Vitamin C deficiency in early postnatal life impairs spatial memory and
reduces the number of hippocampal neurons in guinea pigs1–3
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INTRODUCTION

Vitamin C deficiency—defined as a plasma concentration ,23
lmol/L—is surprisingly common within the human population
of the Western world (1–4), although cases of clinical scurvy are
rarely reported. Vitamin C–deficient subpopulations include
pregnant women sharing blood vitamin C with their fetus,
mothers, who convey their vitamin C deficiency to newborns
during breastfeeding (5), and a recent Mexican study found
severe vitamin C deficiency in ’30% of young children (age 0–
2 y) (6). Although not specifically related to vitamin C, infants
exposed to intrauterine growth restriction have increased neuronal degeneration and learning disabilities (7, 8), and other
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studies have shown that supplementation with antioxidants such
as vitamin C may improve survival in preterm babies (9, 10).
In the developing brain, chronic malnutrition is a wellestablished contributor to deviation in neuronal function, including the development of the hippocampus (11, 12) and
cognitive impairment in both humans and in vivo animal models
(13–16). In guinea pigs, fetal malnutrition results in reduced
numbers of hippocampal and cerebellar neurones (11), linking
malnutrition to neuronal damage in the developing brain as well
as the possible involvement of micronutrient deficiencies. Despite these reports, no detailed studies exist on the possible
consequences of chronic, nonscorbutic vitamin C deficiency and
its potential effect on brain development. However, studies by us
have shown that young guinea pigs are more prone to oxidative
stress than are mature animals (17) and that the developing brain
of neonatal guinea pigs is particularly susceptible to vitamin C
deficiency because of rapid growth and an immature antioxidant
defense system (18). Thus, we recently found that only the brain
had increased oxidative damage during severe vitamin C deficiency, despite much more profound depletion in other tissues
(18). Embryonic sodium-dependent vitamin C cotransporter 2
(SVCT2) knockout cells have a reduced growth rate and an
increased susceptibility to excitotoxicity and oxidative damage in
vitro, linking intracellular ascorbate homeostasis to neuronal
development and function (19). Indeed, mice devoid of a functional SVCT2 transporter do not survive beyond infancy (20) and
display pathologic signs resembling findings in premature human
infants, the latter being associated with decreased learning
competency (21).
On the basis of the strict control of vitamin C homeostasis, the
ability of the brain to selectively retain vitamin C during deficiency and the increased sensitivity of the neonatal brain to
oxidative stress, we hypothesized that adequate concentrations of
vitamin C are important for normal brain development (4).
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ABSTRACT
Background: The neonatal brain is particularly vulnerable to imbalances in redox homeostasis because of rapid growth and immature antioxidant systems. Vitamin C has been shown to have
a key function in the brain, and during states of deficiency it is
able to retain higher concentrations of vitamin C than other organs. However, because neurons maintain one of the highest intracellular concentrations of vitamin C in the organism, the brain
may still be more sensitive to deficiency despite these preventive
measures.
Objective: The objective was to study the potential link between
chronic vitamin C deficiency and neuronal damage in newborn
guinea pigs.
Design: Thirty 6- to 7-d-old guinea pigs were randomly assigned to
2 groups to receive either a vitamin C–sufficient diet or the same
diet containing a low concentration of vitamin C (but adequate to
prevent scurvy) for 2 mo. Spatial memory was assessed by the
Morris Water Maze, and hippocampal neuron numbers were quantified by stereologic techniques.
Results: The results showed a reduction in spatial memory (P ,
0.05) and an increased time to first platform hit (P , 0.05) in deficient animals compared with controls. The deficient animals had
a lower total number of neurons in hippocampal subdivisions (dentate gyrus, cornu ammonis 1, and cornu ammonis 2–3) than did the
normal controls (P , 0.05).
Conclusions: Our data show that vitamin C deficiency in early
postnatal life results in impaired neuronal development and a functional decrease in spatial memory in guinea pigs. We speculate that
this unrecognized effect of vitamin C deficiency may have clinical
implications for high-risk individuals, such as in children born from
vitamin C–deficient mothers.
Am J Clin Nutr 2009;90:540–6.

VITAMIN C DEFICIENCY AND BRAIN DEVELOPMENT

Because of the lack of L-gulono-c-lactone oxidase, guinea pigs—
like humans—are dependent on an exogenous vitamin C source
(22) and are a validated animal model of vitamin C deprivation.
In this study, we assess the consequences of nonscorbutic,
chronic vitamin C deficiency in early postnatal life in guinea
pigs. The functional outcome was evaluated by testing memory
and the ability to navigate spatially in the Morris Water Maze
(MWM), whereas neuronal development of the hippocampal
regions was quantified by stereologic techniques.

