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Abstract Ascorbic acid (AA), the reduced form of vitamin
C, acts as a neuroprotector by eliminating free radicals in
the brain. Sodium/vitamin C co-transporter isoform 2
(SVCT2) mediates uptake of AA by neurons. It has been
reported that SVCT2 mRNA is induced in astrocytes under
ischemic damage, suggesting that its expression is en-
hanced in pathological conditions. However, it remains to
be established if SVCT expression is altered in the pres-
ence of reactive astrogliosis generated by different brain
pathologies. In the present work, we demonstrate that
SVCT2 expression is increased in astrocytes present at
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sites of neuroinflammation induced by intracerebroventric-
ular injection of a GFP-adenovirus or the microbial en-
zyme, neuraminidase. A similar result was observed at 5
and 10 days after damage in a model of traumatic injury
and in the hippocampus and cerebral cortex in the in vivo
kindling model of epilepsy. Furthermore, we defined that
cortical astrocytes maintained in culture for long periods
acquire markers of reactive gliosis and express SVCT2, in
a similar way as previously observed in situ. Finally, by
means of second harmonic generation and 2-photon fluo-
rescence imaging, we analyzed brain necropsied material
from patients with Alzheimer’s disease (AD), which pre-
sented with an accumulation of amyloid plaques.
Strikingly, although AD is characterized by focalized
astrogliosis surrounding amyloid plaques, SVCT2 expres-
sion at the astroglial level was not detected. We conclude
that SVCT2 is heterogeneously induced in reactive
astrogliosis generated in different pathologies affecting
the central nervous system (CNS).

Keywords SVCT2 - Vitamin C - Astrocytes - Reactive
astrogliosis - Adenovirus transduction - Neuraminidase -
Cortical injury - Epileptic disorder - Kindled brain -
Alzheimer’s disease

Introduction

Vitamin C is known for its role as an intracellular antioxidant,
inhibiting lipid peroxidation through alpha-tocopherol
recycling and scavenging free radicals that are produced in
cells with high oxidative metabolism [1, 2]. In humans, vita-
min C is obtained from the diet and is mostly available in its
reduced form (95%) known as ascorbic acid (AA). Vitamin C
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oxidation also yields low levels (5%) of dehydroascorbic acid
(DHA) [3]. Cells can capture both chemical forms through
specific and non-overlapping transport systems [4].

In the brain, AA is taken up by the sodium/vitamin C co-
transporter 2 (SVCT2), and several studies support the expres-
sion of SVCT2 in cortical, hippocampal and hypothalamic
neurons in adults [5-10]. During development, SVCT2 has
been detected in the ventricular and subventricular areas of
embryonic rat brains [11, 12]. Postnatally, SVCT2 expression
is induced in the cerebral and cerebellar cortex during the first
2 weeks, and its function is regulated by co-expression of a
short isoform (SVCT?2 short) [9, 13, 14]. SVCT2 has also been
detected in microglia [7, 15], hypothalamic tanycytes [6], cells
from the choroid plexus [2, 5, 7, 16, 17], and Schwann cells
[18]. In adult brains, SVCT?2 protein is not expressed in astro-
cytes, but its mRNA is detected in astrocytes at the marginal
zone from the entorhinal cortex [19]. In contrast, SVCT2
mRNA is induced in astrocytes at different areas of the brain
parenchyma under pathophysiological conditions, such as is-
chemia induced by occlusion of the middle cerebral artery
[20]. To date, it remains to be established if different patho-
logical conditions affecting the brain can induce SVCT2 ex-
pression in astrocytes.

Reactive astrocytes are generated following brain injury,
neuroinflammation, stroke, aging, or neurodegenerative dis-
eases. In these pathologies, production of reactive oxygen
species is increased at different levels, which, in turn, might
stimulate increased oxidized vitamin C (DHA) uptake by as-
trocytes in order to prevent DHA from reaching inappropriate
concentrations that could impact neuronal metabolism [21]
and potentially promote cell death [10].

In the present work, we report the expression and localiza-
tion of SVCT?2 in the presence of different brain pathologies.
Similar results are observed in cultured astrocytes. Finally, we
demonstrate that SVCT2 expression shows a different pattern
in reactive astrocytes in brains from subjects with Alzheimer’s
disease (AD).

Materials and Methods

Animals The animals were housed in conditions of controlled
light (12-h light/dark cycle) and temperature (20-24 °C) and
received a standard diet and water ad libitum. The experiments
were performed in accordance with a protocol approved by
the Committee for Animal Experimentation of the University
of Concepcion.

Disruption of the Ventricular Wall Using Neuraminidase
Neuraminidase was injected in the right lateral ventricle of
Sprague-Dawley rats (200-250 g) using a pump, via a stereo-
taxically positioned cannula (0.5 mm posterior from the breg-
ma, 1.5 mm lateral from the sagittal suture, and 3.5 mm
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ventral from the dura). A single dose of 10 pug of neuramini-
dase from Clostridium perfringens (catalogue number
107590, 1995; Boehringer Mannheim, Biochemica,
Germany) dissolved in 20 uL of distilled water was adminis-
tered to 12 rats at a rate of 2 uL./min for 10 min. The rats were
sacrificed at 3 days after the administration of neuraminidase.
Control rats were injected with 20 pL of distilled water.
Untreated rats were also used. The animals were transcardially
perfused with 0.9% NacCl followed by Bouin’s fixative. The
brains were dissected out and immersed in the same fixative
for 2 days. Later they were dehydrated, embedded in paraffin,
and cut in either transversal or sagittal sections of 10-um
thickness.

