1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Free Radic Biol Med. 2010 September 1; 49(5): 821-829. doi:10.1016/j.freeradbiomed.2010.06.008.

Low vitamin C and increased oxidative stress and cell death in
mice that lack the sodium-dependent vitamin C transporter
SVCT2

F. E. Harrisonl, S. M. Dawesz, M. E. Meredith3, V.R. Babaevl, L. Li2, and J. M. May1
1Department of Medicine, Vanderbilt University, Nashville, TN, 37232

2Program in Neuroscience, Vanderbilt University, Nashville, TN, 37232

SMolecular Physiology and Biophysics, Vanderbilt University, Nashville, TN, 37232

Abstract

The Sodium-dependent Vitamin C Transporter (SVCT2) is responsible for the transport of vitamin
C into cells in multiple organs, either from the blood or cerebrospinal fluid. Mice null for SVCT2
(SVCT2(—/-)) do not survive past birth but cause of death has not yet been ascertained. Following
mating of SVCT2(+/-) males and SVCT2(+/-) females, fewer SVCT2(—/-) and (+/-) were
observed than would be expected according to Mendelian ratios. Vitamin C levels in SVCT2(—/
=), (+/-) and (+/+) were genotype-dependent. SVCT2(—/-) fetuses had significantly lower
vitamin C levels than littermates in placenta, cortex, and lung but not in liver (the site of vitamin C
synthesis). Low vitamin C levels in placenta and cortex were associated with elevations in several
different markers of oxidative stress; malondialdehyde, isoketals, F,-isoprostanes, and F4-
neuroprostanes. Oxidative stress was not elevated in fetal SVCT2(—/-) lung tissue despite low
vitamin C levels. In addition to the expected severe hemorrhage in cortex, we also found
hemorrhage in the brain stem, which was accompanied by cell loss. We found evidence of
increased apoptosis in SVCT2(—/-) mice and disruption of the basement membrane in fetal brain.
Together these data show that vitamin C is critical for maintaining vitamin C levels in fetal and
placental tissues and that lack of SVCT2, and resulting low vitamin C levels, results in fetal death,
and in SVCT(—/-) that survive the gestation period, in oxidative stress and cell death.
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Introduction

Scurvy was once a devastating illness in naval voyagers and those who had little access to
fresh fruits and vegetables. Death typically occurs after several months of vitamin C (VC;
ascorbate) deprivation in man [1], although after only a month in guinea pigs [2], which like
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humans are unable to synthesize the vitamin. Pathologic changes in humans and guinea pigs
dying of scurvy show marked degeneration of almost every organ except the brain, typified
by hemorrhage and putrefaction [1]. The brain and central nervous system appear to be
spared relative to other organs, since in severely scorbutic guinea pigs the brain content of
VC is almost 25% of normal, whereas it is undetectable in most other organs [2]. Part of the
reason for this is that the brain starts out with relatively high \VC concentrations of 3-5 mM,
and perhaps even higher in certain brain areas and in neurons [3]. Generation of these high
intracellular VC concentrations is due to the presence of the Sodium-dependent Vitamin C
transporter, type 2 (SVCT2). The cDNA for this transporter was cloned in 1999, along with
that for the closely related SVCT1 [4]. The SVCT1 mediates VVC absorption in the intestine
and reabsorption in the kidney proximal tubule cells. It is also present in liver, lung, and skin
[4,5]. The SVCT2 mediates unidirectional uptake of VC in most other tissues, including
brain. In the CNS the SVCT?2 is deployed in a novel two-step uptake mechanism, first by
transporting the vitamin across the choroid plexus from the blood plasma (30-60 pM) into
the CSF (200-300 pM), and then from the CSF and brain interstitium into neurons (2-5
mM) [3]. That the SVCT?2 is required for VVC to enter the brain has been clearly
demonstrated with targeted deletion of the protein in the mouse, despite the ability of this
mammal to synthesize its own VC.

Fetuses homozygous for knockout of the SVCT2 generally survive through the completion
of gestation, but die at birth without taking a breath [6]. Other than not being expanded and
containing little or no VC, the lungs do not show histologic damage and contain normal
levels of surfactant. In contrast to the guinea pig dying of scurvy, VC is barely detectable in
the brains of the SVCT2(—/-) fetuses. Gross examination showed numerous punctate or
coalescing hemorrhages on the convex cortical surface of the brain, which on histological
examination penetrated deeply into the cortex. Despite very low VC levels in liver, adrenal,
pituitary, pancreas, and muscle, no hemorrhages were observed in these organs and the
content of 4-hydroxyproline, a marker of collagen modification, was normal in the skin of
the homozygote knockout fetuses. Mice heterozygous for lack of the SVCT2 had decreased
VC contents in these various organs, but grew normally and were fertile. Although the
immediate cause of death in the homozygous knockout fetuses was proposed as respiratory
failure [6], the contribution of VVC deficiency in the brain has not been further examined.