MATERIALS AND METHODS

Animal feeding and housing conditions

TABLE 1
Biomarkers of oxidative stress in plasma and brain in guinea pigs after 8
wk of a vitamin C–deficient diet or a vitamin C–sufficient diet (controls)
diet1
Controls
(n = 15)
Plasma
Ascorbate (lmol/L)
DHA (% of total vitamin C)
Brain
Ascorbate (nmol/g tissue)
DHA (% of total vitamin C)
Glutathione (nmol/g tissue)
SOD (lg/g tissue)
MDA (nmol/g tissue)

Deficient
(n = 12)
8.5 6 3.72
14.2 6 4.82

6
6
6
6
6

519 6 99.6
10.8 6 4.83
1252 6 47.6
144 6 20.5
326 6 51.9

87.4
4.4
55.7
23.4
52.3

Morris Water Maze
The overall procedures applied in the MWM were described in
detail by others (24–26). In brief, we used a 1.5-m diameter dark
pool filled with 24°C water to a depth of 42 cm, which covered
the platform (30 cm in diameter). The hidden platform was
placed away from the wall of the pool and in the center of 1 of
the 4 quadrants. Distal cues were mounted on the surrounding
outside walls. A total of 27 animals (controls, n = 15; deficient,
n = 12), aged 52–53 d were trained in the MWM during the
5-d acquisition phase (hidden platform in quadrant Q2), followed by a 4-d resting phase. On day 5, animals were subjected
to the retention test without the platform present in the pool,
followed by a task familiarity test. All MWM tests were performed with animals in a randomized order and at randomized
starting points (except the retention test in which the starting
point was kept uniformly in quadrant Q1) (24). On completion
of each test, the animals were dried and placed beneath a heating
lamp. All swimming sessions were recorded with a digital
camera suspended above the MWM pool (Camcolmha3; Velleman, Gaverer, Belgium), which was connected to a data acquisition computer that stored the sessions in mpg4-format. The
various MWM variables were subsequently obtained by analyzing the sessions with Ethovision 3.1 (Noldus Information
Technology, Wageningen, Netherlands).
Euthanasia and tissue collection

104 6 34.2
3.2 6 1.3
1256
6.8
1206
155
337

and drinking water and were kept under identical housing
conditions with a 12-h light cycle. The animals were handled
systematically once a day to reduce handling stress and were
weighed twice a week. Blood samples (300 lL) were collected
every 4 wk without the use of an anesthetic from a saphenous
vein at its superficial course in the tibia for verification of vitamin C status (data not shown). During the first month, 3 deficient animals were killed because of teeth problems.
Abnormal incisor growth was previously observed as a result of
vitamin C deficiency (23). However, in the present study, the
problems were not associated with the incisors but rather with
the molars, which resulted in food accumulation in the mouth,
immobilization of the tongue, and starvation. In a recent study
by us, a uniform distribution of the same molar problems was
observed regardless of vitamin C status (n = 21 in each group),
and most of the animals had to be killed (Tveden-Nyborg et al,
unpublished observations, 2008). A change in the animal supplier largely eliminated the problem, which appears to be of
genetic origin. On the basis of our investigation of the problem,
it was concluded that the teeth problems in the present study
were most likely not attributed to the dietary regimen.

2

1
All values are means 6 SDs. DHA, dehydroascorbic acid; SOD,
superoxide dismutase; MDA, malondialdehyde.
2,3
Significantly different from controls (one-factor ANOVA followed
by t test): 2P , 0.001, 3P , 0.05.

At 60–61 d of age, the animals were anesthetized with 0.175
mL/100 g body weight of supplemented zoletil suspension (0.465
mg/mL Zoletil 50 vet; Virbac SA, Carros Cedex, France), 2 mg/
mL Xylazin (Narcoxyl; Intervet Int, Boxmeer, Holland), and
1 mg/mL butorphanol tartrate (Torbugesic; ScanVet, Fredensborg, Denmark) in isotonic sodium chloride. To ensure
adequate anesthesial depth, the animals were supplemented with
brief carbon dioxide inhalation until the disappearance of voluntary (interdigital and palpebral) reflexes. Immediately thereafter, thoracotomy and subsequent intracardial blood sampling
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The study was approved by the Danish Animal Experimentation Inspectorate under the Ministry of Justice. On arrival,
a total of 30 female, 6–7-d-old Dunkin Hartley guinea pigs (HASIFE150200; Charles River Laboratories, Kisslegg, Germany)
were weighed and tagged with a 12-mm microchip subcutaneously in the neck for identification (Pet-Id; Danworth
Farm, West Sussex, United Kingdom). Animals were randomly
assigned into 2 weight-stratified experimental groups (initial
weight: 194.8 6 14.9 and 193.1 6 17.8 g for controls and deficient animals, respectively) that received special qualitycontrolled diets either adequate in vitamin C (923 mg/kg by
analysis; product code: 829427-B#32786; control group, n =
15) or low in vitamin C (100 mg/kg by analysis; product code:
829415-B#32785; deficient group, n = 15). The diets were
produced to meet the nutritional requirements of guinea pigs
and were identical in all aspects except vitamin C content. They
were based on a blend of raw materials in standard guinea pig
feed compressed into pellets of 4 mm in diameter (Special
Diets Services; Dietex International Ltd, Witham, Essex,
United Kingdom). The deficient diet did not result in signs of
scurvy and gave rise to plasma concentrations of ’8.5 lmol/L
(Table 1), resembling those observed in humans with chronic
severe vitamin C deficiency (defined as a plasma concentration
,11 lmol/L). Groups were allowed ad libitum feeding, dried
hay (containing negligible amounts of vitamin C by analysis),
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was performed by using a 5-mL syringe and an 18-G needle
previously flushed with 15% tripotassium-EDTA. The animals
were killed by exsanguination. The final body weights were
528 6 39 and 479 6 35 g for the control and deficient animals,
respectively (P , 0.05 by repeated measures ANOVA of all
weight data). Blood samples were immediately centrifuged and
stabilized after sampling. Organ and tissue samples were removed and placed in ice-cold phosphate-buffered saline before
being frozen on dry ice and subsequently at 280°C. The brain
was excised from the cranium case and was divided into left and
right hemispheres (sagittal section through the cerebral longitudinal fissure) and randomly assigned to either fixation/stereology or biochemical analyses.