Induction of Brain Stab Wounds Adult male rats (200—
250 g) were deeply anesthetized with an intraperitoneal injec-
tion of a mixture of ketamine (50 mg/kg) and xylazine (10 mg/
kg). After the rats were positioned in a stereotaxic apparatus
(David Kopf, Tujunga, CA), a mid-sagittal incision was made
in the scalp to expose the skull, and a 4-mm long para-sagittal
fragment of the skull was removed with a dental drill. A uni-
lateral stab wound of the forebrain was made by inserting a
microdissecting knife through the opening, 1 mm rostral to the
bregma, to a depth of 4 mm from the dura and slowly moving
the knife 4 mm caudally, transecting the underlying white
matter. The skull was sealed with bone wax, and the skin
closed with wound clips. All animals recovered uneventfully
from this procedure and were evaluated at 5 and 10 days after
surgical intervention.

Intraventricular Injection of Adenoviral Particles Deeply
anesthetized rats were placed on a stereotaxic frame, and the
skin over the cranium was removed to expose the junction of
the sagittal and coronal sutures. A small borehole (1 mm in
diameter) through the skull of the right hemisphere was used
to grind away the bone and expose the dural membrane at the
following coordinates: 3.14 mm caudal and 4.2 mm lateral to
the bregma. Adenoviral particles (20 uL; 2 x 10° IFU/mL)
carrying the green fluorescent protein (pDC311U6-GFP) were
slowly injected manually over a period of 2 min, using a
frame-fixed 50-puL Hamilton syringe at a depth of 4.2 mm
from the dura into the lateral ventricle.

Kindling Protocol Epileptogenesis was induced through a
modified kindling protocol, as we described previously
(Morales et al., 2014). Briefly, adult male Sprague-Dawley
rats were anesthetized, and a stimulation electrode was im-
planted by stereotaxic surgery into the right basolateral
amygdale complex (BLA) for electric stimulation. Two elec-
trodes for cortical recording were implanted bilaterally into
the primary motor cortex. After surgery, the rats had at least
1 week of recovery period before the kindling procedure was
initiated. The kindling protocol consists of ten current pulses
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at subthreshold after-discharge intensity daily over a period of
3 days. Progression of epileptogenesis was assessed by EEG
recordings of after-discharges, and convulsive behaviors eval-
uated according to the Racine scale (Racine 1972). Rats were
considered as fully kindled when at least three consecutive
generalized epileptic seizures were reached and long-term re-
petitive after-discharges occurred. Under these conditions, the
cortical and mesolimbic structures of fully kindled rats were
considered epileptic tissue, including hippocampal formation
[22-25].

Astrocyte Primary Cultures The cells were obtained from
cerebral cortex samples of 1-day-old postnatal rats. The dis-
section was carried out with the samples immersed in dissec-
tion buffer containing 10 mM HEPES (pH 7.4, 320 mOsm/L).
Tissues were incubated with 0.25% trypsin-0.2% EDTA (w/v)
for 15 min at 37 °C, and then triturated to homogeneity with a
fire-polished Pasteur pipette. Cells were seeded at 5 x 10°
cells/em? in culture dishes and cultured in D-MEM high glu-
cose supplemented with 10% fetal bovine serum, 2 mM L-
glutamine, 100 U/mL penicillin, and 100 mg/mL streptomy-
cin. The cell cultures were incubated in 5% CO, in a humid-
ified environment at 37 °C. The cultures reached confluence
within 2 weeks when each 60-mm dish contained approxi-
mately 3 x 10° cells. All cells were used for experiments after
30 days in vitro (DIV).

Immunofluorescence and Spectral Confocal Microscopy
Cells were grown on coverslips and fixed with 4% (w/v) para-
formaldehyde for 30 min. Additionally, rat brain samples were
dissected and fixed directly by immersion or fixed in situ by
vascular perfusion with 4% (w/v) paraformaldehyde for 12 h.
Samples of post-mortem human brain tissue from healthy
controls (Caucasian males 92 and 73 years) and AD patients
(Caucasian males, 77 and 88 years and Caucasian females, 72
and 86 years) were obtained from the Harvard Brain Tissue
Bank, and fixed directly by immersion in 4% (w/v) parafor-
maldehyde. The use of unidentified brain tissue samples was
exempted under the regulations of the Office for the Protection
of Research Subjects (UIC). Thick transverse sections
(40 pum) were cut with a cryostat or a vibratome, and proc-
essed for free-floating immunostaining. For immunohisto-
chemical co-localization analyses, we used the following an-
tibodies and dilutions: goat anti-SVCT2 (G19 for rat SVCT2
or A16 for human SVCT2, 1:50, Santa Cruz Biotechnology,
Santa Cruz, CA), rabbit anti-GFAP (glial fibrillary acidic pro-
tein; 1:50 (tissue) or 1:400 (cells), Dako, Campintene, CA),
and mouse anti-vimentin (1:100; Boehringer Mannheim,
Mannheim, Germany). The antibodies were diluted in Tris/
HCI buffer (pH 7.8) containing 8.4 mM sodium phosphate,
3.5 mM potassium phosphate, 120 mM NaCl, and 1% BSA.
Sections were incubated with the antibodies overnight at
20 °C in a humidified chamber. After extensive washing, the