V/C has been noted to have several functions in brain and in the CNS. Perhaps most
frequently considered is its role as an antioxidant to guard against the damage induced by
oxidative stress. VC also has multiple non-antioxidant functions in brain [3]. It is a
necessary co-factor for dioxygenase enzymes responsible for hydroxylation of
neurotransmitters, the transcription factor HIF-1a, and for collagen. For example, SVCT2
knockout mice have been shown to have decreases in catecholamine biosynthesis, although
this was not considered the cause of death [7]. Further, VC is necessary for proper
myelination of neurons, a process considered to depend on collagen synthesis [8]. Finally,
VC levels in cerebrospinal fluid are increased in response to glutamate generated during
neurotransmission [9,10], and VC in turn has been shown to have neuromodulatory effects
on synaptic transmission [11,12]. The combined absence of these diverse functions of VC in
brain and neural tissue may account for failure of SVCT2 homozygote fetuses to survive
after birth, but more studies of these animals are needed to define the specific mechanisms.

In this work we evaluated several aspects of VC function in SVCT2 knockout fetuses in
comparison to their SVCT2(+/—) and SVCT2(+/+) littermates. The major hypothesis in this
proposal is that SVCT2(—/—) mice die from neuronal damage due to oxidant stress or
hemorrhage, and that brain damage rather than lung abnormalities are responsible for the
lack of breathing in SVCT2(—/—) newborns. The results show modest, localized oxidative
stress in the brain of SVCT2(—/-) fetuses. In addition, capillary hemorrhage was found to
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extend to the hindbrain and was associated with cell death. The cause of this hemorrhage
was deficient type 1V collagen in basement membranes in the brain. We conclude that death
in these fetuses or newborns is due to neurologic dysfunction secondary to hemorrhage,
especially during to the physical stress of birth.

SVCT2(+/-) mice

These mice were provided by Dr. Robert Nussbaum. Originally on the 129/SvEvTac
background, they were back-crossed more than 10 generations to C57BL/6 mice to place
them on this background. Animals were housed in breeding pairs in tub cages in a
temperature- and humidity-controlled vivarium. Mice were kept on a 12:12-hour light:dark
cycle with lights on at 6 AM. Mice had free access to food and water for the duration of the
experiment. Deionized water was supplemented with 0.33 g/L ascorbic acid (Sigma, USA)
with 20 pl EDTA to increase stability of VC in solution. This is the standard supplement
level that provides adult (non-pregnant) gulo(—/—) mice that cannot synthesize vitamin C
with wild-type levels of the vitamin in tissues [13,14]. All procedures were approved by the
Vanderbilt University Institutional Animal Care and Use Committee and were conducted in
accordance with the NIH Guide for the Care and Use of Laboratory Animals.

Biochemistry assays (vitamin C, MDA, Fo-isoprostanes, neuroprostanes) were conducted
from the offspring of a total of ten litters. Histology and immunohistochemistry data came
from litters from a further three dams. Although we did witness a very small number of
shriveled placentas not attached to a fetus indicating an aborted fetus, it is not possible to
genotype these tissues because they have both maternal and fetal tissue and so these were
not recorded. We did not observe any other example of premature births or miscarriages of
entire litters.

Sacrifice and tissue collection

Because SVCT2(—/-) pups are not viable and die shortly after the birth [6], we mated
SVCT2(+/-) female and male mice to generate SVCT2(—/-) fetuses. Pregnancy was
determined by the presence of a vaginal plug. SVCT2(+/—) dams were provided with 0.33 g/
L VC in drinking water with 20 pul 0.05 M EDTA. Although SVCT2(+/-) mice can
synthesize their own VC, this ensured an adequate supply throughout pregnancy. To obtain
fetal tissues, pregnant dams were taken on day 18-19 of gestation, fully anaesthetized using
inhaled isoflurane and sacrificed by decapitation. Fetuses (embryonic days (E) 18.5-19.5)
were delivered by caesarian section and placed on a Petri dish on ice to induce hypothermia.
Fetuses were then quickly decapitated. Liver, whole brain (except cerebellum and brain
stem) and lung were removed from each animal and tissues were quickly frozen and stored
at —80 °C until needed. In addition to these tissues, the placenta for each fetus was also
removed and stored at —80 °C. In a further set of animals, whole brain, including brain stem
and top of spinal chord, was removed intact and fixed in 10x formalin for 72 hours before
being rinsed and stored in 1x PBS. Brains were then embedded in paraffin and cut and
stained as described below. The tail was also removed from each pup, washed in 1x PBS
and frozen at —20 °C for 24 hours before extraction of DNA and determination of genotype
by PCR. Maternal liver, lung and cortex samples were also removed, quickly frozen and
stored at —80 °C until needed for assays. Total numbers of mice used for determination of
VC and oxidative stress in tissues were seven SVCT2(—/-) fetuses, nine SVCT2(+/-)
fetuses, eight SVCT2(+/+) fetuses, and six SVCT2(+/—) dams. A further six SVCT2(—/-)
fetuses, five SVCT2(+/-) fetuses, five SVCT2(+/+) fetuses, and tissue from five SVCT2(+/
—) dams were used for lung F,-isoprostane measurements.
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VC determination

ASC was measured by HPLC as described [15,16]. Data are determined per gram tissue
(wet weight).

