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Abstract Vitamin C (ascorbate) plays important neuro-
protective and neuromodulatory roles in the mammalian
brain. Astrocytes are crucially involved in brain ascorbate
homeostasis and may assist in regenerating extracellular
ascorbate from its oxidised forms. Ascorbate accumulated
by astrocytes can be released rapidly by a process that is
stimulated by the excitatory amino acid, L-glutamate. This
process is thought to be neuroprotective against excitotox-
icity. Although of potential clinical interest, the mechanism
of this stimulated ascorbate-release remains unknown. Here,
we report that primary cultures of mouse and rat astrocytes
release ascorbate following initial uptake of dehydroascor-
bate and accumulation of intracellular ascorbate. Ascorbate-
release was not due to cellular lysis, as assessed by cellular
release of the cytosolic enzyme lactate dehydrogenase, and
was stimulated by L-glutamate and L-aspartate, but not the
non-excitatory amino acid L-glutamine. This stimulation
was due to glutamate-induced cellular swelling, as it was
both attenuated by hypertonic and emulated by hypotonic
media. Glutamate-stimulated ascorbate-release was also
sensitive to inhibitors of volume-sensitive anion channels,
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suggesting that the latter may provide the conduit for
ascorbate efflux. Glutamate-stimulated ascorbate-release
was not recapitulated by selective agonists of either iono-
tropic or group I metabotropic glutamate receptors, but was
completely blocked by either of two compounds, TFB-
TBOA and UCPH-101, which non-selectively and selec-
tively inhibit the glial Na*-dependent excitatory amino acid
transporter, GLAST, respectively. These results suggest that
an impairment of astrocytic ascorbate-release may exacer-
bate neuronal dysfunction in neurodegenerative disorders
and acute brain injury in which excitotoxicity and/or
GLAST deregulation have been implicated.

Keywords Cell swelling - EAAT1/GLAST - Glutamate
excitotoxicity - Vitamin C - UCPH-101 - VSOAC/VRAC

Abbreviations

AMPA (£) o-amino-3-hydroxy-5-methylisoxazole-
4-propionic acid

AO Ascorbate oxidase

DDF 1,9 dideoxyforskolin

DHA Dehydroascorbate

DHK Dihydrokanic acid

DHPG (8)-3,5-dihydroxyphenylglycine
EAAT Excitatory amino acid transporter
GLAST Glutamate asparate transporter
GLT-1 Glutamate transporter 1

GLUT Facilitative glucose transporter
TAA-94 R(+) indanyloxyacetic acid
iGIuR Tonotropic glutamate receptor
mGIuR Metabotropic glutamate receptor
NFA Niflumic acid

NMDA N-methyl-p-aspartate
TFB-TBOA  (25,3S5)-3-[3-[4-(trifluoromethyl)

benzoylamino]benzyloxy]aspartate
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SVCT2 Sodium-dependent vitamin C transporter,
isoform 2

VRAC Volume-regulated anion channel

VSOAC Volume-sensitive osmolyte and anion
channel

Introduction

Vitamin C is essential for normal central nervous system
(CNS) function in mammals [1, 2]. Importantly, the signif-
icance of the vitamin is often overlooked as it is rapidly lost
when cells are put into culture [3-5]. Together with the
adrenal cortex, pituitary gland, thymus, retina and corpus
luteum, the brain contains high concentrations of ascorbate
relative to other body tissues [1, 6-8]. Mounting evidence
suggests that the reduced form of the vitamin, ascorbate,
plays an important neuromodulatory [1, 6, 9] and neuro-
protective [10] role during glutamatergic and dopaminergic
neurotransmission. Vitamin C in the CNS originates from
the blood supply, even in species that are capable of syn-
thesising their own ascorbate, with the majority entering via
the sodium-dependent vitamin C transporter isoform 2
(SVCT2) at the choroid plexus [2]. In rats, ascorbate exists in
the cerebrospinal fluid at concentrations of 200-400 uM,
although in humans the concentration is slightly lower.
Ascorbate is actively transported into neurons via SVCT2
[11] where it can accumulate to concentrations of up to
10 mM [12]. As a result of oxidative processes occurring
during both normal and disturbed neuronal activity, ascor-
bate becomes oxidised to dehydroascorbate (DHA) and must
be rapidly recycled to avoid an irrevocable loss of the vita-
min. However, as DHA is neurotoxic [13], but generally not
gliotoxic [14], much of this ascorbate recycling is thought to
occur within vicinal astrocytes [15-18], which contain
ascorbate concentrations of ~1 mM [12]. Astrocytes are at
least as numerous as neurones in the brain [19] and are
extremely efficient at importing DHA in a facilitative glu-
cose transporter (GLUT)-dependent manner that probably
involves the glial-specific isoform of GLUT1 [7, 15, 17, 20].
DHA that is released by neurones in a possibly GLUT3-
dependent manner [7], or is formed by the oxidation of
extracellular ascorbate, is thought to be rapidly imported by
astrocytes, reduced back to ascorbate, and then be released
into the extracellular space; a process that probably supports
further neuronal uptake of ascorbate [9, 15, 16, 18]. As a
complete turnover of ascorbate, resulting from entry at the
choroid plexus, probably occurs over a period of several
hours [6], the localised recycling of ascorbate by astrocytes
may be vital for its short-term maintenance within the CNS.

