were significantly greater
in AA and AA-SCOP mice than CON or SCOP mice (ps<.001). None of the treatment groups
differed from CON mice in ascorbate levels in the cortex. Although there was a significant
omnibus ANOVA on brain ascorbate levels [F3, 20 = 3.121, p=.049; Fig. 3c], Bonferroni post
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hoc tests showed no significant differences for any of the comparisons of interest (CON vs all
other treatment groups, AA-SCOP vs SCOP ps>.413).

Large but non-significant increases were seen in AChE activity the MFB area but not in cortex
or striatum with AA. To confirm the trend the treatments were repeated in an additional 5 mice
per group (in MFB area and cortex only). Data from both experiments were combined and
expressed as percentage of wild-type enzyme activity. In the MFB area significantly greater
AChE levels were seen in AA mice than each of the other three treatment groups [F3, 40 =
7.961, p<.001; Fig. 3d]. Ascorbate treatments did not affect AChE activity in the cortex or
striatum [Fs <.364, ps>.78; Figs. 3e–f].

There were no short-term changes in MDA in serum, liver or cortex as a result of treatments
[Fs<1.803, ps>.17]. GSH measurements were also unchanged in the treatment groups
compared to CON mice [Fs<1.487, ps>.237].

4. Discussion
The primary finding of the present study was that systemic AA treatment attenuated
scopolamine-induced memory deficits in the water maze. Although it is still not clear by what
mechanism this rescue occurred, we provide evidence that implicates AA modulation of the
cholinergic system.

In the water maze, SCOP mice swam for longer and traveled farther before locating the platform
and these measures were not improved in the AA-SCOP group. However, cumulative search
error showed that AA-SCOP mice demonstrated improved specificity of search during
acquisition over SCOP mice. Thus, although both of these groups may have taken a similar
amount of time to locate the platform, the AA-SCOP group swam closer to the platform during
their search, indicating enhanced learning about the location of the platform. This result was
supported by data from the probe trial during which CON, AA and AA-SCOP mice all showed
a preference for swimming in the platform quadrant over non-target quadrants. In contrast, the
SCOP mice spent equal amounts of time swimming in each quadrant. Search error (mean
distance form the platform location) was also significantly greater in SCOP mice compared to
CON mice, but not significantly different in AA-SCOP mice. Path length and peripheral swim
time did not differ among the groups during the probe trial and thus we can attribute the deficits
seen in the SCOP mice, and the improvement brought about by ascorbate treatment prior to
scopolamine administration, to cognitive function and not to increased locomotion or other
non-cognitive side-effects. These data mimic those described previously in which daily
ascorbate treatments improved water maze performance in aged and very old APP/PSEN1
transgenic mice [16].

Although scopolamine led to increased thigmotaxis in the water maze and wall-hugging
behavior is often thought to be an indicator of anxiety [56], scopolamine did not increase
anxiety behavior in the zero maze. None of the treatment groups differed on this task in terms
of time spent in the closed zones (next to a high wall) of the maze, which indicates anxiety in
this task [50]. This result implies that the thigmotaxis observed in the present study was not
solely a result of anxiety and instead may be related to a lack of procedural learning, i.e. that
the mouse must leave the relative safe area near the wall and move toward the centre of the
pool to locate the platform. All mice began on day one with similarly high percentage of time
spent near the wall but CON and AA groups quickly learned to swim in more central zones in
order to locate the escape platform. Although AA has previously been reported to reduce
fearfulness in quail chicks [21] it is more likely that the effect on thigmotaxis observed in the
present study was related to procedural learning ability rather than anxiety, as demonstrated
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by the AA-SCOP mice gradually decreasing in thigmotaxic behavior across acquisition trials
in combination with reduced escape latency and search error.

Despite a 10 % reduction in percent alternation in scopolamine-treated mice, there was not a
significant difference among the groups according to the ANOVA conducted on percent
alternation for each group. These data do not perfectly conform to other reports of scopolamine
treatments in mice in this task which typically show approximately 20 % drop in alternation
with scopolamine [1,22,24], although other studies have shown lower percentage decrease
following scopolamine treatment similar to that reported here [26]. Such differences may be
influenced by lab-to-lab differences including maze type (e.g. open versus enclosed arms),
testing room, and mouse strain. Although the effect was smaller than anticipated, scopolamine-
treated mice were indeed impaired compared to the control and ascorbate only-treated mice,
with only these latter two groups alternating at significantly greater than chance levels. There
was no improvement attributable to the ascorbate pre-treatment in the Y-maze. These data
mirror results previously reported by our lab in APP/PSEN1 transgenic mice in which water
maze but not Y-maze performance was improved by AA treatment [16]. The Y-maze is a 1-
trial task whereas the water maze involves several days of training. It may be, therefore, that
ascorbate treatments have a cumulative effect, or the amelioratory effect may be specific to
the type of memory being tested, short-term spatial working memory versus long-term spatial
reference memory. Although the Y-maze is used to measure spatial working memory it differs
in many respects from the water maze in that the mouse does not need to learn any rules, and
the exploration is limited to a restricted space. Further investigation is required to clarify these
possibilities.