brain sections were incubated for 2 h at 20 °C with Cy2-, Cy3-
or Cy5-labeled secondary antibodies (1:200; Jackson Immuno
Research, West Grove, PA). Nuclei were counterstained with
Topro-3 or Hoechst 33342 (Invitrogen, Rockville, MD). The
slides were analyzed using confocal laser microscopy (LSM
780 NLO, Zeiss, Germany).

Results

GFP-Adenovirus Transduction-Induced Reactive Gliosis
and SVCT2 Expression in Astrocytes of the Cerebral
Cortex, Callosum Corpus and Hippocampus Adenoviral
infection in the brain and spinal cord induced activation of
astrocytes with the typical molecular and morphological fea-
tures of reactive astrocytes, manifested as an increase in the
expression of intermediate filaments, such as vimentin and
GFAP (Pekny et al., 2014). We, therefore, investigated wheth-
er SVCT2 expression (red) was induced in reactive astrocytes
(GFAP positive, blue) of the brain after injection with GFP-
adenovirus (green) (Fig. 1). Strong expression of GFP was
observed at the pial surface of the cerebral cortex and cells
from the callosum corpus (Fig. 1c—m). Immunostaining
against GFAP revealed a high density of astrocytes in the area
near the site of viral infection at the cerebral cortex, such that
defining an independent cell was difficult due to overlapping
in the astrocytic processes (Fig. 1c, f; arrows). Similarly, in-
tense immunoreactivity of SVCT2 was detected in a polarized
distribution below the transduced pial surface (Fig. 1d, g, as-
terisks), presenting strong co-localization with those areas
where most of the GFAP signal was observed (Fig. le, h—i;
arrowheads). In the callosum corpus, we observed numerous
cells that expressed GFP and just a few that were not efficient-
ly transduced with the adenovirus (Fig. 1j; arrows and arrow-
heads, respectively). GFAP staining revealed the presence of
numerous fibrous astrocytes scattered throughout the
callosum corpus (Fig. 1j). Immunostaining against SVCT2
showed a similar pattern than previously observed, where
SVCT?2 is expressed in both GFP-positive and GFP-negative
cells (Fig. 1k; arrows and arrowheads, respectively).
However, co-localization analysis of SVCT2 and GFAP
showed that a high number of fibrous astrocytes are SVCT2-
positive (Fig. 11-m). Normal brains without GFP-adenovirus
injection were used as controls (Fig. 1j;—1;). Finally, we de-
tected co-localization of SVCT2 and GFAP in astrocytes
(GFP-Ad negative) at the marginal zone (layer I) of the cere-
bral cortex (Fig. 1n—q; arrows and inset). Normal brains with-
out GFP-adenovirus injection were used as controls. A weak
immunoreaction for GFAP and SVCT2 was detected in astro-
cytes at the marginal zone (Fig. 1n;—q;).

In order to evaluate if reactive gliosis and SVCT2 induction
after transduction of GFP-adenovirus is conserved in other
areas near the callosum corpus, we performed a similar
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Fig. 1 Expression of SVCT2 in astrogliosis generated by adenoviral
transduction in the brain. a Schematic representation of GFP-adenovirus
(GFP-Ad) packaging in the 293 A cell line. b Intracerebroventricular injection
of GFP-Ad and immunohistochemical analysis in the cerebral cortex and the
corpus callosum (inset). ¢—q. Frontal sections of rat brains were transduced
with GFP-Ad (green) and immunostained with anti-SVCT2 and anti-GFAP
antibodies followed by secondary antibodies labeled with Cy3 (red) or Cy5
(blue), respectively. Topro-3 was used for nuclear staining (blue). Adenoviral
transduction and GFP expression induced an increase in GFAP immunostain-
ing in the marginal layer of the cerebral cortex (arrowheads in ¢ and f),
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reflecting a high degree of reactive gliosis generated by the virus. SVCT2
was detected in those areas with higher GFAP immunoreactivity (asterisks in
d and g, and arrowheads in e and h—i). The corpus callosum transduced with
GFP-Ad presented numerous fibrous astrocytes both negative and positive for
GFP and co-localizing with GFAP and SVCT?2 (arrows and arrowheads in j—
m). Normal brains without Ad-GFP injection were used as controls (j;—1;).
Co-distribution of SVCT2 and GFAP was also observed in astrocytes (Ad-
GFP negative) in the marginal zone. Normal brains without Ad-GFP injection
were used as controls (n—q;). Cx cerebral cortex, CC corpus callosum.
Magnification in c—h and j—q, X200. In i, X420