Malondialdehyde (MDA) determination

MDA, a product of lipid peroxidation was measured to detect any differences in oxidative
stress among the genotypes. MDA was measured as previously described [17]. Data are
determined per gram tissue (wet weight).

Fo-isoprostanes, F4-Neuroprostanes

Histology

F4-Neuroprostanes and Fo-isoprostane levels were measured as described [18]. Data are
determined per gram tissue (wet weight).

Formalin-fixed tissue was paraffin embedded and cut in 5 micron sections on a horizontal
plane. Consecutive sections were stained with hematoxylin and eosin (H&E) and thionin.
For thionin staining slides were deparaffinized with 2-min. washes in xylene, and ethanol
(100%, 100% and 95%, respectively). They were then immersed for 10 min. in distilled
water, for 2 min. in thionin, given three washes in distilled water, and finally treated
sequentially for 1 min. with 95 % ethanol, 100 % ethanol and xylene. Slides were then
coverslipped and allowed to dry.

Immunohistochemistry

Isoketals

TUNEL stain

A separate group of fetal brains were used for immunchistochemistry studies.

For isoketal staining, brain tissues were fixed in freshly prepared 4% paraformaldehyde-PBS
(PFA-PBS) overnight at 4 °C then embedded in paraffin before sectioning. Five-micron
sections through the cortex were cut using a cryostat. Sections were treated with 0.3% H,0,
in methanol for 15 min. and then with a Protein block solution (Dako) for 10 min. Sections
were incubated with a single chain antibody (D11 ScFv) to isoketals [19] in a humidified
chamber for 60 min. at 37 °C. Sections were then incubated with AntiE-tag labeled with
horseradish peroxidase (Pharmacia, cat. #27941301) to detect E-tagged ScFv bound to
antigens. The enzyme was detected by 3,3'-diaminobenzidine (DAB) using a DAB enhanced
liquid substrate system (Sigma). Sections were then counterstained with Mayer’s
hematoxylin (Sigma).

To examine apoptosis in cortex of fetuses, fetal brain tissue was embedded in O.C.T., then
5-micron cryosections were fixed in 4% PFA-PBS for 20 min at room temperature before
being washed in PBS. Fixed brain sections were then treated with 3% citric acid and
apoptotic cells were detected by the TUNEL (TdT-mediated dUTP nick end labeling)
technique using an in situ cell death detection kit (Roche Applied Science) with the reporter
enzyme alkaline phosphatase. Sections were then treated with Fast Red TR/Naphthol AS-
NX substrate (Sigma) to detect TUNEL-positive (TUNEL+) cells.

Detection of type IV collagen and laminin in basement membrane in brain

Sections containing the basement membrane were incubated with goat anti-type 1V collagen
antibodies (SouthernBiotech Associates, Birmingham, AL) and then with rabbit antibodies
to human laminin (Abcam Inc. Cambridge, MA). Sections were treated with donkey
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antibodies to goat and rabbit IgG labeled respectively with Alexa 488 and Alexa 594 (both
from Invitrogen Inc, Eugene, OR). Photomicroscopy was performed on an Olympus
microscope (BX40) using Olympus camera (DP70).

Data were analyzed using SPSS 16.0 for Windows. A univariate ANOVA was conducted for
each dependent variable with fetus genotype as the between-groups variable. In cases where
samples were also taken from maternal tissue (lung, liver, cortex), the SVCT2(+/—) dams
comprised a fourth group. Following significant omnibus ANOVA, follow-up comparisons
were conducted using a Bonferroni post hoc test. Genotype distribution within the litters was
calculated using a 2 test against the expected genotype distribution of 1:2:1.

Genotype distribution among the litters

Using data from 9 litters the genotype ratios were 12(—/—): 34(+/-): 31(+/+). A 2 test
against the expected 1:2:1 ratio distribution was significant [2=10.428, p<0.01 d.f. = 2].
Given 31 SVCT2(+/+) mice, if Mendelian ratios were followed then we would expect 31
SVCT2(—/-) and 62 SVCT2(+/—) mice. Separate Chi square tests revealed that both of these
genotypes were underrepresented in the sample [y2>11.64, p<0.001].