L-Glutamate is the major excitatory neurotransmitter in
the mammalian CNS. Its release into the synaptic cleft peaks
at concentrations of 1-5 mM during neurotransmission [21]
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and is required to activate ionotropic glutamate receptors
(iGluRs), as well as metabotropic glutamate receptors
(mGluRs), in the post-synaptic neuron [22]. However, in
order to maintain effective signal transduction and avoid the
onset of glutamate-induced excitotoxicity, synaptic gluta-
mate must be removed extremely rapidly. Synapses are
typically ensheathed by the processes of perisynaptic
astrocytes [23]. Under normal circumstances, the removal of
synaptic glutamate occurs by the action of sodium-depen-
dent glutamate transporters that are expressed in these
astrocytes [24, 25]. Although astrocytes appear to be capable
of expressing all five of the known excitatory amino acid
transporter (EAAT) isoforms (i.e. termed EAATs 1-5 in
humans) [26], the rodent glutamate aspartate transporter
(GLAST; orthologue of human EAATI1) and the rodent
glutamate transporter 1 (GLT-1; orthologue of human
EAAT?2) are thought to be the predominantly expressed
glutamate transporters in astrocytes [23]. GLAST is the
major astrocytic EAAT expressed during CNS development
and in the Bergmann glia of the adult brain, while GLT-1 is
expressed later in development and primarily in astrocytes
localised to the hippocampus, cerebral cortex and striatum
[27]. GLAST and/or GLT-1 become reduced in expression
and activity in a range of neurodegenerative disorders [24,
25, 28] and during several forms of acute brain injury, and
thus may contribute to the excitotoxic aetiology of these
disorders (for a review see [29]).

Exposure of both astrocytes [4, 30] and neurones [31] to
glutamate is known to trigger the release of ascorbate into
the extracellular space, where the ascorbate may help
protect neurones against glutamate-induced neuronal
dysfunction [10]. The mechanism of glutamate-induced
ascorbate-release from astrocytes is unknown, but may
involve cell swelling and activation of volume-sensitive
osmolyte and anion channels [VSOACs; also known as
volume-regulated anion channels (VRACSs)] that are per-
meable to ascorbate [4]. The molecular identities of the
plasma membrane conduits involved in VSOAC formation
remain to be identified [18, 32].

This study was undertaken to further investigate the
mechanism of glutamate-induced release of ascorbate from
astrocytes, and to determine the identity of the glutamate
receptor/transporter presumably responsible for its media-
tion. It is shown that the release of ascorbate from primary
cultures of rodent astrocytes is stimulated by exposure to
submillimolar concentrations of the excitatory amino acids
glutamate and aspartate, but not the non-excitatory amino
acid glutamine. We extend the previous suggestion [4] that
this stimulation may depend on the induction of cell swelling
and the consequent activation of VSOAC:s. Finally, using a
pharmacologic approach, we demonstrate for the first time
that while the effects of glutamate are not due to the isolated
activation of iGluRs, or mGluRs, which can be expressed in
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astrocytes, GLAST activity appears to be required, at least
under the present experimental conditions.

Experimental

Unless otherwise stated, all chemicals were obtained from
Sigma-Aldrich (Castle Hill, NSW, Australia) or Merck
(Kilsyth, VIC, Australia). The pan-EAAT-specific gluta-
mate inhibitor (2S,35)-3-[3-[4-(trifluoromethyl)benzoyla-
mino]benzyloxy]laspartate (TFB-TBOA) [33] and the
GLT-1-specific inhibitor, dihydrokainic acid (DHK), were
purchased from Tocris Bioscience (Ellisville, MO, USA).
The novel GLAST-specific inhibitor, “UCPH-101" [25,
34] (originally referred to as “compound lo” [35]), was
obtained as a kind gift from Drs Anders A. Jensen and
Lennart Bunch (University of Copenhagen). TFB-TBOA
and UCPH-101 were solubilised in dimethyl sulfoxide
prior to use, whereas R(+) indanyloxyacetic acid 94 (IAA-
94), niflumic acid (NFA) and 1,9 dideoxyforskolin (DDF)
required solubilisation in absolute ethanol. N-methyl-p-
aspartate (NMDA), (£) o-amino-3-hydroxy-5-methylisox-
azole-4-propionic acid (AMPA), the group 1 mGluR-specific
agonist, (5)-3,5-dihydroxyphenylglycine (DHPG) and DHK
were solubilised in deionised water.