Mol Neurobiol (2018) 55:5439-5452

5443

[ Anti-GFAP /

Hippocampus

Hippocampus

Control

Fig.2 Adenoviral transduction in the corpus callosum stimulates intense
reactive astrogliosis positive for SVCT2 in the hippocampus. a—c. Frontal
sections of rat brains transduced with GFP-adenovirus (GFP-Ad, green)
and immunostained with anti-SVCT2 and anti-GFAP antibodies followed
by secondary antibodies labeled with Cy3 (red) or Cy5 (blue),
respectively. d—f Magnifications of the insets in a—c, respectively.
Increased immunoreactivity of GFAP was observed in the hippocampus

analysis in the hippocampus (Fig. 2a—f). An intense immuno-
reactivity to GFAP was observed, revealing a high number of
stellate cells with overlapping cellular processes (Fig. 2a, d;
arrows). Intense immunoreactivity of SVCT2 was also ob-
served in this area, displaying a stellate form in many cases
(Fig. 2b, e; arrows), and a ring type concentration in the cel-
lular body in others (Fig. 2e; arrowheads). Co-localization
analysis showed that most astrocytes expressed SVCT2
(Fig. 2c, f; arrows), and just a few SVCT2-positive cells were
negative for GFAP (Fig. 2f; arrowheads). Normal brains with-
out GFP-adenovirus injection were used as controls (d,—f}).
Together these data confirmed the presence of pronounced
reactive gliosis after injection of GFP-adenovirus, character-
ized by increased immunostaining for GFAP in areas sur-
rounding the sites of adenoviral transduction, such as the ce-
rebral cortex and hippocampus, or in the same zone of adeno-
viral transduction, such as the callosum corpus. In these sam-
ples, numerous reactive astrocytes presented a typical stellate
morphology with thick overlapping processes that were
SVCT2-positive, suggesting an induction of this transporter
in response to the astrocytic activation. Moreover, some astro-
cytes from areas of white matter near the pial surface of the

Control Control

near the Ad-GFP transduction zone in the corpus callosum. Most reactive
astrocytes showed an intense co-localization with anti-SVCT2 (arrows),
and only few cells were positive for anti-SVCT2 but not for anti-GFAP
(arrowheads). Normal brains without Ad-GFP injection were used as
controls (d;—f;). CC corpus callosum. Magnification in a—c, x200. In d—
f, x400

cerebral cortex also expressed SVCT2, although they were
away from the area of adenoviral transduction.

Astrogliosis Generated During the Intracerebral Injection
of Microbial Neuraminidase-Induced SVCT?2 Expression
in Astrocytes of the Cerebral Cortex Next, we studied if
similar SVCT2 induction was observed in astrocytes after
injection (3 days) of low doses of neuraminidase into only
one lateral ventricle (Fig. 3a). For this, we performed a co-
localization analysis between SVCT2 (green) and two
markers of reactive gliosis, vimentin (red) and GFAP (blue)
(Fig. 3b—q). Intracerebroventricular injection of neuramini-
dase produces an intense co-localization between GFAP and
vimentin in the marginal astrocytes of the cortex (Cx) (Fig. 3b,
f; arrows). In contrast, GFAP, but not vimentin was detected in
cells localized throughout the thickness of the cerebral cortex
(Fig. 3b, f; arrowheads). Similarly, SVCT2 showed a strong
immunoreactivity in areas near the external cortex, co-
localizing with vimentin (Fig. 3c, g; arrows). However, no
co-localization between SVCT2 and the glial markers was
detected in the remaining areas within the cerebral
cortex (Fig. 3c—e, g—i; arrowheads). Normal brains
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without neurominidase injection were used as controls  (Fig. 3j—q; arrows), showed an integral ependymal wall (Ep)
(Fig. 3b;—d;). A similar analysis performed at the level of  that was positive for vimentin. In addition, the SVZ was pos-
the ependymal wall from the lateral ventricle, opposite to the  itive for GFAP with just a few cells also double positive for
site of neuraminidase injection (non-injected lateral ventricle) ~ vimentin (Fig. 3j, n; arrowheads). Moreover, SVCT2
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4 Fig. 3 SVCT2 is induced in reactive astrogliosis generated by
intracerebroventricular injection of neuraminidase. Frontal sections of
rat brains injected with neuraminidase (3 days) and immunostained with
anti-SVCT2, anti-GFAP and anti-vimentin antibodies followed by sec-
ondary antibodies labeled with Cy2 (green), Cy3 (red) or Cy5
(blue), respectively. a Schematic representation of the site of
neuraminidase injection at the level of the lateral ventricle. b—e Region
of the cerebral cortex showing gliosis that was positive for GFAP and
vimentin at the marginal zone, together with expression of SVCT2
(arrows). Normal brains without neurominidase injection were used as
controls (b;—d;). f-i. Magnifications of the insets in b—e, respectively. j—
m. Region of the non-injected lateral ventricle showing an intense co-
localization between SVCT2 and vimentin in the intact ependymal wall
(Ep), but without co-localization between SVCT2 and GFAP in the
subventricular zone (SVZ) or brain parenchyma. n—q Magnifications of
j—m, respectively. In these images, it is possible to observe the neurogenic
niche and lateral ventricle, showing co-localization between SVCT2 and
vimentin in the Ep, and co-localization between SVCT2 and GFAP in
astrocytes at the SVZ (arrowheads). Cx cerebral cortex, LV lateral
ventricule, Ep ependymal wall, SVZ subventricular zone. Magnification
in b—e and j—m, x250. In f-i and n—q, x450

exhibited a strong pattern of co-localization with vimentin at
the ependymal wall (Fig. 3k, o; Ep), and few cells at the
neurogenic niche from the SVZ were positive for SVCT2,
GFAP, and vimentin expression (Fig. 3k-m, o—q;
arrowheads).