section volume defined by dx times dy times section thickness, t
(section).
An estimate of the total number of neurons (N) was obtained
by multiplying the number of neurons counted (Q2), in the fixed
fraction by the inverse sampling fraction:
N ¼ ssf#½dx#dy#tðsectionÞ=að frameÞ#hðdisÞ#Q 2

ð1Þ

where ssf is the section sampling fraction, ie, 1/9. All 3 subregions were counted by using an unbiased counting frame with an
area of 29.6 lm2. The step lengths in the x and y directions were
160 lm for the dentate gyrus, 90 lm for cornu ammonis 1, and
100 lm for cornu ammonis 2–3. The section thickness was
measured systematically over the sections with the microcator
for every 2000 times 2000 lm.

Biochemical analysis

Stereologic analysis
Randomized (left compared with right) hemispheres from
9 deficient and 13 control animals were fixed in 4% paraformaldehyde in phosphate-buffered saline (pH 7.4) at 4°C for
4 d before 2 h of preinfiltration (hydroxymethylacrylate, Technovit 7100; AX-Laboratory, Vedbaek, Denmark) and infiltration
at 4°C for 10 d (1 g/100 mL glucomethylacrylate, Technovit
7100). The hemisphere was divided horizontally and embedded
in one block in Technovit 7100. Three hemispheres were
eliminated from the examination for technical reasons, which
left 8 deficient and 11 control brains for stereologic quantification. The block was sectioned exhaustively into 40-lm serial
sections (Finesse microtome; Thermo, Shandon, United Kingdom), and every ninth section was sampled systematically,
placed on coated glass (Superfrost +), left at 60°C overnight, and
stained in a modified Giemsa stain (32). Overall hippocampal
morphology was evaluated by light microscopy and found to be
in coherence with structural hippocampal subdivisions as reported previously (33–35). Stereologic quantification was performed by light microscopy (BX51 Olympus and CAST-grid
software; Olympus, Ballerup, Denmark) by using the optical
fractionater technique (32). Neurones were counted in optical
dissectors with an ·100 oil objective using the nucleolus as the
counting unit. In cases of multiple nucleoli, the largest and most
prominent was chosen; if equal in size, the nucleolus to the right
was chosen. The optical dissectors were positioned systematically, randomly in a raster pattern on the section by stepping
motors that move the section in fixed steps of length, dx and dy
in the x and y axis, respectively. The optical dissectors thus
constituted a fixed fraction of the sections, namely the volume of
the dissector, ie, the area of the unbiased counting frame, a
(frame), times the height of the dissector, h(dis), divided by the

Statistics
Statistical calculations were carried out by using StatSoft
Statistica (version 7; Tulsa, OK). Animal weights and data from
the MWM tests were analyzed by repeated-measures ANOVA
(acquisition phase). Data from the MWM retention tests were
analyzed by one-factor ANOVA or by the Mann-Whitney U test
for data that was not normally distributed. Allocation to swimming patterns was tested by using a chi-square test. Stereologic
data for each hippocampal region were compared by using the
appropriate unpaired t test after testing the group variances with
the F test. The biochemical data were analyzed by one-factor
ANOVA, and the data are expressed as means 6 SD. A P value
,0.05 was considered statistically significant.
RESULTS

Biochemical analysis
The results of the biochemical analyses are reported in Table 1.
The biochemical analyses verified the vitamin C status of the
animals. Plasma ascorbate concentrations were in line with
published data, which confirmed that the ascorbate feeding
regimen results in concentrations comparable with those of
healthy humans (36) and those of nonscorbutic, hypovitaminosis
C (37), respectively. Dehydroascorbic acid was higher in the
plasma (P , 0.001) and brain tissue (P , 0.05) of deficient
animals than in the controls, which indicated an inadequate recycling capacity during vitamin C deficiency. Ascorbate concentrations in the brain decreased by .50% as a result of the
dietary regimen (P , 0.001). No change in glutathione status,
superoxide dismutase, or malondialdehyde was observed as
a result of the imposed vitamin C deficiency (Table 1).
Morris Water Maze
During the 5-d acquisition phase, we found no significant
difference between the 2 groups (data not shown). Likewise, the
task familiarity test showed no difference between the 2 groups in
the ability to learn a new location of the platform (data not
shown). However, significant differences were found with the
retention test. Swim paths were analyzed for 4 performance
measures: total time spent in Q2, crossings of the original position
of the platform (PP) in Q2, time before PP was initially reached,
and overall average distance to PP during trial (Figure 1).
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Ascorbate and dehydroascorbic acid concentrations in metaphosphoric acid–stabilized plasma and brain tissue were analyzed
by HPLC with coulometric detection as described previously (27,
28). Analyses of brain glutathione and superoxide dismutase were
performed according to Marklund and Marklund (29) and Hissin
and Hilf (30), respectively. Malondialdehyde was used as an index of lipid oxidation and was assessed by thiobarbituric acid
derivatization, followed by specific quantification of the genuine
malondialdehyde (thiobarbituric acid)2 adduct by HPLC with
fluorescence detection as described previously (31).