VC tissue contents

Placenta—A gene dosage effect was seen in VC levels such that for each additional copy
of the SVCT2 a fetus carried VC was increased [F, 1g = 20.465, p<0.001; Fig. 1a].
SVCT2(—/-) VC levels were lower than both SVCT2(+/-) and SVCT2(+/+) (p<0.05) and
SVCT2(+/-) were also lower than SVCT2(+/+) (p<0.01). VC levels were only slightly
lower than 1 pmol/g even in SVCT2(—/—) mice due to the combination of fetal and maternal
(SVCT2(+/-)) tissue that comprises the placenta.

Cortex—Clear differences in VC levels were evident among the groups [F3 2,=38.59,
p<0.001; Fig. 1b]. SVCT2(—/-) mice had barely detectable levels of VVC that were
significantly lower than dams and both other fetal genotypes (p<0.001). SVCT2(+/-) fetuses
also had significantly lower levels than their SVCT2(+/+) littermates (p<0.01) but did not
differ from SVCT2(+/-) dams. SVCT2(+/+) fetuses had greater VVC levels than dams
(p<0.001).

Liver—A significant group difference in VVC levels arose because SVCT2(+/—) dams had
higher VC levels than the fetuses [F3 24=23.921, p<0.001; Fig. 1c]. VC was higher in the
dam than in all three fetus groups (p<0.001). VC levels were similar among the fetuses, with
normal levels observed even in SVCT2(—/-) mice.

Lung—As expected, lung tissue in fetal SVCT2(—/—) was completely devoid of ascorbate.
Group differences were evident [F3 5=162.907, p<0.001; Fig. 2d]. SVCT2(—/-) fetus VC
lung levels were significantly lower than all other groups (p<0.001). SVCT2(+/-) and (+/+)
fetuses had higher VC levels than dams, with a gene-dose-dependent effect between
SVCT2(+/-) and SVCT2(+/+). Each group was significantly different from each other
group (p<0.001).

Malondialdehyde

Placenta—In the placenta, MDA levels followed an inverse pattern to that seen with VC
[F2, 21=9.624, p<0.001, Fig. 2a]. MDA levels were highest in tissue from SVCT2(—/-)
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fetuses and were significantly greater than in SVCT2(+/—) or SVCT2(+/+) (p<0.05).
SVCT2(+/-) and SVCT2(+/+) placental VC levels did not differ.

Cortex—MDA varied among groups in the cortex [F3, 26=6.362, p=0.002; Fig. 2b].
SVCT2(+/-) dams had lower MDA levels than SVCT2(+/-) and SVCT2(+/+) fetuses
(p<0.05). Despite varying VC levels, MDA levels did not differ among fetal genotypes.

Liver—Marginally lower MDA levels were also seen in dams than fetuses in the liver but
this difference was not significant [F3 6=2.923, p=0.053; Fig. 2c].

Lung—A similar pattern to the liver MDA was also observed in lung. There were no
significant differences among the groups [F3 25=1.66, p=0.20; Fig. 2d].

Fo-isoprostanes

Fo-isoprostanes were measured in placenta, liver, and lung. In placenta Fo-isoprostanes were
elevated in SVCT2(—/-) fetuses [Fy 1o = 21.441, p<0.001, Fig. 3a] compared to both
SVCT2(+/-) and SVCT2(+/+) littermates (p<0.001). In the liver, there were no group
differences in F,-isoprostane levels (Fig. 3b). In the lung F,-isoprostane levels in SVCT2(—/
—) fetuses were 150% of those in SVCT2(+/+) littermates, and SVCT2(+/—) fetuses had an
intermediate value, however, this trend was not significant (p>0.05; Fig. 3c). When fetal
lung F,-isoprostanes were analyzed with maternal lung, there was a significant effect of
group [F3 21 = 12.05, p>0.001), because F,-isoprostanes were higher in lung tissue from the
oxygen-exposed dam than in any of her offspring. F,-isoprostane levels were also measured
in the cortex in 2 to 5 mice per group. There were significant differences among the groups
[F3, 13 =20.689, p<0.001; Fig. 3d]. Fo-isoprostanes were higher in cortex of SVCT2(—/-)
mice than in littermates and in SVCT2(+/-) dam (p<0.001). SVCT2(+/-) and SVCT2(+/+)
littermates and SVCT2(+/—) dams did not differ.

F4-Neuroprostanes

Histology

F4-Neuroprostanes were analyzed in 5 to 9 mice per group. There was a significant group
effect on neuroprostanes [F3 24 = 9.906, p<0.001; Fig. 3e]. SVCT2(+/+) neuroprostane
levels were significantly lower than SVCT2(—/-) littermates (p<0.05) and than SVCT2(+/-)
dams (p<0.001) but did not differ significantly from SVCT2(+/-) littermates (p=0.057).
Neuroprostanes in the dam were also greater than in SVCT2(+/-) fetuses (p<0.05).