SVCT2 Was Induced in Reactive Astrocytes of the Corpus
Callosum at 5 and 10 days Following Cortical Injury Rats
were subjected to cortical injury, and induction of SVCT2
expression was evaluated in brain samples at 5 and 10 days
post-injury (Fig. 4a). In the damaged cerebral hemisphere, a
strong immunoreactivity against GFAP (red) was detected in
the corpus callosum at 5 days post-trauma, with overlapping
astrocytic processes and, consequently, poor definition of in-
dividual astrocytic domains (Fig. 4b, e). A positive signal for
SVCT?2 (green) was detected in ependymal cells in the lateral
ventricle (Ep), and in also in some GFAP + cells in the corpus
callosum (Fig. 4c—d, f—g; arrows). In contrast, a similar anal-
ysis performed in the corpus callosum from the opposite hemi-
sphere to which the injury was induced (i.e., control cortex),
showed a weaker immunostaining against GFAP and a nega-
tive signal for SVCT2 (Fig. 4h—j). Although no significant
changes in GFAP immunoreactivity were detected in astro-
cytes in the corpus callosum at 10 days post-trauma (Fig. 4k,
n), a clear increase in the expression of SVCT2 and its co-
localization with the glial marker were observed (Fig. 4l-m,
o—p; arrows). Together our data indicate that reactive gliosis at
the corpus callosum, produced by cortical injury, also induces
SVCT?2 expression in reactive astrocytes.

SVCT2 Expression in Reactive Astrocytes Is Observed in
Kindled Hippocampal and Cerebral Cortex Slices In order
to analyze if the reactive astrogliosis generated in the in vivo
kindling model of epilepsy is accompanied with an SVCT2

induction, we evaluated the co-localization of SVCT2, GFAP,
and vimentin in these samples (Fig. 5). In the hippocampus of
the control brain, we detected many thin astrocytes positive
for GFAP (Fig. 5i; insert and arrow). Vimentin showed a low
level of expression in GFAP-positive cells (Fig. 5j; insert and
arrow); a high intensity of immunoreactivity was associated
with capillaries (Fig. 5j; arrowhead). However, only a few
cells were triple positive for GFAP, vimentin, and SVCT2
(Fig. 5k—1; arrows and insert). Kindled brains also showed a
more intense immunoreaction to GFAP as well as typical hy-
pertrophic morphology of the reactive astrocytes in the hippo-
campus and cerebral cortex as compared to that observed in
the control animals (Fig. Sa, e; insert and arrow). Similar to the
control samples, vimentin immunoreaction was principally
associated with capillaries in both brain regions analyzed
(Fig. 5b, f; arrowheads) and not in the reactive astrogliosis
(Fig. 5b; arrow and insert). However, in the kindling model,
we detected an intense immunofluorescence for SVCT2 in
many hypertrophic reactive astrocytes of the hippocampus
and cerebral cortex (Fig. 5c—d, g-h; arrow in insert). Thus,
in the hippocampus and cerebral cortex of kindled animals,
intense astrogliosis is accompanied with an induction in
SVCT2 expression.

SVCT2 Is Induced in Astrocytes Maintained in Culture
for Long Periods It has been reported that astrocytes at 22
DIV, but not 7 DIV, uptake AA by a mechanism that requires
sodium (Astuya et al., 2005). By means of immunocytochem-
ical analysis, we determined the expression of SVCT2 in pri-
mary cultures of cortical astrocytes maintained for 15 DIV.
These cultures showed the expression of GFAP and vimentin,
but not SVCT2 (Fig. 6a—d). Next, we determined the expres-
sion of SVCT?2 and its subcellular localization in primary cul-
tures of cortical astrocytes maintained for 30 DIV (Fig. 6e—j).
These cultures conserved the expression of GFAP (Fig. 6e;
white) and the facilitative glucose transporter, GLUT]1, that
also mediates uptake of DHA (Fig. 6h; green), which is in
agreement with previous reports (Astuya et al., 2005;
Cisternas et al., 2013). However, these cultures also presented
positive immunostaining against SVCT2 (green) near the nu-
cleus and in the plasma membrane (Fig. 6f—g; asterisks and
arrows, respectively). These cells were also positive for the
marker of reactive gliosis, vimentin (Fig. 6i—j; white). These
results indicate that astrocytes maintained in culture for long
periods express markers of reactive astrogliosis, but also ex-
press SVCT2, which is properly localized at the plasma
membrane.