VITAMIN C DEFICIENCY AND BRAIN DEVELOPMENT

Further blinded analysis of swim patterns into spatially persistent, concentric circles, or random according to Dalm et al (38)
showed a clear effect of vitamin C deficiency (P , 0.001)
(Figure 2). Elimination of animals that swam in concentric
circles from the statistical analyses above to minimize the risk of
false-spacial swim patterns, as suggested by Dalm et al, increased the significance of the differences between deficient and
control animals (Figure 1).
Hippocampal neuron number
In all 3 subdivisions of the hippocampus, there was a significantly (P , 0.05) lower number of neurons in the deficient than
in the controls animals (Table 2). Testing for correlation between body weight and total number of neurons within the
3 hippocampal subdivisions showed no association (P = 0.5).

of neuronal vitamin C uptake and is widely distributed in the
brain and choroid plexus (39, 48). In neurons, vitamin C acts to
maintain redox homeostasis but is also a key component in the
glutamate-ascorbate heteroexchange (49) and in the conversion
of dopamine to norepinephrine by dopamine-b-hydroxylase in
catecholamine-synthesizing neurons (50). We recently hypothesized that deficiencies of vitamin C may impede neuronal
functions by compromising cellular viability, which possibly
leads to apoptosis through all 3 pathways (4).
The biochemical analyses showed a pattern of altered redox
homeostasis in the brain as indicated by a lower ascorbate and
higher oxidation ratio (% dehydroascorbic acid) in deficient than
in control animals (Table1). However, in agreement with our
previous studies, no other changes in antioxidants were observed
in the brain (18). During severe vitamin C deficiency, we have
reported increased oxidative damage in the brains of neonatal
guinea pigs based on malondialdehyde concentrations (18). In the
present study, no difference in brain malondialdehyde was observed between groups, which suggests that the vitamin C deficiency imposed on these animals was not sufficiently severe to
induce oxidative damage (Table 1). Thus, our data suggest that
only vitamin C homeostasis was significantly affected by the
dietary regimen.
In agreement with our hypothesis (4), vitamin C deficiency
impaired normal development in guinea pigs as tested by spatial
memory in the MWM. The MWM data yielded statistically
significant differences in the retention test (Figure 1), which
indicated a reduced ability in deficient animals to apply spatial
memory as a means to relocate the platform area. When evaluating performance in the MWM trial in a blinded fashion, swim
patterns were allocated as spatial, concentric, and random (38).
Only animals complying with a spatial swim pattern were accepted to be applying specific spatial memory in locating the
platform area. A concentric strategy (ie, swimming predominantly at a fixed distance to the edge of the pool wall) does

DISCUSSION

The present study examined the hypothesis that vitamin C
deficiency in early postnatal life compromises normal brain
development in guinea pigs. Active SVCT2 (39) is responsible
for ascorbate uptake in the cerebrospinal fluid, which sustains an
ascorbate concentration in the cerebrospinal fluid of ’10-fold
that of plasma (40, 41). Ascorbate enters the extracellular fluid
by diffusion from the cerebrospinal fluid or through capillaries
in the blood-brain barrier, possibly through facilitated GLUT
transport (42). Relatively high concentrations of vitamin C in the
brain during reduced plasma and tissue ascorbate concentrations
indicate that the brain is favored during deficiency, which
indicates an essential role of vitamin C in the brain (18, 43).
Vitamin C–deficient knockout mice exhibit sensorimotor disabilities associating neuronal dysfunction with increased oxidative stress (44). Neuronal quantities of vitamin C exceed those
of all other tissues, reaching concentrations of 10 mmol/L (45).
Cellular uptake in the brain is achieved by simple diffusion,
facilitated by glucose coupled transport of dehydroascorbic acid
by the GLUT1 and GLUT3 transporters (46, 47) and by the
high-affinity SVCT2, which is responsible for the vast majority