Scopolamine increased activity in the Y-maze, Zero-maze and locomotor activity chambers
and this effect was not attenuated by concomitant treatment with ascorbate. Despite increased
activity, alternation behavior, anxiety levels, and habituation were all normal in these tasks
even in scopolamine-treated mice. Mice that received ascorbate treatment alone did not differ
from control mice. This suggests that although ascorbate can mediate the effects of
scopolamine, age and APP/PSEN1 genotype (present study and [3,9,16]) it does not impact
normal functioning in healthy, young mice.

The ascorbate treatments increased circulating ascorbate regardless of scopolamine treatment.
There was no significant increase in serum ascorbate, but in the liver, ascorbate treatment led
to a two-fold increase in detected ascorbate. Serum ascorbate levels are typically more variable
due to factors such as fluid intake and traces of haemolysis in the samples. Furthermore, any
surge in serum ascorbate levels had likely peaked prior to the 1 hour time point when mice
were sacrificed [8] and already been transferred to other tissues (e.g. liver). Ascorbate levels
did not increase significantly in the brain following i.p. administration. Ascorbate does not
cross the blood brain barrier and instead must be transported via the SVCT2 transporter at the
choroid plexus [2]. This allows much higher concentrations of ascorbate to accumulate in brain
than are found in blood, against a concentration gradient, but it is a saturable and rate-limited
process that regulates intake despite any sudden changes in blood [17]. Nevertheless, there
may have been small, acute, changes in extracellular fluid that were not detected by our assay,
but that still led to down-stream changes in neurotransmitter signaling and the improvements
in cognitive ability in the AA-SCOP group. Thus the absence of a detectable rise in stored brain
ascorbate does not preclude its having reached sites of action in the brain. Some notice should
also be paid to the fact that only a single dose of ascorbate was tested in the present study (125
mg/kg). It is likely that higher doses may be tolerated without the ascorbate assuming pro-
oxidant properties and a more complete rescue of the scopolamine-induced deficits may be
possible, or even modulation of the cognitive abilities of young mice in the absence of
scopolamine. This proposition remains to be tested.
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Although neither MDA nor GSH levels were altered by experimental treatments in the present
study, scopolamine has previously been shown to increase oxidative stress [13] and thus it is
a very real possibility that the antioxidant function of ascorbate also contributes to its cognitive
benefits. There may have been small, undetected changes in other oxidative stress markers, or
it is also possible that following the many days of treatments and training, adaptive mechanisms
were triggered in order to maintain a homeostatic balance. Both ascorbate [9,39] and a wide
range of other antioxidant substances have also been beneficial to cognitive ability against
scopolamine [13,20,36] and also against age and low antioxidant dietary challenges [3,51,
54]. Despite this range of promising data, the exact mechanisms of the effects are still unclear.
Among the explanations for potential antioxidant action on cognition are protection of
hippocampal synaptic plasticity and long-term potentiation [25,48,55], and permitting
neurotransmission via membrane fluidity [35], or reducing oxidative damage leading to cell
death.