Reactive Astrogliosis in the Brain of AD Patients Is Not
Related with Induction of SVCT2 Expression Second har-
monic generation (SHG) and two photon excited fluorescence
imaging were conducted in post-mortem human brain tissue
samples obtained from healthy and AD patients. This
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Fig. 4 Expression of SVCT?2 is induced in reactive astrocytes in the
corpus callosum from brains subjected to cortical injury. Frontal
sections of the lateral ventricle and corpus callosum from rat brains,
which were damaged with a pin at the cerebral cortex and then
maintained 5 and 10 days post-injury (5-DPI and 10-DPI, respectively).
Brain samples were immunostained with anti-GFAP and anti-SVCT2
antibodies followed by secondary antibodies labeled with Cy2 (green)
and Cy3 (red), respectively. a. Schematic representation of the cortical
injury protocol. b—f, k-0 General view of the traumatized region, show-
ing immunostaining against GFAP and SVCT?2 in astrocytes at the corpus
callosum from 5-DPI and 10-DPI animals, respectively. g Magnification
of the inset in d. h—j Corpus callosum in the opposite hemisphere to

technology allowed us to detect the presence of amyloid
plaques in the brains of AD patients (Fig. 7a; arrow), and their
absence in the brains of healthy controls (Fig. 7h).
Immunostaining against GFAP showed moderate, focalized
reactive astrogliosis, with the astrocytic processes intimately
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which the injury (control cortex) was induced at 5-DPI. At 5-DPI, the
corpus callosum from the injured hemisphere presented a strong immu-
noreactivity against GFAP, corresponding to intense reactive astrogliosis
with increased expression of SVCT2 in reactive astrocytes (arrows). No
increase in GFAP immunostaining or SVCT?2 induction was detected in
the corpus callosum from the non-injured hemisphere at 5-DPI (h—j). k—p
GFAP and SVCT?2 expression is mostly evident in the corpus callosum
from 10-DPI animals (k, 1, and n, 0). M. GFAP/SVCT2 merged images. p
Magnification of the inset in m. GFAP/SVCT2 colocalization (arrows).
CC corpus callosum, CP choroid plexus, LV lateral ventricle, Ep
ependymal wall. Magnification in b—¢, e—f, h—j, k-1, and n—o, x180. In
d and m, x350. In g and p, x480

associated with the amyloid plaques (Fig. 7b, e; arrows).
SVCT2 immunoreactivity was detected in the neuropil from
the brain parenchyma surrounding the amyloid plaques
(Fig. 7c, f; arrows). However, no apparent co-localization of
SVCT2 and GFAP was evident (Fig. 7d, g; arrows and insert).
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A Hippocampus B Hippocampus

KINDLING

CONTROL

Fig. 5 Reactive astrogliosis present in epileptic brain is accompanied
with an intense expression of SVCT2. Kindled hippocampal and
cerebral cortex slices were immunostained with anti-SVCT?2, anti-
GFAP and anti-vimentin antibodies followed by secondary antibodies
labeled with Cy2 (green), Cy3 (red) or Cy5 (white), respectively. a—h
In the kindled brain, numerous reactive hypertrophic astrocytes with an

In contrast, control samples showed positive immunostaining
against GFAP in astrocytes dispersed throughout the brain
parenchyma without overlapping cellular processes (Fig. 71).
Similar to the AD samples, SVCT2 distribution was observed
at the neuropil, and no evident co-localization with GFAP was
observed in control brain samples (Fig. 7j—k; insert). Our re-
sults indicate that moderate astrogliosis observed in post-
mortem human brain tissue samples from AD patients does
not induce expression of SVCT2 in reactive astrocytes sur-
rounding the amyloid plaque. Furthermore, SVCT2 is not
expressed in astrocytes of human brain tissue from healthy
patients, which is consistent with that observed in other spe-
cies, such as rat and mouse.

Discussion

Here, we have demonstrated for the first time that the sodium/
vitamin C co-transporter, SVCT2, is expressed in reactive
astrocytes positive for GFAP and/or vimentin in different
brain regions from animals subjected to neuroinflammation
induced by viral or bacterial infection, brain injury due to
parenchymal damage and in the kindled brain. In addition,
we detected expression of SVCT2 in astrocytes maintained

Anti-GFAP/Hoechst AmieVimemin/Hoechst Anti-SVCT2/Hoechst MERGE

3 U %7 X5
‘D Hlp;‘)}pc‘am‘pus‘
% - axGBE \;,

1 ,

intensely positive immunoreaction for GFAP and SVCT2 were detected
(inserts and arrows). i-1 Control brain showing a poor colocalization
between SVCT2 and the reactive astrogliosis marker (GFAP, arrows).
In both control and kindled brains, a high immunoreactivity for vimentin
was associated with capillaries and not reactive astrogliosis (arrowheads).
Magnification in a—1, x200. Insets, x450

in culture for long periods (1 month), which promotes activa-
tion of these cells. Finally, we reported that SVCT?2 induction
was not observed in focal astrogliosis surrounding amyloid
plaques in brain tissue samples obtained from AD patients.

Growing evidence indicates that defects in astrocyte func-
tion and/or altered cooperation between astrocytes and neu-
rons may produce neuronal death, and it has been proposed
that an increase or re-establishment of astrocytic functions
might represent an important neuroprotective strategy
[26-29]. These neuroprotective strategies are related, among
others, with an increase in the antioxidant capacity of reactive
astrocytes in vitro.