In Sotirou, et al [6], hemorrhage was reported in the cortex. In accordance with this earlier
report, cortical hemorrhages in SVCT2(—/—) mice were immediately discernable upon
examination of whole brain as it was removed. Hemorrhages were also observed on the
underside of the SVCT2(—/-) brains in the brain stem area (Fig. 4). The cerebellum, on the
other hand, was free from hemorrhage. H&E and thionine stains of consecutive brain
sections revealed the extent of hemorrhage in SVCT2(—/-) mice. Large areas of hemorrhage
(Fig. 5b, e, h) in cortex and brain stem of SVCT2(—/—) mice were empty of neuronal cells
(Fig. 5¢, f, ).

The finding of elevated oxidative stress in SVCT2(—/—) mice was confirmed by
immunostaining for isoketals with the single chain variable antibody D11. Greater isoketal
staining was observed in the brains of SVCT2(—/-) fetuses compared to wild-type
littermates (Fig. 6a). Staining of additional sections with TUNEL stain showed there was
also increased accumulation of apoptotic cells in SVCT2(—/—) mice compared to wild-types
(Fig. 6b). Both stains were observed throughout the cortical tissue in discrete areas, and
were often congruent.
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To evaluate the impact of low brain VVC levels on collagen synthesis in the brains of
SVCT2(—/-) fetuses, immunostains of the basement membrane for type 1V collagen and
laminin were compared. As can be seen in Fig. 6c, type IV collagen staining in the basement
membrane was decreased in SVCT2(—/-) fetuses compared to SVCT2(+/+) fetuses. On the
other hand, staining of laminin was similar in the membranes of the two genotypes. This is
best demonstrated in the merged images, which show incomplete staining of the membrane
for type IV collagen compared to laminin in the SVCT2(—/-) fetuses. Staining of the
parietal endodermal cells was not decreased in SVCT2(—/-) fetuses, suggesting that type 1V
collagen was being synthesized, but not exported.

Discussion

Contrary to previous report [6], we found fewer than expected SVCT2(—/-) and SVCT2(+/
—) mice in litters delivered by caesarian section, indicating that a smaller proportion of these
fetuses survive until birth. This result suggests that lack of SVCT2, and therefore lack of VC
in several major organs, contributes to fetal death. In both the present and the earlier study
[6] SVCT2(+/-) dams were supplemented with VVC in the drinking water, however the
amounts given were varied. In the present study mice received 0.33 g/L, whereas Sotirou et
al. provided 2.5 g/L. It is possible that the additional VC availability to the dam increased
survival of the SVCT2(—/-) fetuses in utero. The mechanism by which this would have
occurred is unclear, however, because neither placental tissue, nor SVCT2-dependent tissue
in the fetus (including brain, lung and liver) would have been able to benefit from this
additional VC.

In placenta, cortex and lung, SVCT2 genotype predictably determined VC levels. SVCT2 is
present in placenta [20,21] and is the likely source of VVC transport. There was
approximately 50% decrease of VC in placenta from SVCT2(—/—) mice, where half of the
placental tissue derives from the SVCT2(+/—) dam. Some VC may also have been due to
transport by SVCT1 which has also been detected in placenta, although it is not necessary
for VC transport [22]. Following this reasoning, it is likely that the placenta from an
SVCT2(+/+) fetus derived from an SVCT2(+/+) dam would have even higher VC than
levels reported here, since this normal situation will have maximal VC uptake into both
fetal- and maternal-derived cells. An inverse relationship exists between VC content and the
levels of both MDA and F,-isoprostanes in the placenta. Both measures of oxidative stress
were increased in SVCT2(—/-) placenta notwithstanding the modest decrease in overall
placental VVC levels supporting the contention that VC is a vital antioxidant for the fetal side
of the placenta and that its entry into the fetal side is controlled by the SVCT2. Loss of only
one allele of the SVCT2, resulted in approximately a 25 % decrease in VC and did not
increase lipid peroxidation. Nonetheless, if combined with other oxidative stressors such as
smoking, the resulting increased oxidative stress in the placenta may put the fetus at risk as
it may lead to calcification of villae and inadequate nutrient transfer [23]. The direct
relationship between SVCT2 genotype and placental VVC content demonstrated in this study
strongly suggests that in vivo placental VVC uptake requires the SVCT2 and thus does not
involve dehydroascorbate as has previously been suggested [24,25].

VC levels in the lung were almost undetectable in SVCT2(—/-) fetuses and there were clear
differences between each group. Thus, the role of SVCT1 in VC uptake in lung must be
minimal despite its reported presence in lung tissues [4,5]. Nevertheless, fetal lung tissue
was not under additional oxidative stress, with normal MDA and F,-isoprostane levels.
Although MDA levels were the same in fetal lungs compared to lungs from oxygen-exposed
dams, Fo-isoprostanes in the lungs of dams were between 2.5x and 4x that seen in fetuses.
The lack of a clear oxidant injury in SVCT2(—/-) fetal lung tissue supports the contention
that lung damage is not the cause of respiratory failure and thus death in these mice.