FIGURE 2. Swim patterns during the Morris Water Maze retention test in
vitamin C–sufficient guinea pigs (light bars; n = 15) and vitamin C–deficient
guinea pigs (dark bars; n = 12). Top insets: Recordings of swim patterns
representative of the 3 categories: spatial persistent (SP), concentric circles
(CC), and random (R). The swim patterns in the control group were
predominantly spatially persistent (n = 8); 2 animals exhibited a random
swim pattern. In contrast, the swim patterns of the vitamin C–deficient
animals were predominantly random (n = 7); only 2 animals exhibited
a spatially persistent swim pattern. The swim patterns were significantly
different between groups, P , 0.001 (chi-square test).
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FIGURE 1. Performance in the Morris Water Maze retention test by
vitamin C–sufficient guinea pigs (light bars; n = 15) and vitamin C–
deficient guinea pigs (dark bars; n = 12). Time in Q2, time spent in
quadrant 2, where the platform was positioned during the acquisition
phase; distance, average distance to the platform position during the test;
# crossings, number of crossings of the platform position; time to 1st hit,
time spent in the pool before initial contact with the platform position. Data
were analyzed by one-factor ANOVA or by the Mann-Whitney U test for
data that were not normally distributed (time to 1st hit). *,**Significantly
different from controls: *P , 0.05, **P , 0.01. After exclusion of data from
animals that swam in concentric circles (see Figure 2), as suggested by Dalm
et al (37), all performance measures from the Morris Water Maze retention
test were significantly different between groups (data not shown).
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TABLE 2
Neuronal counts in hippocampal subdivisions as assessed by unbiased
stereologic quantification (32) in guinea pigs after 8 wk of a vitamin
C–deficient diet or a vitamin C–sufficient diet (controls)1
Controls (n = 11)

Deficient (n = 8)

· 10
2268 (0.25)
561 (0.32)
659 (0.19)

· 103
1574 (0.29)2
405 (0.26)2
457 (0.20)3

3

Dentate gyrus
Cornu ammonis 1
Cornu ammonis 2–3
1

All values are means; CVs (SD/mean) in parentheses. Comparison of
variations between the experimental groups was conducted with an F test.
2,3
Significantly different from controls (unpaired 2-sided t test): 2P ,
3
0.05, P , 0.01.

We thank Annie B Kristensen, Jytte Nielsen, and Susan Peters for excellent
technical assistance.
The authors’ responsibilities were as follows—PT-N and JL: contributed to
the study design, execution of the study, and statistical analysis and prepared
the draft of the manuscript; LKJ and ZR: contributed to the execution of the
study, statistical and stereologic analysis, and manuscript editing; CKV: contributed to the execution of the study and manuscript editing; and JOL: participated in the stereologic analysis and manuscript editing. None of the
authors had any conflicts of interest.

REFERENCES
1. Lykkesfeldt J. Smoking depletes vitamin C: should smokers be recommended to take supplements? In: Halliwell B, Poulsen HE, eds.

Downloaded from ajcn.nutrition.org by guest on October 3, 2014

not uniformly use spatial memory, but animals can falsely be
ranked as having a spatial swim pattern. Animals using a random
swim pattern will not apply their spatial memory in navigating in
the MWM and show no preference for any of the MWM
quadrants. In this study, deficient animals showed a significantly
reduced ability to use spatial navigation (Figure 2). Exclusion of
animals with a concentric swim pattern further emphasized the
difference between groups (Figure 1). Because animals in both
groups had equivalent swim times during the MWM acquisition
phase and the task familiarity test (data not shown), we concluded
that the groups were equally competent in physical ability and
motor function to perform the trial, despite a slightly albeit
significantly lower weight in the deficient animals. We therefore
interpreted the recorded differences in the MWM retention test to
be due to an impairment inspatial memory in infant guinea pigs
submitted to chronic vitamin C deficiency.
Acquisition and retention of spatial memory is particularly
dependent on a functional hippocampus (51, 52); impairment of
the hippocampal and extrahippocampal areas of the brain responsible for spatial navigation and path integration is considered
to be directly associated with impairment in the MWM (53, 54).
In developing guinea pigs, hippocampal dysfunction, as measured by a reduction in cornu ammonis 1 (CA1) neurons, is
recognized as a contributor to cognitive and behavioral deviances
(26). The clear difference between groups observed in the MWM
test prompted us to look for changes in the hippocampal area of
the brain. To investigate whether our findings from the MWM
trials could be founded in alterations of hippocampal neuronal
mass, we stereologically quantified neurons in the hippocampus
(dentate gyrus, CA1, and CA2–3). Our results showed a significantly lower (P , 0.05) number of neurons in all of the investigated hippocampal subdivisions in deficient animals than in
controls (Table 2). Axons in the CA3 area have been suggested
to be directly involved in the recollection of spatial memory, and
reductions lead to impaired performance in the MWM retention
test (55). Furthermore, we found a correlation between hippocampal neuron numbers in the various subdivisions, ie, animals
with high numbers in one subdivision also had high numbers in
the 2 other investigated subdivisions (data not shown).
Altricial mammals (eg, humans, rats, and rabbits) are immature at birth and are subjected to extensive postnatal development. Guinea pig, however, are precoccial mammals, ie,
animals that are able to move freely immediately after birth and
undergo early maturation of the brain, reaching a developmental
stage at birth comparable with 21-d-old rats and rabbits (56, 57).