SVCT2 protein is widely expressed and mediates uptake of
the reduced form of vitamin C, AA, which is a potent, soluble
antioxidant [2, 5, 30, 31]. In the CNS, the expression and
function of SVCT2 in neurons allow the maintenance of in-
tracellular AA concentrations of ~ 10 mM, which constitutes
the major non-enzymatic antioxidant in these cells [32]. By
contrast, glutathione is the main antioxidant molecule in as-
trocytes from normal brain, and AA concentrations of ~ 1 mM
have been detected [32]. These low intracellular levels of AA
are due to the absence of SVCT2 in most astrocytes under
physiological conditions [7, 19, 20, 33]. In this context, it
has been reported that SVCT2 is expressed in astrocytes at
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Fig. 6 Cortical astrocytes

maintained in culture for long
periods express SVCT2 and
markers of reactive gliosis. Rat
brain astrocytes cultured for

15 days (a—d) and 30 days in vitro
(DIV) (e—j) were immunostained
using anti-GFAP, anti-vimentin,
anti-SVCT2 and anti-GLUT1
antibodies followed by secondary
antibodies labeled with Cy2

Astrocytes 15 DIV

(gray) and Cy3 (green). Hoechst

was used for nuclear staining
(blue). Under these conditions,
cortical astrocytes expressed
GFAP/vimentin and conserved
the expression of the facilitative
glucose transporter, GLUT1. The
expression of SVCT2 was in-
duced in 30 DIV astrocytes (f-g,
asterisks and arrows,
respectively). Scale bars in a—

j: 10 uM

Astrocytes 30 DIV

the neurogenic niche from lateral ventricle [34], similar to that
observed in the present work. In addition, in situ hybridization
studies have shown that some astrocytes at the marginal zone
from the entorhinal cortex are positive for SVCT2 mRNA
expression [19]. In our analysis, astrocytes from the marginal
zone were the only GFAP-positive cells that co-localized with
SVCT2 in a region of the cerebral cortex that was negative for
GFP-adenovirus transduction. These cells may need effective
antioxidant mechanisms to survive severe inflammation, as
marginal (subpial) astrocytes that are part of the limiting glia
from the brain are especially prominent in patients which have
survived episodes of purulent or granulomatous meningitis,
indicating that these cells are essential to avoid dissemination
of pathogenic agents into the brain parenchyma [28].

In situ expression of SVCT2 in other subpopulations of
parenchymal astrocytes has only been reported at the mRNA
level after ischemia/reperfusion injury generated by occlusion
of the middle cerebral artery [20]. Moreover, it has been de-
termined that cultures of astrocytes maintained for 22 DIV, but
not 7 DIV, express SVCT2 mRNA and exhibit the ability to
uptake AA by a sodium-dependent mechanism that was sen-
sitive to quercetin [33]. Overall, this suggests that SVCT2
expression is inducible in activated reactive astrocytes and
modulated by signs of injury and inflammation.

Physiologically, astrocytes regulate blood flow, delivery of
energy substrates, synapsis, and plasticity [28]. Astrogliosis or
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astrocytic activation refers to a set of molecular, cellular, and
functional changes that astrocytes suffer during different pa-
thologies of the nervous system, such as brain and spinal cord
infections, traumatic injury, epilepsy, infarct, some brain tu-
mors, and neurodegenerative diseases (e.g., AD, amyotrophic
lateral sclerosis, Parkinson’s disease (PD), and Huntington’s
disease (HD) [35]. It has been proposed that astrocytic activa-
tion is not an all-or-nothing process, but at least three degrees
of reactive astrogliosis can be defined (mild to severe, severe
and diffuse, or severe with formation of a compact glial scar)
that are generated as a consequence of the severity of the insult
[28]. Moreover, it has been reported that certain viral and
bacterial infections as well as ependymal denudation (EpD)
after intracerebroventricular injection of neuraminidase, in-
duce a strong overexpression of GFAP and other genes, a
pronounced hypertrophy of the body and cellular processes,
and the formation of a dense glial scar to isolate and protect
the neuronal parenchyma against inflammatory cells and in-
fectious agents [36]. Therefore, it is considered that these in-
sults trigger the most severe form of reactive astrogliosis. Our
analysis with GFP-adenovirus showed a high intensity of
GFAP immunostaining in areas, such as the marginal layer
from cerebral cortex and hippocampus, which are near the
zone of effective viral transduction (i.e., pial surface and cor-
pus callosum, respectively), revealing the presence of a glial
scar. Similarly, in the brains injected with neuraminidase, an
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Fig. 7 SVCT2 is not induced in the focal astrogliosis observed in brain
samples obtained from AD patients. a—k Frontal sections of the cerebral
cortex in post-mortem biopsies from healthy (control) and AD patients
were immunostained with anti-SVCT2 and anti-GFAP antibodies follow-
ed by secondary antibodies labeled with Cy2 (green) and Cy3 (red),
respectively. Samples were analyzed using second harmonic generation
and two photon excited fluorescence imaging for detection of amyloid
plaques. In the brains of AD patients, GFAP-positive reactive astrocytes