Spectrophotometric microplate assays were performed
on a Benchmark™ Plus microplate spectrophotometer
(BioRad, Regents Park Industrial Estate, NSW, Australia)
using Nunc 96-well flat-bottomed transparent plates, or
Greiner 24-well plates. Orbital mixing of cell suspensions
was performed with a MixMate® orbital mixer (Eppendorf
South Pacific, North Ryde, NSW, Australia) maintained at
37 °C in a thermoregulated incubator or in a thermo-
regulated microplate incubator/shaker (Foinoe, Nanjing,
Jiangsu, China) set to 37 °C.

Cell Culture

Astrocyte-rich primary cultures were prepared from the
brains of newborn Wistar rats and C57BL/6J mice (<24 h
old), as previously described [36]. As there may be sig-
nificant species differences between rat and mouse astro-
cytes [37], both cultures were employed in some
experiments to demonstrate a lack of species specificity in
the responses observed. Viable cells were seeded at
3 x 10° cells/well in 24-well culture plates (Greiner
Bio-One) and incubated in 90 % (v/v) DMEM (Gibco
Invitrogen), 10 % (v/v) foetal bovine serum (Gibco Invit-
rogen), 20 U/ml penicillin G and 20 pg/ml streptomycin
sulphate. Cultures were then maintained at 37 °C in a
humidified atmosphere containing 10 % CO,, 90 % air,
with the culture medium replaced every seventh day. Cells
were used for experiments after 15-21 days of growth

in vitro. Immunocytochemical staining using astrocyte
markers revealed that >90 % of cells were positive for
glial fibrillary acidic protein, while >95 % of the cells were
positive for vimentin (data not shown). Immediately
prior to use, wells in each plate were washed three times
with 1.5-2.0 ml of 4-(2-hydroxyethyl)piperazine-1-etha-
nesulfonic acid (HEPES)-buffered saline (HBS; 134 mM
NaCl, 5.2 mM KCI, 1.8 mM CaCl,, 0.8 mM MgSO, and
20 mM HEPES-Na™", pH 7.2 at 37 °C) that had been pre-
warmed to 37 °C .

Ascorbate-Loading of Cells

Ascorbate-loading of cells was typically accomplished
by exposing cells to freshly prepared solutions of
200 uM L-DHA dimer for 30 min at 37 °C. Upon hydro-
lysis of the crystalline L-DHA dimer in aqueous solution,
200 pM DHA dimer should yield 400 uM L-DHA mono-
mer [38]. In order to avoid potential competitive inhibition
of GLUT-dependent DHA uptake by b-glucose [39],
exposure of astrocytes to DHA was performed in the
absence of glucose as described previously [20, 36]. Fol-
lowing DHA-exposure, the extracellular medium was
thoroughly removed by aspiration of the supernatant, fol-
lowed by three successive washes with pre-warmed
(37 °C) HBS containing 5 mM b-glucose. This relatively
short incubation was well tolerated by the cells as indicated
by the absence of a change in LDH release or trypan blue
uptake (which were typically <2-3 %) by cultures treated
in this way relative to controls (data not shown).

Determination of Intracellular Ascorbate

Intracellular ascorbate levels were determined by either of
two procedures. The first was performed exactly as
described previously [5], and involves the extraction of
ascorbate from cells with 0.1 % saponin in HBS for
30 min/4 °C, followed by the determination of the ascor-
bate oxidase (AO)-sensitive reduction of ferricyanide to
ferrocyanide. The second is a modification of the previous
procedure in which, instead of the addition of ferricyanide,
ascorbate-containing saponin extracts are combined with
an equivalent volume of a freshly made solution containing
25 % (v/v) acetic acid, 1.65 mM FeCl; and 2.4 mM
Ferene-S, resulting in the production of 2 mol Fe*™ per mol
ascorbate, with Fe?t levels detected as their Ferene-S
chelate  (Apax = 595 nM; €505 pm = 35.5 mM ' cm™!
[40]). In both the methods, ascorbate levels were interpo-
lated from ascorbate standard curves constructed in parallel
for each determination. The ascorbate concentrations of the
standards were always determined spectrophotometrically
(anax = 265 nM; €265 nm = 14.5 mM ' cm™!). Both the
methods provided identical results.
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Determination of Ascorbate-Release