Free Radic Biol Med. Author manuscript; available in PMC 2011 September 1.
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Nevertheless, there are further areas to be investigated in determining the cause of death of
these mice. Airway Surface liquid (ASL) is a critical layer protecting epithelial cells in the
respiratory tract, where SVCT?2 is expressed, from the external environment. VC is normally
present in the ASL, although lower levels are found in diseases with adverse respiratory
symptoms. VC has recently been shown to regulate cystic fibrosis trans-membrane
conductance regulator (CFTR) chloride channels that determine fluid secretion [26]. Thus in
the SVCT2(—/-) fetuses, it is possible that failure of these channels to open leads to ASL
without sufficient water, and that “sticky’ lungs are therefore unable to open at birth.

VC levels were doubled in the liver of SVCT2(+/—) dams (~1.8 umol/g) relative to the
levels typically observed in non-pregnant SVCT2(+/—) and SVCT2(+/+) mice (~0.8-1
umol/g, unpublished results). A likely reason for this difference is that VC synthesis was
increased in the SVCT2(+/—) dams in order to supply the growing fetuses. A similar
increase in plasma VC was also observed during pregnancy in non-supplemented SVCT1(—/
—) mice, with a slightly greater increase when these dams were supplemented with 0.33 g/L
VC in drinking water [22]. Thus in the present study the high liver VC level in dams may be
attributable to both increased synthesis and the VC supplementation, and this phenomena
should be investigated further. In humans, where synthesis is not possible, VC intake must
be greatly increased to supply these additional requirements. Mice synthesize VC in liver
starting on about E16 [27] and this would also apply to SVCT2(—/-) fetuses. It was
therefore not surprising that VC levels were similar in the fetal liver in all genotypes. The
presence of SVCT1 in liver [4] may also have helped prevent VVC depletion in SVCT2(—/-)
mice. These data differ from the findings of Sotirou, et al. [6] who reported significantly
decreased VC in fetal liver tissues in mice of approximately the same age (E18.5). The
higher values in the SVCT2(+/+) and (+/-) fetuses in [6] may reflect a combination of VC-
synthesis and also uptake via SVCT2 of some of the additional VVC available from the high-
supplemented dam. Sotirou, et al. [6] found that serum VC in fetuses was genotype—
dependent, despite the fact that synthesis was presumably equivalent in all offspring. It is
possible that placing the SVCT2(—/—) mice on the C57BL/6 background modified liver VC
levels, but otherwise we have no explanation for the differences between the two studies.
Normal VC levels in fetal livers in the present study fits with our finding that levels of
oxidative stress did not vary among the genotypes. In addition to a genotype-dependent
effect on VC levels in brain, spleen and muscle in adult, non-supplemented SVCT2(+/-)
versus (+/+) mice, Kuo et al. [28] also observed gender differences. Female mice had greater
VC levels in SVCT1-dependent tissues (kidney, liver) and plasma, and excreted less VC in
urine. Gulonolactone oxidase activity did not differ among the groups indicating no gender
or genotype effect on VC-synthesis. In the present study we did not record the gender of the
fetuses but otherwise the fetal data agree with Kuo et al.’s results in adult mice: liver VC did
not vary between SVCT2(+/-) and (+/+) genotypes but we did observe genotype differences
in cortex, lung and placenta. Thus it seems that the effects of SVCT2 transporter level are
maintained in SVCT2(+/-) animals from the late fetal stage throughout adulthood.

VC levels in the cortex were close to zero in SVCT2(—/-) fetuses, confirming previous
findings [6]. Such low levels demonstrate that transfer of dehydroascorbate via GLUT
transporters across the blood brain barrier is inadequate to supply VVC to brain cells. The
highest cortical VVC levels were observed in SVCT2(+/+) fetuses. Higher VC levels during
development and in the first few postnatal days have previously been reported [29,30].
Differences between the SVCT2(+/+) fetus and the SVCT2(+/—) dam could be attributable
solely to the extra copy of the SVCT2 carried by the fetus, or it could reflect the normal
elevation in the fetus that could not be matched by the SVCT2(+/-) littermates. Previous
data from our laboratory suggest there is little difference between adult SVCT2(+/+) and
SVCT2(+/-) mice, but the difference seen here may be attributable to both reasons. MDA
was greater in the cortex of the fetuses compared to dams, although there were no
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differences among the genotypes. In contrast, both Fo-isoprostanes and F4-neuroprostanes,
which are more specific markers of lipid peroxidation [31], were significantly greater in
SVCT2(—/-) fetuses than in SVCT2(+/+) littermates. However, the elevations observed
were modest and isoketal staining showed that they were restricted to certain regions not
obviously associated with hemorrhage. This would also account for the finding of spotty
distribution of apoptosis, as measured by Tunel staining. Although these areas of lipid
peroxidation and cortical cell death may not be large enough to generate a dramatic lipid
peroxidation signal or cause death in the mouse, they nonetheless show that VVC provides
vital protection against lipid peroxidation in the developing fetal brain. In this experiment
TUNEL and isoketal staining were not performed on serial sections throughout the brain but
were identified in a number of different sections of cortical tissue. In future, a more
thorough examination should explore localization, and co-localization of these phenomena,
along with hemorrhage, and other markers of damage such as inflammatory response. Such
a study may help to elucidate how the different factors interrelate.