Immunohistochemical labeling of the hippocampus has established the newborn guinea pig to be, in some aspects, equivalent
to adults, which suggests a well-developed spatial memory even
at a very young age (56). Assessment of the postnatal proliferation of granule cells in the dentate gyrus has established that
brain development in guinea pigs is more comparable with that in
primates than in mice and rats (58).
Earlier reports have shown that hippocampal neurones undergo
continuous proliferation (59) and that exercise and learning in an
enriched environment (rats) can induce this proliferation (60–62).
Our stereologic findings may consequently be the result of
a decreased vitamin C–dependent proliferation rate; thus, the
differences could be even more pronounced in animals not
submitted to training in a MWM system. However, it should be
noted that the present study could not distinguish between
whether vitamin C deficiency mediates increased cell death or
decreased proliferation. Despite this problem, data from mice
indicate that regenerative capacity is greater in the juvenile than
in the immature brain (63).
In rat models of preterm infant brain hypoxia, which is known to
result in cognitive and learning disabilities in children, a reduction
in neurons of up to 30% and associated decreased performance in
the MWM has been reported (64, 65). In animal models of
neuronal impairment due to prenatal ethanol exposure, decreases
in the hippocampal neuron count of as much as 50% in the rat and
of as much as 30% in the CA1 area of guinea pigs has been
reported (66, 67), which has been proposed to lead to serious brain
dysfunction in children with fetal alcohol syndrome. Our data
indicated a reduction in hippocampal neurons of ’30% in all 3
investigated subdivisions. Because our findings are quantitatively
comparable with those of neuronal impairment in other animal
models, which is associated with learning disabilities in human
infants and children, our data suggest that vitamin C deficiency is
likely to be of particular importance in early-life nutrition.
In conclusion, our results indicate reduced spatial memory and
impaired hippocampal development in guinea pigs subjected to
chronic vitamin C deficiency, which represents a previously
unrecognized clinical outcome of hypovitaminosis C. Although
a direct extrapolation of this new phenomenon to humans is not
currently possible, we found that the relatively high prevalence of
vitamin C deficiency in humans, including infants and toddlers
(5, 6), warrants future clinical studies to clarify whether a similar
link to brain development exists in humans. We speculate that the
lack of vitamin C supplementation in high-risk individuals, such
as pregnant women and newborns with poor vitamin C status,
could be detrimental to normal brain development and lead to
neurologic disabilities later in life.

VITAMIN C DEFICIENCY AND BRAIN DEVELOPMENT

2.

3.
4.
5.

6.

7.

8.

9.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.
23.
24.

25.

26. Richardson DP, Byrnes ML, Brien JF, Reynolds JN, Dringenberg HC.
Impaired acquisition in the water maze and hippocampal long-term
potentiation after chronic prenatal ethanol exposure in the guinea-pig.
Eur J Neurosci 2002;16:1593–8.
27. Lykkesfeldt J. Determination of ascorbic acid and dehydroascorbic acid
in biological samples by high-performance liquid chromatography using
subtraction methods: reliable reduction with tris[2-carboxyethyl] phosphine hydrochloride. Anal Biochem 2000;282:89–93.
28. Lykkesfeldt J. Ascorbate and dehydroascorbic acid as reliable biomarkers of oxidative stress: analytical reproducibility and long-term
stability of plasma samples subjected to acidic deproteinization. Cancer
Epidemiol Biomarkers Prev 2007;16:2513–6.
29. Marklund S, Marklund G. Involvement of the superoxide anion radical
in the autoxidation of pyrogallol and a convenient assay for superoxide
dismutase. Eur J Biochem 1974;47:469–74.
30. Hissin PJ, Hilf R. A fluorometric method for determination of oxidized
and reduced glutathione in tissues. Anal Biochem 1976;74:214–26.
31. Lykkesfeldt J. Determination of malondialdehyde as dithiobarbituric
acid adduct in biological samples by HPLC with fluorescence detection:
comparison with ultraviolet-visible spectrophotometry. Clin Chem
2001;47:1725–7.
32. West MJ, Slomianka L, Gundersen HJ. Unbiased stereological estimation of the total number of neurons in the subdivisions of the rat hippocampus using the optical fractionator. Anat Rec 1991;231:482–97.
33. Martin SJ, Clark RE. The rodent hippocampus and spatial memory:
from synapses to systems. Cell Mol Life Sci 2007;64:401–31.
34. Bartesaghi R, Ravasi L. Pyramidal neuron types in field CA2 of the
guinea pig. Brain Res Bull 1999;50:263–73.
35. Giap BT, Jong CN, Ricker JH, Cullen NK, Zafonte RD. The hippocampus: anatomy, pathophysiology, and regenerative capacity. J Head
Trauma Rehabil 2000;15:875–94.
36. Levine M, Wang Y, Padayatty SJ, Morrow J. A new recommended dietary allowance of vitamin C for healthy young women. Proc Natl Acad
Sci USA 2001;98:9842–6.
37. Lykkesfeldt J, Moos T. Age-dependent change in Vitamin C status:
a phenomenon of maturation rather than of ageing. Mech Ageing Dev
2005;126:892–8.
38. Dalm S, Grootendorst J, de Kloet ER, Oitzl MS. Quantification of swim
patterns in the Morris water maze. Behav Res Methods Instrum Comput
2000;32:134–9.
39. Tsukaguchi H, Tokui T, Mackenzie B, et al. A family of mammalian
Na+-dependent L-ascorbic acid transporters. Nature 1999;399:70–5.
40. Rice ME, Lee EJ, Choy Y. High levels of ascorbic acid, not glutathione, in the CNS of anoxia-tolerant reptiles contrasted with levels in
anoxia-intolerant species. J Neurochem 1995;64:1790–9.
41. Spector R, Lorenzo AV. Specificity of ascorbic-acid transport-system of
central nervous-system. Am J Physiol 1974;226:1468–73.
42. Agus DB, Gambhir SS, Pardridge WM, et al. Vitamin C crosses the
blood-brain barrier in the oxidized form through the glucose transporters. J Clin Invest 1997;100:2842–8.
43. Kuo CH, Yonehara N, Yoshida H. Subcellular ascorbic acid in scorbutic
guinea pig brain. J Nutr Sci Vitaminol (Tokyo) 1979;25:9–13.
44. 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. J Neurochem
2008;106:1198–208.
45. Rice ME, Russo-Menna I. Differential compartmentalization of brain
ascorbate and glutathione between neurons and glia. Neuroscience 1998;
82:1213–23.
46. Castro MA, Pozo M, Cortes C, Garcia ML, Concha II, Nualart F. Intracellular ascorbic acid inhibits transport of glucose by neurons, but not
by astrocytes. J Neurochem 2007;102:773–82.
47. Astuya A, Caprile T, Castro M, et al. Vitamin C uptake and recycling
among normal and tumor cells from the central nervous system.
J Neurosci Res 2005;79:146–56.
48. Mun GH, Kim MJ, Lee JH, et al. Immunohistochemical study of the
distribution of sodium-dependent vitamin C transporters in adult rat
brain. J Neurosci Res 2006;83:919–28.
49. Miele M, Boutelle MG, Fillenz M. The physiologically induced release
of ascorbate in rat-brain is dependent on impulse traffic, calcium influx
and glutamate uptake. Neuroscience 1994;62:87–91.
50. Levine M, Morita K, Heldman E, Pollard HB. Ascorbic acid regulation
of norepinephrine biosynthesis in isolated chromaffin granules from
bovine adrenal medulla. J Biol Chem 1985;260:15598–603.