Rodent astrocytes typically express SVCT2 under standard
culture conditions, but not in vivo [41]. As recently dem-
onstrated for brain capillary endothelial cells in culture
[42], the culture-dependent expression of SVCT2 in
astrocytes may be related to chronic ascorbate-deficiency
under typical culture conditions. The expression of SVCT2
by cells can result in the uptake of a significant proportion
of ascorbate that is released by cells under in vitro condi-
tions and can thus confound attempts to measure ascorbate
efflux [43]. To circumvent this potential problem, we
assessed the release of ascorbate from astrocytes according
to a novel modification of a previously described method
[5]. Briefly, ascorbate efflux from astrocytes was deter-
mined as the AO-sensitive reduction of extracellular
ferric citrate to ferrous iron in the presence of the mem-
brane-impermeant Fe(Il) chelator, ferene-S. In this way,
ascorbate that is released from cells directly reduces
extracellular ferric citrate to form ferrous ions that are then
rapidly chelated to form an extracellular Fe(Il)-ferene-S
complex that can be colourimetrically quantified [5].

In order to determine total ascorbate efflux, astrocytes
cultured in 24-well plates were washed and overlayed with
HBS containing 5 mM p-glucose that additionally con-
tained 200 pM Ferene-S with or without 10 U/ml of AO.
Ascorbate-release assays were then initiated by the sub-
sequent addition of a final concentration of 10 pM ferric
citrate (1:5 molar ratio), followed immediately by the
addition of excitatory (i.e. L-Glu and L-Asp) or non-excit-
atory (i.e. L-Gln) amino acids to the indicated final con-
centrations. In experiments with pharmacologic inhibitors
of glutamate receptors/transporters or VSOACs, the
inhibitors were added to the medium overlying the cells
15 min prior to addition of excitatory amino acids or
control medium. This incubation time for inhibitors was
chosen: (i) to minimise potential cytotoxicity to cells; (ii)
as complete inhibition of glutamate-stimulated ascorbate-
release was typically observed; and (iii) as no further
inhibition was observed using longer incubation times (e.g.
30 min).

In experiments in which the osmolarity of the medium
was changed, the overlying medium was changed imme-
diately prior to addition of Ferene-S with a medium con-
taining the stated osmolarity or iso-osmotic ion
replacements. Plates were incubated with gentle orbital
agitation for 60 min at 37 °C in the dark. Assays were
terminated by the aspiration of the supernatant from each
well. Levels of Fe(Il)-Ferene-S were then determined
according to standard curves constructed with authentic
ascorbate for each experiment. Rates of ascorbate efflux-
dependent ferric reduction were determined on the basis of
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the difference between the AO-free and AO-containing
wells. This method allows for a highly sensitive determi-
nation of ascorbate-release that is additionally not con-
founded by ascorbate reuptake by astrocytic SVCTs. It is
also worth noting here that low micromolar concentrations
of cytochalasin B (<10 uM) did not inhibit the apparent
rate of ascorbate-release (data not shown). This indicates
that the determined ascorbate-release rates were not con-
founded by reuptake of the low levels (<5 pM) of extra-
cellular DHA that would have been formed upon the
reduction of ferric citrate by released ascorbate.

Lactate Dehydrogenase Release

Lactate dehydrogenase (LDH) activity that had been
released from astrocyte cultures over the assay period was
determined kinetically in 96-well plates according to a
modification of a previously described method [44]. Assays
were conducted in a final volume of 300 pl using 10 pl of
astrocyte supernatant buffered to pH 8.2 at 25 °C with
0.2 M Tris—HCI. LDH that had been released from astro-
cytes cultures over 60 min in response to various treat-
ments (e.g. exposure to glutamate) was used to oxidise
added L-lactate (9.1 mM) to L-pyruvate in the presence of
NAD™ (0.5 mM). The NADH formed from this reaction
was then detected by measuring the NADH-dependent
reduction of 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-di-
sulfophenyl)-2H-tetrazolium monosodium salt (purchased
as ‘Cell Proliferation Reagent’ from Boehringer Mann-
heim) to its water-soluble formazan (A, = 440 nm) [45].
The production of the formazan was followed spectro-
photometrically at 440 nm for periods of 8 min at 25 °C.
The rates of formazan reduction were always corrected for
the rates of reduction achieved in the absence of exoge-
nously added lactate. The percentage of LDH released into
the medium was typically calculated for three separate
incubations (mean £ SD) by the following equation:
(LDH activity in medium/total LDH activity in medium
after cell permeabilisation with 0.1 % saponin for 30 min/
4 °C) x 100. Treatment of monolayer cultures with 0.1 %
saponin under these conditions causes 100 % cellular lysis
[46].