In the present study we report brain VVC levels of 2.9 — 4.0 umol/g in SVCT2(+/-) and (+/+)
mice. These are comparable to fetal rat brain levels of 637-712 mg/g (approximately 3.6—-4
umol/g) at a similar gestational age [29] and also to adult SVCT2(+/-) and (+/+) brain
levels 2.6 — 4.2 nmol/mg (umol/g) [28], and other studies that use adult wild-type mice (2—-
3.8 umol/g) [13,32]. In the liver, we report SVCT2(+/-) and (+/+) levels of approximately
0.9 umol/g and up to 2.0 umol/g in the dam which are within the range of other reports in
adult SVCT2(+/-) and (+/+) mice [28]. Wild-type mouse liver is typically found to be
between 0.8 and 1.0 umol/g [13,32]. Overall our data are within normal range compared to
other data, although fetal brain was a little lower than might be expected given that fetal
brain tissues are typically much higher in VVC than adult brain. Unfortunately, due to
idiosyncratic measurement reporting in [6], we are unable to directly compare our data to the
other report of fetal SVCT2 mice. Some differences may be accounted for by use of
alternative methods of measurement but more importantly, all fetuses, even SVCT2(+/+)
had lower SVCT2, and therefore transfer of VC, across the placenta due to SVCT2(+/-)
genotype of dam.

The cause of cortical and brainstem hemorrhage in the SVCT(—/-) fetuses is most likely due
to failure to supply enough VC for synthesis of vascular type IV collagen for the basement
membranes of brain microvessels. In support of this notion, our results show markedly
decreased type 1V collagen in fetal basement membrane in comparison to laminin. On the
other hand, parietal endodermal cells responsible for synthesis of the type 1V collagen in the
basement membrane stain strongly for type IV collagen in SVCT2(—/-) fetuses, reflecting
the expected cellular retention of under-hydroxylated type 1V procollagen as well as a defect
in collagen secretion. That defective type IV collagen deposition causes capillary
hemorrhage in SVCT2(—/-) fetuses is also supported by a similar punctate pattern of
hemorrhage and decrease in basement membrane type IV collagen seen in mice carrying a
mutation of type IVal collagen, which is a cause of cortical damage and reabsorption in the
human syndrome of porencephaly [33]. Why hemorrhage is restricted to the brain and is not
observed in other organs is unclear, but is likely due to a severe deficiency of VC in brain
vascular endothelial cells relative to endothelial cells in other organs. This in turn is due to
the fact that brain capillary endothelial cells from normal mice do not express the SVCT2
[34,35], while it is prominently expressed in endothelial cells from other organs [36,37]. The
supply of VC for type IV collagen synthesis in brain vascular endothelial cells might thus be
limited, so that a deficiency of the SVCT2 in supporting pericytes and in the sub-endothelial
region causes frank deficiency in the endothelial cells leading to decreased hydroxylation
and extrusion of type IV collagen.
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Regarding the cause of death in the SVCT2 fetuses, we conclude that it is likely due to loss
of neurons and supporting cells in crucial brain areas due to hemorrhage and oxidative
stress. Sotiriou, et al. [6] noted hemorrhage in the cortex of SVCT2(—/—) mice, and we
found it also in the brainstem region. Damage to the brain stem, which is responsible for
regulation of many autonomic functions, including respiration, is a very likely candidate for
cause of death in these mice. In support of this notion, we previously showed that sequential
depletion of both vitamins E and C in guinea pigs caused an ascending paralysis and death
[38]. The cause of the neurologic deficits proved to be neuronal degeneration and fiber loss
in the pons and upper spinal cord [39]. Another factor to consider regarding the death of
SVCT(—/-) fetuses is that it occurred largely, although not entirely, at parturition. The
trauma of birth would be expected to increase hemorrhage from fragile brain capillaries [33]
and acutely impair the respiratory drive and other brain functions.