Following ascorbate administration, AChE activity increased in AA mice in the cholinergic-
rich MFB (and surrounding areas) that projects to the neocortex, which is implicated in
attention and learning [11,33]. This effect was not widespread across other brain areas.
Improved function in this area could have led to the AA-SCOP mice being able to learn more
about their environment than SCOP mice through enhanced attentional function. Although still
plausible, this explanation is rendered somewhat less convincing by the lack of a significant
difference in AChE activity between SCOP and CON mice. Most treatments for Alzheimer’s
disease rely on AChE inhibitors. Ascorbate (60 mg/kg i.p.) has previously been observed to
inhibit AChE activity in a manner similar to metrifonate, a known AChE inhibitor [10]. In
contrast, in another study scopolamine administration (i.p.) decreased acetylcholinesterase
activity and vitamin C alone or in combination with vitamin E reversed this effect when
administered orally, although the authors did not describe the effect of C alone without
scopolamine [29]. In the present study we found no effect of scopolamine on AChE and an
ascorbate-induced increase, and this effect was limited to a specific area of the brain. Based
on the current data it seems unlikely therefore that the ascorbate could be used as an AChE
inhibitor to rival currently available drugs. Nevertheless, ascorbate was effective against the
amnestic effects of the muscarinic antagonist scopolamine, and thus it is likely that cholinergic
function was modulated in some way. The studies described above, and the neurochemical and
behavioral data presented here, though mixed, suggest that there is some interaction between
ascorbate and the cholinergic system. It is possible, for example, that there was an overall
upregulation of cholinergic function including AChE activity, resulting from a cumulative
effect of 14 days of ascorbate treatments. Without further data it is not possible to form a firm
conclusion as to the mechanism of the effect of ascorbate on cognition from these data. Any
effect on the cholinergic system makes promising the idea that ascorbate could add to potential
therapies for Alzheimer’s disease but more information is needed concerning the exact
mechanism.

There are several other likely lines of investigation that should also be followed. Firstly,
ascorbate is an essential cofactor in the synthesis of norepinephrine from dopamine and thus
catecholamine function may be modulated by ascorbate treatments. Although MDA and GSH
were not affected in the current study, this does not mean that more localized oxidative stress
reactions were not affected. Neurotransmitter uptake and receptor affinity can be adversely
affected by oxidative stress at the synapse [4,5] and thus increased extracellular ascorbate could
provide short-term antioxidant protection at the synapse. A final important function of
ascorbate is a heteroexchange with glutamate. Reduced ability of neurons to re-uptake
glutamate from the synaptic cleft can lead to excess glutamate and neurotoxicity.
Administration of glutamate to striatum, hippocampus and other forebrain areas and cortical
projections leads to release of ascorbate from neurons and thus it has been argued that ascorbate
protects against glutamatergic neurotoxicity [7,34,41].
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5. Conclusion
Scopolamine-induced learning deficits in the water maze were partially reversed by ascorbate.
The effects of ascorbate were restricted to cognitive performance and did not decrease
scopolamine-induced activity in the land-based mazes. The data presented above support the
notion that ascorbate has neuromodulatory and cognitive-enhancing properties. Whereas
changes in the cholinergic system offer a possible mechanism for the observed effects, further
research is required to fully elucidate this relationship or to establish the alternative
mechanisms.
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Figure 1. Anxiety and activity
Scopolamine injections led to increased activity in all three dry-land tasks but did not affect
alternation behavior or anxiety. (a) Distance traveled during 30-min. locomotor activity
session. (b) Transitions between the open and closed areas of the Zero maze and (c) percent
time spent in closed areas of the Zero maze. (d) Number of arm entries and (e) percent
alternations in the Y-maze. Chance performance of 50 % alternation marked by dotted line
(---). AA mice did not differ from CON mice on any of the above measures. Data represent
group means ± 1 S.E.M. Different from CON *p<.05; **p<.01. Different from chance
alternation #p<.05, ##p<.01.
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Figure 2. Attenuation of scopolamine-induced deficit in water maze
Scopolamine treatment led to impaired learning and memory in the acquisition and probe
phases of water maze testing but these deficits were significantly attenuated when ascorbate
treatments were given 30 min. prior to scopolamine. (a) Water maze escape latencies and (b)
path lengths across nine acquisition sessions. (c) Percent time spent in the periphery of the
maze during acquisition sessions. (d) Cumulative search error during acquisition. (e) Percent
time spent in platform quadrant during the 60 sec. probe trial to assess platform preference. (f)
Search error during probe trial. (g) Path length and (h) peripheral swim time did not differ
among groups during the probe trial. Data represent group means ± 1 S.E.M. Different from
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SCOP +p<.05; different from CON **p<.01; platform quadrant different from chance
performance of 25 % of time in platform quadrant #p<.05, ##p<.01, ###p<.001.
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Figure 3. Ascorbate treatments increase ascorbate levels and AChE activity
Ascorbate levels in (a) serum, (b) liver and (c) cortex following ascorbate and scopolamine
treatments. AChE levels in (d) medial forebrain, (e) cortex and (f) striatum following
treatments. Data represent group means + 1 S.E.M. Different from CON ***p<.001; SCOP
different from AA-SCOP mice ##p<.01; different from AA mice +p<.05, +++p<.001.
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