Protein Determination

The protein content of astrocyte cultures was obtained by
solubilising cellular protein with 2 % (w/v) sodium dode-
cyl sulphate and assessing protein concentration using the
microplate-adaptation of the bicinchoninic acid assay kit
for protein determination (Sigma-Aldrich), according to the
manufacturer’s instructions. Bovine serum albumin (frac-
tion V) was employed as a standard.
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Statistical Analysis and Curve Fitting

All curve fitting and hypothesis testing were performed in
GraphPad Prism® 5.0 (GraphPad Software, San Diego, CA,
USA). Dose-response data were modelled by single rect-
angular hyperbolae in GraphPad Prism® 5.0. Differences
between treatments were analysed using either one- or two-
way ANOVA with either Bonferroni’s or Dunnett’s post
hoc tests of significance using GraphPad Prism® 5.0.
Results are typically shown as mean + SD. Significance
levels are given in the figure legends.

Results

The Release of Ascorbate by Astrocytes is Enhanced
by L-Glutamate and L-Aspartate, but not L-Glutamine

It has previously been observed that ascorbate-loaded pri-
mary astrocyte cultures rapidly release a large fraction of
their intracellular ascorbate after exposure to L-glutamate [4,
30]. In these studies, astrocytes were loaded with ascorbate
by exposure of cells to either ascorbate [4] or DHA [30].
Although astrocytes typically express SVCTs in culture,
there is evidence that these cells do not normally express
SVCTs in situ [41]. Therefore, the majority of intra-astro-
cytic ascorbate in situ probably arises from the uptake and
reduction of DHA that is generated extracellularly and/or
that is released from neurones [16, 17]. Therefore, to more
closely represent this system, astrocyte cultures were pre-
loaded with ascorbate by pre-exposure to DHA. Consistent
with previous observations [4, 20], mouse and rat astrocytes
cultured in the absence of added vitamin C were devoid of
intracellular ascorbate (data not shown). The pre-exposure
of these astrocytes to 200 pM L-DHA dimer over 30 min
resulted in intracellular ascorbate concentrations of
37 £ 5 nmol/mg protein (n = 6; mouse astrocytes) and
35 £ 4 nmol/mg protein (n = 6; rat astrocytes).

Following pre-exposure to DHA, ascorbate-loaded rat and
mouse astrocytes demonstrate significant rates of ascorbate-
release (Fig. 1a—). Dose—response analyses indicate that the
exposure of ascorbate-loaded mouse (Fig. 1b) and rat
(Fig. 1c) astrocytes to synaptically relevant concentrations of
glutamate (i.e. 0—1 mM) stimulates the release of ascorbate
by these astrocytes. It should be noted that the values shown in
Fig. 1b, ¢ have been corrected for basal ascorbate-release
rates. The apparent ECs( values for the glutamate-stimulated
release of ascorbate are 54 £+ 18 uM for mouse astrocytes
and 32 £ 20 uM for rat astrocytes. Additionally, the hyper-
bolic dependence of ascorbate efflux on glutamate concen-
tration cannot be attributed to the exhaustion of intracellular
ascorbate as only 47 & 3.1 % of intracellular ascorbate was
released at | mM glutamate (Table 1).

In support of the notion that the stimulatory effect of
glutamate on the release of ascorbate by astrocytes is
specific for excitatory amino acids, a similar stimulation
was observed with the excitatory amino acid L-aspartate
(Fig. 1d, closed circles), but not the structurally similar,
non-excitatory amino acid L-glutamine (Fig. 1d, open cir-
cles). It is worth noting here that L-glutamine is typically
formed intracellularly by astrocytes as a result of L-gluta-
mate uptake and the action of glial glutamine synthetase,
and is then released into the extracellular space for sub-
sequent neuronal uptake [22].

Overall these results support previous observations
[4, 30] that ascorbate-loaded primary astrocyte cultures are
capable of releasing ascorbate when stimulated by gluta-
mate, and further suggest that this response is specific for
excitatory, but not for non-excitatory amino acids.

The Release of Ascorbate by Astrocytes is not due
to Cellular Lysis

Although glutamate is generally considered to be non-
gliotoxic over short periods (<1 h), the sustained exposure
(>4 h) of cultured astrocytes to elevated glutamate con-
centrations may be gliotoxic [40]. To determine the effect
of glutamate on the cellular integrity of astrocytes under
conditions used in this study, the following experiments
were conducted. The cellular release of the cytosolic
enzyme LDH is a verified indicator of cellular damage in
cultured astrocytes [47, 48]. The levels of LDH released
from the cytosol into the extracellular medium by astro-
cytes were assessed (both in the presence and in the
absence of glutamate) as a percentage of the total LDH
activity of permeabilised astrocytes. These results were
then compared to the percentage of intracellular ascorbate
that was released by these cells under the same conditions.
From the data presented in Table 1, it is apparent that the
low basal release of LDH (1-2 %) by cultured astrocytes
remains unchanged upon exposure to 1 mM glutamate for
60 min, whereas the levels of ascorbate released are sig-
nificantly higher both before (~34 %, P < 0.001) and
after (~47 %, P < 0.001) glutamate exposure. Moreover,
the levels of glutamate-stimulated release of ascorbate are
significantly higher (P < 0.001) than the basal rate of
release. These results strongly suggest that both the basal
and the glutamate-stimulated releases of ascorbate by
cultured astrocytes are not due to a loss of integrity of the
plasma membrane.