There may be clinical relevance in these data that support the need for VC during gestation.
It is typically assumed that most western diets are nutritionally replete. However, sub-
clinical VC deficiency has been identified in a number of populations including pregnant
and lactating women [40-42]. Extrapolation from the data presented here suggests that
fetuses of women who do not ingest sufficient vitamin C during pregnancy could be at risk
for elevated oxidative stress in the brain as well as in placenta. It is not yet known whether
or how this may impact fetal development. We have previously reported deficits in
sensorimotor deficits in gulo(—/—) mice that are unable to synthesize their own VVC [13]. We
hypothesize that damage to the brain occurs during pregnancy or lactation and that both
decreased supply from gulo(—/—) dams and inability to synthesize VVC in the gulo(—/-)
fetuses were the cause.

In conclusion, the present results show that VC and the SVCT?2 are crucial to prevent
capillary hemorrhage and death in mice. The role of VC during pregnancy is not limited to
maintaining strong membranes in the uterus and preventing preterm delivery. Extrapolations
from these data to humans indicated the vital importance of ensuring that pregnant women
are adequately supplemented with VVC to prevent developmental abnormalities, including
death of the fetus, which may be brought about by low VVC and elevated oxidative stress.
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Figure 1. VC levels in fetal and maternal tissues

VC levels were measured in tissue samples from E19.5-20.5 fetuses and dams in (a)
placenta, (b) cortex, (c) liver, and (d) lung. Data are expressed as mean + S.E.M. *p<0.05,

**p<0.01, ***p<0.001 different from all other groups.
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Figure 2. Malondialdehyde in fetal and maternal tissues

Malondialdehyde (MDA) was measured in tissue samples from E19.5-20.5 fetuses and
dams in (a) placenta, (b) cortex, (c) liver, and (d) lung. Data are expressed as mean + S.E.M.
*p<0.05 different from all other groups. #p<0.05, ##p<0.001 different from SVCT2(+/-)
dam.
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Figure 3. Fo-isoprostanes and F4-neuroprostanes in fetal and maternal tissues
Fo-isoprostanes were measured in tissue samples from E19.5-20.5 fetuses and dams in (a)
placenta, (b) liver, (c) lung, and (d) cortex. (e) F4-neuroprostanes were measured in cortex
only. Data are expressed as mean + S.E.M. ***p<0.001 different from all other

groups. #p<0.05, ##p<0.001 different from SVCT2(+/-) dam. *p<0.05 different from
SVCT2(+/+).
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Figure 4. Hemorrhage in fetal brains

Photographs of brains from SVCT2(—/-) (left-hand example of each pair) and SVCT2(+/+)
fetuses from above (superior) and below (inferior), showing severe hemorrhage in cortex
(A) and brain stem (B), and lack of hemorrhage in the cerebellum (C) in SVCT2(-/-) mice.
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Figure 5. Histology of hemorrhage and cell loss in SVCT2(—/-) and SVCT2(+/+) fetal brains
Paraffin-embedded E18.5-19.5 brains were sliced at 5 microns on a horizontal plane and
mounted on slides. Consecutive slides were stained with H&E (a, b, d, e, g, h) and thionine
(c, f, i). Magnification at 4X showed no hemorrhage in SVCT2(+/+) cortex (a) and extensive
hemorrhage in SVCT(—/-) cortex (b), with accompanying cell loss in SVCT(—/-) cortex
(c). Cortex at 10x magnification shows the severity of hemorrhage SVCT2(—/—) mice (e-f)
compared to lack of hemorrhage in SVCT2(+/+) littermates (d). Brain stem at 4x
magnification shows that hemorrhage is also found in brain stem of SVCT2(—/=) mice (h-i)
but not in the same region of SVCT2(+/+) mice (g).
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Figure 6. Isoketal staining, apoptosis and type IV collagen in late-stage SVCT2(—/-) and
SVCT2(+/+) fetuses
(A) Isoketal immunostaining was conducted with D11 ScFv antibody in mouse cortex and

counterstained with hematoxylin and eosin. Greater isoketal staining was observed in
SVCT2(—/-) embryos (center panel), compared to SVCT2(+/+) fetuses (left panel). The
right panel shows no primary antibody (20x magnification). (B) Localized accumulations of
TUNEL-positive cells were observed in cortex of SVCT2(—/-) fetuses compared to age-
matched wild-type fetuses (20x magnification). (C) Double-immunofluorescent detection of
collagen 1V (green) and laminin (red) was conducted in brain of SVCT2(+/+) and
SVCT2(—/-) fetuses. Note collagen 1V is co-localized with laminin in the basement

Free Radic Biol Med. Author manuscript; available in PMC 2011 September 1.



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

1duasnuey Joyiny vd-HIN

Harrison et al.

Page 19

membranes of wild type (left panel) but not SVCT2(—/—) vascular vessels (right panel) (20x
magnification).

Free Radic Biol Med. Author manuscript; available in PMC 2011 September 1.