Downloaded from ajcn.nutrition.org by guest on October 3, 2014

10.

Cigarette smoke & oxidative stress. New York, NY: Springer Verlag,
2006:237–60.
Hampl JS, Taylor CA, Johnston CS. Vitamin C deficiency and depletion
in the United States: the Third National Health and Nutrition Examination Survey, 1988 to 1994. Am J Public Health 2004;94:870–5.
Johnston CS, Thompson LL. Vitamin C status of an outpatient population. J Am Coll Nutr 1998;17:366–70.
Tveden-Nyborg P, Lykkesfeldt J. Does vitamin C deficiency result in
impaired brain development in infants? Redox Rep 2009;14:2–6.
Madruga de Oliveira A, Rondo PH, Barros SB. Concentrations of ascorbic acid in the plasma of pregnant smokers and nonsmokers and their
newborns. Int J Vitam Nutr Res 2004;74:193–8.
Villalpando S, Montalvo-Velarde I, Zambrano N, et al. Vitamins A, and
C and folate status in Mexican children under 12 years and women
12-49 years: a probabilistic national survey. Salud Publica Mex 2003;45
(suppl 4):S508–19.
Low JA, Handley-Derry MH, Burke SO, et al. Association of intrauterine fetal growth retardation and learning deficits at age 9 to 11
years. Am J Obstet Gynecol 1992;167:1499–505.
Larroque B, Bertrais S, Czernichow P, Leger J. School difficulties in
20-year-olds who were born small for gestational age at term in a regional cohort study. Pediatrics 2001;108:111–5.
Perrone S, Salvi G, Bellieni CV, Buonocore G. Oxidative stress and
nutrition in the preterm newborn. J Pediatr Gastroenterol Nutr 2007;45:
S178–82.
Darlow BA, Buss H, McGill F, Fletcher L, Graham P, Winterbourn CC.
Vitamin C supplementation in very preterm infants: a randomised controlled trial. Arch Dis Child Fetal Neonatal Ed 2005;90:F117–22.
Mallard C, Loeliger M, Copolov D, Rees S. Reduced number of neurons
in the hippocampus and the cerebellum in the postnatal guinea-pig
following intrauterine growth-restriction. Neuroscience 2000;100:
327–33.
Rehn AE, Van Den BM, Copolov D, Briscoe T, Lambert G, Rees S. An
animal model of chronic placental insufficiency: relevance to neurodevelopmental disorders including schizophrenia. Neuroscience 2004;
129:381–91.
Isaacs EB, Gadian DG, Sabatini S, et al. The effect of early human diet
on caudate volumes and IQ. Pediatr Res 2008;63:308–14.
Isaacs EB, Lucas A, Chong WK, et al. Hippocampal volume and everyday memory in children of very low birth weight. Pediatr Res 2000;
47:713–20.
Ranade SC, Rose A, Rao M, Gallego J, Gressens P, Mani S. Different
types of nutritional deficiencies affect different domains of spatial
memory function checked in a radial arm maze. Neuroscience 2008;152:
859–66.
Morgane PJ, Mokler DJ, Galler JR. Effects of prenatal protein malnutrition on the hippocampal formation. Neurosci Biobehav Rev 2002;26:
471–83.
Lykkesfeldt J. Increased oxidative damage in vitamin C deficiency is
accompanied by induction of ascorbic acid recycling capacity in young
but not mature guinea pigs. Free Radic Res 2002;36:567–74.
Lykkesfeldt J, Trueba GP, Poulsen HE, Christen S. Vitamin C deficiency
in weanling guinea pigs: differential expression of oxidative stress and
DNA repair in liver and brain. Br J Nutr 2007;98:1116–9.
Qiu S, Li L, Weeber EJ, May JM. Ascorbate transport by primary cultured neurons and its role in neuronal function and protection against
excitotoxicity. J Neurosci Res 2007;85:1046–56.
Sotiriou S, Gispert S, Cheng J, et al. Ascorbic-acid transporter Slc23a1
is essential for vitamin C transport into the brain and for perinatal
survival. Nat Med 2002;8:514–7.
Limperopoulos C, Bassan H, Gauvreau K, et al. Does cerebellar injury
in premature infants contribute to the high prevalence of long-term
cognitive, learning, and behavioral disability in survivors? Pediatrics
2007;120:584–93.
Chatterjee IB. Evolution and the biosynthesis of ascorbic acid. Science
1973;182:1271–2.
Lowry OH. Biochemical evidence of nutritional status. Physiol Rev
1952;32:431–48.
Dringenberg HC, Richardson DP, Brien JF, Reynolds JN. Spatial
learning in the guinea pig: cued versus non-cued learning, sex differences, and comparison with rats. Behav Brain Res 2001;124:
97–101.
Morris R. Developments of a water-maze procedure for studying spatial
learning in the rat. J Neurosci Methods 1984;11:47–60.