Glutamate-Stimulated Ascorbate-Release by Astrocytes
Requires Cellular Swelling

It is known that the exposure of astrocytes to glutamate
induces cellular swelling [49, 50]. This effect appears to be
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Fig. 1 Ascorbate-release from
astrocytes is stimulated by
L-glutamate and L-aspartate, but
not L-glutamine. All ascorbate
(AA) release experiments were
conducted over 1 h. a The
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primary cultures of ascorbate-
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Table 1 Ascorbate efflux from astrocytes is not due to cellular lysis

L-Glu AA release % AA % LDH

(uM) nmol x release release
(mg protein) !

0 12+ 1.0 34 £28 1.6 £ 04

250 15+ 1.2 43 £ 3.3%** 2.1 £0.6

1,000 17 £ 1.1 47 4 3.1%%* 1.6 £ 0.1

Primary cultures of ascorbate (AA)-loaded rat astrocytes were incu-
bated with the indicated concentrations of glutamate for 1 h. The levels
of LDH and ascorbate released from the cells were determined and
expressed as a percentage of the total activity obtained after complete
permeabilisation of cells with 0.1 % saponin for 30 min/4 °C. Data
shown are means (£SD) of three experiments

*#*k% P < 0.001 versus ‘0 uM’ L-Glu condition

mediated by EAAT-dependent glutamate uptake by astro-
cytes [49] and/or the mGluR-dependent activation of
astrocytic aquaporin 4 [51]. As the glutamate-stimulated
swelling of astrocytes has been linked with the astrocytic
release of a range of so-called gliotransmitters [49], we
next sought to determine whether glutamate-stimulated
ascorbate-release by astrocytes was dependent on gluta-
mate-induced cell swelling. It has previously been
observed that hyper-osmotic media can inhibit the gluta-
mate-stimulated release of ascorbate by cultured cerebral
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astrocytes that have been loaded with ascorbate [4]. These
results are suggestive of a dependence of glutamate-
stimulated ascorbate-release on cellular swelling.

Consistent with the results of the previous study, we
have here confirmed that, in comparison to iso-osmotic
HBS (310 mOsm), hyper-osmotic media (410 mOsm)
containing either excess NaCl (+50 mM) or choline Cl
(+50 mM) abolishes the glutamate-stimulated release of
ascorbate (Fig. 2a). Importantly, the similarity in inhibition
of ascorbate-release by media made hyper-osmotic with
either NaCl or choline Cl indicates that the inhibitory effect
is in fact mediated by the imposition of hyper-osmolarity
rather than some ion-specific (e.g. Na™-specific or choline-
specific) inhibitory response.

To further strengthen the conclusion that glutamate-
stimulated ascorbate-release is mediated by cell swelling,
we next examined whether the exposure of the cells to
hypo-osmotic medium emulated the phenomenon. As
shown in Fig. 2b, the exposure of ascorbate-loaded astro-
cytes to mildly hypo-osmotic medium (210 mOsm), in
which 50 mM NaCl had been omitted, significantly stim-
ulated the release of ascorbate. Importantly, this stimula-
tion of ascorbate-release cannot simply be attributed to a
lowering of the extracellular [Na'] in the medium, as the
iso-osmotic replacement of 50 mM NaCl by 50 mM cho-
line chloride was without effect on ascorbate-release
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Fig. 2 Glutamate-stimulated ascorbate-release from astrocytes is
inhibited by hyper-osmolarity and emulated by hypo-osmolarity. All
ascorbate (AA) release experiments were conducted over 1 h with
mouse primary astrocyte cultures. Glutamate was always used at a
concentration of 1 mM. a The glutamate-stimulated release of
ascorbate (expressed as a percentage of the basal release rate) from
astrocytes can be inhibited by HBS that has been made hyper-osmotic
(410 mOsm) with either NaCl (450 mM; ‘Glu/NaCl’) or choline

(Fig. 2b). It is also worth noting that exposure of astrocytes
to 210 mOsm medium had no effect on LDH release (data
not shown), indicating that the stimulatory effect of
osmolarity is not attributable to cellular lysis.