intense co-localization between GFAP and vimentin was de-
tected in the areas of external cortex. Similar results were
obtained in the corpus callosum at 5 and 10 days following
cortical injury. The appearance of reactive astrogliosis and a
glial scar observed after CNS trauma varies depending on
different factors, from severe reactive astrogliosis and promi-
nent glial scar throughout the area where the injury occurred
into the surrounding areas that decreases in severity in areas
distant to the injury site. In this context, we not only detected
an induction of SVCT2 expression in reactive astrocytes pres-
ent in the injury area at 5 days post-injury, but also observed a
space-time diffusion of the reactive astrogliosis toward the
opposite hemisphere at 10 days following cortical injury.
This phenomenon was accompanied with an induction of
SVCT2 expression by astrocytes. Using hippocampal and ce-
rebral cortex samples from the kindling model, a model of
mesial temporal lobe epilepsy [37] and a form of chronic
and permanent epileptic state [38], we detected numerous hy-
pertrophic reactive astrocytes positive for GFAP with de-
creased vimentin levels. However, an intense co-localization
of GFAP and SVCT2 was observed in these reactive

HUMAN AD BRAIN

SsVCT2 " GFAP#SYCTZ

Merge:-

surrounded and isolated amyloid plaques from the neuronal parenchyma
(arrows). However, astrocytes did not show positive immunostaining
against SVCT2 (arrows and insert). No amyloid plaques were detected
in the brains from control patients, and GFAP immunoreactivity showed
that astrocytes are scattered throughout the parenchyma without any ap-
parent formation of cell aggregates, and no co-localization with SVCT2
(insert). Scale bars in a—k: 20 uM

astrocytes present not only in the hyppocampus but also in
the cerebral cortex, indicating that the severe and prominent
astrogliosis present in these samples is associated with SVCT2
induction in reactive astrocytes. The areas containing the glial
scar showed different levels of expression and localization of
SVCT2, indicating that expression of the transporter is in-
duced in reactive astrocytes as a physiological response to
severe reactive astrogliosis.

Antioxidant protection exerted by reactive astrocytes may be
important to prevent neurodegeneration observed in diseases,
such as AD, HD, ALS, and PD. In our study, no association
was detected between the SVCT2 expression and the character-
istic astrogliosis, a focal process that has been previously de-
scribed as surrounding the amyloid plaques [35], in brain mate-
rial from AD patients. The samples used in this study may have
presented with mild reactive astrogliosis where astrocytes do not
express SVCT2, similar to that observed in normal brains.
Studies in mouse models of AD have shown that reactive astro-
cytes migrate towards A3 peptides, internalizing and reducing
their deposits [39-41]. Moreover, co-cultures of neurons and
astrocytes have confirmed that astrocytes are able to internalize
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A peptides, which induces oxidative stress, depletion of glu-
tathione content, and neuronal death by an astrocyte-dependent
mechanism [42]. In this regard, selective overexpression of nu-
clear factor erythroid 2-related factor 2 (Nfi2) in astrocytes, a
factor that regulates the expression of antioxidant enzymes re-
lated to glutathione metabolism (heme-oxygenases and
NAD(P)H quinone oxidoreductases), preserves neuronal viabil-
ity in the brain from mice with ALS, PD, and HD [43-45].
Therefore, we propose that SVCT2 induction constitutes an
interesting therapeutic strategy to allow AA uptake by activated
astrocytes in order to enhance their antioxidant capacity to re-
duce the deleterious effects of intracellular ROS production and,
thus, the negative consequences for neuronal viability.

The mechanism by which SVCT?2 is upregulated in brain
tissue is poorly understood. It has been observed that SVCT2
mRNA levels increase in neurons and astrocytes following
oxidative damage due to ischemia and reperfusion [20]; how-
ever, other studies have shown that the increase in SVCT2
occurs only in neurons [46, 47] or in endothelial cells and
neurons [48]. Thus, we propose that there is a differential
mechanism in CNS cells, which regulates SVCT2 expression
in the different cell types. In C2C12 cells, it has been deter-
mined that the activation of NFkB and AP-1 would increase
SVCT2 expression under conditions of oxidative stress gen-
erated by hydrogen peroxide [49]. Interestingly, activation of
the JNK pathway as well as p38 MAPKs and NFkB, has been
proposed to favor increased SVCT2 expression in neuronal
cultures treated with ethanol [50].

Under pathophysiological conditions or oxidative damage,
astrocytes generate different cytokines, including TNFalpha
[51], resulting in the activation of NFkB and reactive gliosis.
This mechanism could operate in most of the pathologies de-
scribed in this study; however, in patients with AD (Fig. 7)
and in animal models with aging pathologies, there would be
no increase in SVCT2 [51].

Together, our data suggest that SVCT2 induction in severe
reactive astrogliosis is a necessary event for oxidative defense
and cellular protection. This mechanism would not only po-
tentiate astrocyte survival, but also promote the maintenance
of neuronal viability, favoring a faster and more effective re-
covery of damaged brain tissue. Moreover, SVCT2 expres-
sion in reactive astrogliosis may be considered a transversal
event for many CNS pathologies characterized by severe re-
active astrogliosis and the presence of a dense glial scar, con-
stituting a putative marker for activated astrocytes and also a
therapeutic target for future clinical treatments to protect the
damaged brain.
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