545

546

TVEDEN-NYBORG ET AL
60. Naylor AS, Bull C, Nilsson MK, et al. Voluntary running rescues adult
hippocampal neurogenesis after irradiation of the young mouse brain.
Proc Natl Acad Sci USA 2008;105:14632–7.
61. Nilsson M, Perfilieva E, Johansson U, Orwar O, Eriksson PS. Enriched
environment increases neurogenesis in the adult rat dentate gyrus and
improves spatial memory. J Neurobiol 1999;39:569–78.
62. Gould E, Beylin A, Tanapat P, Reeves A, Shors TJ. Learning enhances
adult neurogenesis in the hippocampal formation. Nat Neurosci 1999;2:
260–5.
63. Qiu L, Zhu C, Wang X, et al. Less neurogenesis and inflammation in the
immature than in the juvenile brain after cerebral hypoxia-ischemia.
J Cereb Blood Flow Metab 2007;27:785–94.
64. Nunez JL, Alt JJ, McCarthy MM. A novel model for prenatal brain
damage. II. Long-term deficits in hippocampal cell number and hippocampal-dependent behavior following neonatal GABAA receptor
activation. Exp Neurol 2003;181:270–80.
65. Nunez JL, Alt JJ, McCarthy MM. A new model for prenatal brain
damage. I. GABAA receptor activation induces cell death in developing
rat hippocampus. Exp Neurol 2003;181:258–69.
66. Livy DJ, Miller EK, Maier SE, West JR. Fetal alcohol exposure and
temporal vulnerability: effects of binge-like alcohol exposure on the
developing rat hippocampus. Neurotoxicol Teratol 2003;25:447–58.
67. Gibson MA, Butters NS, Reynolds JN, Brien JF. Effects of chronic
prenatal ethanol exposure on locomotor activity, and hippocampal
weight, neurons, and nitric oxide synthase activity of the young postnatal guinea pig. Neurotoxicol Teratol 2000;22:183–92.

Downloaded from ajcn.nutrition.org by guest on October 3, 2014

51. Morris RG, Garrud P, Rawlins JN, O’Keefe J. Place navigation impaired
in rats with hippocampal lesions. Nature 1982;297:681–3.
52. Riedel G, Micheau J, Lam AG, et al. Reversible neural inactivation
reveals hippocampal participation in several memory processes. Nat
Neurosci 1999;2:898–905.
53. Cain DP, Boon F, Corcoran ME. Thalamic and hippocampal mechanisms in spatial navigation: a dissociation between brain mechanisms
for learning how versus learning where to navigate. Behav Brain Res
2006;170:241–56.
54. Whishaw IQ, Maaswinkel H. Rats with fimbria-fornix lesions are impaired in path integration: a role for the hippocampus in “sense of direction”. J Neurosci 1998;18:3050–8.
55. Steffenach HA, Sloviter RS, Moser EI, Moser MB. Impaired retention of
spatial memory after transection of longitudinally oriented axons of
hippocampal CA3 pyramidal cells. Proc Natl Acad Sci USA 2002;99:
3194–8.
56. Nacher J, Palop JJ, Ramirez C, Molowny A, Lopez-Garcia C. Early
histological maturation in the hippocampus of the guinea pig. Brain
Behav Evol 2000;56:38–44.
57. Altman J, Das GD. Postnatal neurogenesis in the guinea-pig. Nature
1967;214:1098–101.
58. Guidi S, Ciani E, Severi S, Contestabile A, Bartesaghi R. Postnatal
neurogenesis in the dentate gyrus of the guinea pig. Hippocampus 2005;
15:285–301.
59. Eriksson PS, Perfilieva E, Bjork-Eriksson T, et al. Neurogenesis in the
adult human hippocampus. Nat Med 1998;4:1313–7.