Collectively, these data strongly suggest that the ability
of glutamate to stimulate ascorbate-release from astrocytes
depends on the induction of cell swelling.

Glutamate-Stimulated Ascorbate-Release can be
Blocked by Inhibitors of Swelling-Activated Anion
Channels

We next sought to examine the release mechanism
involved in the mediation of the glutamate-stimulated and
hypo-osmolarity-stimulated release of ascorbate by astro-
cytes. The phenomenon of cell swelling-induced release of
small molecules (e.g. glutamate, taurine and p-serine) from
astrocytes is well documented [49, 52]. In many cases, the
release of such molecules in response to cell swelling can
be inhibited by generic anion channel blockers, suggesting
the involvement of volume (or swelling)-activated anion
channels in the plasma membrane (e.g. VSOACS) [53]. In
particular, the glutamate-stimulated release of ascorbate by
cultured cerebral astrocytes has previously been observed
to be inhibited by putative VSOAC inhibitors, including
4,4'-diisothiocyanatostilbene-2,2’-disulfonic acid, 5-nitro-
2-(3-phenylpropylamino) benzoic acid and DDF [4]. In
order to assess the involvement of VSOACs in the gluta-
mate-stimulated release of ascorbate in the presently
described system, we exposed ascorbate-loaded primary
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chloride (450 mM; ‘Glu/CCI’). b The glutamate-stimulated release
of ascorbate from astrocytes can be emulated by HBS that has been
made hypo-osmotic (210 mOsm) by omission of NaCl [—-50 mM;
‘Hypo (low Na)’], but not by iso-osmotic HBS made hypo-natraemic
by replacement of 50 mM NaCl with 50 mM CCI [‘Iso (low Na)’].
Data shown are means (£SD) of three experiments. ** P < 0.01; ***
P < 0.001

astrocyte cultures to DDF and to two other known inhibi-
tors of VSOAC activity: NFA [54, 55] and IAA-94
[53, 55]. Furthermore, we also assessed the effect of these
inhibitors on the hypo-osmolarity-stimulated release of
ascorbate from these cells.

While DDF inhibits glutamate-stimulated ascorbate-
release from cultured astrocytes [4], the effects of NFA and
IAA-94 on this process do not appear to have been
examined. However, the latter two compounds have been
shown to strongly inhibit ATP-induced '*C-ascorbate-
release from pig coronary artery endothelial cells [55]. In
our experiments, the application of DDF (50 pM), NFA
(200 uM) and TAA-94 (200 uM) to ascorbate-loaded
astrocytes abolished the stimulation of ascorbate-release
that was elicited by 1 mM glutamate (Fig. 3a) and by
hypo-osmolarity (210 mOsm; —50 mM NaCl) (Fig. 3b).
Although the inhibitory effect of NFA and IAA-94 on
ascorbate-release either in the presence of glutamate or
following the imposition of hypo-osmolarity exceeded that
of DDF (Fig. 3a, b), this may be due to the differing
pleiotropic effects of these non-selective inhibitors. Alter-
natively, as the ascorbate released in the presence of NFA
and IAA-94 is significantly less than the relevant vehicle
control (Fig. 3a), this suggests that these compounds also
inhibit a component of the basal rate of ascorbate-release.
Overall, these data suggest that basal and glutamate-
stimulated ascorbate efflux from astrocytes may occur by
different pathways, with DDF perhaps being more selective
for the pathway utilised during glutamate-stimulated
ascorbate-release than NFA and TIAA-94.
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Fig. 3 Glutamate-stimulated ascorbate-release from astrocytes can
be blocked by inhibitors of VSOACs. All ascorbate (AA) release
experiments were conducted over 1 h with mouse primary astrocytes
cultures. Glutamate was always used at a concentration of 1 mM.
a The glutamate-stimulated release of ascorbate from astrocytes can
be abolished by the application of the VSOAC inhibitors DDF

Moreover, it is also worth noting that as DDF, NFA and
IAA-94 inhibit both glutamate-stimulated and hypo-
osmolarity-stimulated ascorbate-release to a similar degree,
it is unlikely that the inhibitory action of these compounds
arises from an inhibition of the interaction of glutamate
with the receptor/transporter responsible for mediating
glutamate’s stimulatory effect on ascorbate-release (see
below).

These data suggest that glutamate-stimulated ascorbate-
release by astrocytes is mediated by swelling-activated,
ascorbate-permeable anion channels in the plasma mem-
brane (e.g. VSOACs). However, although there are a
number of possible protein candidates for VSOAC activity
in astrocytes [56], the identities of the molecular entities
involved in VSOAC activity remain to be experimentally
verified.

Glutamate-Stimulated Ascorbate-Release is not
Directly Linked to Activation of NMDA and AMPA
iGluRs or Group 1 mGluRs

To assess whether glutamate-stimulated ascorbate-release
is dependent on the activation of iGluRs or mGluRs that
are known to be expressed in cultured astrocytes, specific
agonists for the various receptors were added to the culture
medium in place of glutamate. The selective agonists
were added at concentrations well above the respective
K4 and/or ECsq values for the relevant target receptors:
NMDA (NMDA receptors: Kg = 11-16 uM; [57]), AMPA
(AMPA receptors: Ky < 3 uM; [58]) and DHPG (group 1
mGluRs: ECsg < 7 uM; [59]).
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(50 uM), NFA (200 uM) and IAA-94 (200 uM), which were added to
cells 15 min prior to the addition of glutamate or control medium.
b The hypo-osmolarity-stimulated release of ascorbate from astro-
cytes can be abolished by the same inhibitors as in (a). Data shown
are means (£SD) of three experiments. *P < 0.05; **P < 0.01;
*#xP < 0.001

Incubation of ascorbate-loaded astrocyte cultures with
selective agonists of the NMDA [NMDA (50 utM)] or AMPA
iGluRs [AMPA (50 uM)], or the group 1 mGluRs, mGluR1
and mGluRS [DHPG (20 pM)], had no stimulatory effect on
ascorbate-release (Fig. 4). Higher concentrations of DHPG
(i.e.upto 100 uM) elicited no stimulation of ascorbate-release
from ascorbate-replete astrocytes (data not shown). These
results strongly suggest that the stimulatory effect of
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Fig. 4 Glutamate-stimulated ascorbate-release from astrocytes is not
due to the isolated activation of iGluRs or mGluRs. All ascorbate
(AA) release experiments were conducted over 1 h with rat primary
astrocyte cultures. The glutamate (1 mM)-stimulated release of
ascorbate from astrocytes cannot be emulated by agonists that are
selective for NMDA and AMPA iGluRs or group 1 mGluRs. The
agonists used were: NMDA (50 uM), AMPA (50 uM) and DHPG
(20 uM). Data shown are means (£SD) of three experiments.
%P < 0.001
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Fig. 5 The effect of EAAT inhibitors on glutamate-stimulated
ascorbate-release from astrocytes. All ascorbate (AA) release exper-
iments were conducted over 1 h with rat primary astrocyte cultures.
a The glutamate (1 mM)-stimulated release of ascorbate from
astrocytes is abolished by the pan-EAAT inhibitor, TFB-TBOA
(1 pM), the GLAST-specific inhibitor, UCPH-101 (UCPH; 5 uM),

glutamate on ascorbate-release from astrocytes is not due to
the isolated activation of NMDA or AMPA iGluRs, or the
group 1 mGluRs, which are expressed in cultured astrocytes
[60]. Although kainate receptor activation was not directly
assessed, clear evidence for a functional expression of these
iGluRs in astrocytes is lacking [61]. Additionally, selective
agonism of the group II and IIIl mGluRs was not assessed as
these mGluRs do not appear to be expressed by rodent
astrocytes under standard culture conditions [60].

Glutamate-Stimulated Ascorbate-Release is Inhibited
by GLAST-Specific Inhibitors

The earlier dose—response analysis of glutamate-stimulated
ascorbate-release from astrocytes indicates an apparent
ECsq value of 30-60 puM for glutamate (cf., Fig. 1b, c).
This ECs, range is consistent with the involvement of the
constitutively expressed glial EAAT, GLAST (K,, for
glutamate transport = 77 pM) [24].

It is well known that undifferentiated cultured rat astro-
cytes typically express GLAST, but express negligible lev-
els of GLT-1 unless induced by imposed conditions such as
incubation with dibutyryl cAMP or co-culture with neurones
[62]. Therefore, to more directly assess the relative contri-
bution of GLAST in the mediation of glutamate-stimulated
ascorbate-release from rat astrocytes, we employed three
glutamate-transport inhibitors [25, 63], with different target
specificities. The inhibitors used were: (i) TFB-TBOA
(1 pM)—a selective non-transportable inhibitor that targets
EAATs 1-5 (K;j <1 pM) without affecting iGluRs or
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but not the GLT-1-specific inhibitor, DHK (50 pM). b The effect of
the inhibitors used in (a) on the basal rate of ascorbate-release from
astrocytes. Data shown are means (£SD) of three experiments.
b ***P < (0.001 versus ‘Glu’” or ‘DHK’ conditions; a *P < 0.05
versus ‘basal’

mGluRs [33]; (ii)) UCPH-101 (5 pM)—a novel and highly
selective non-transportable inhibitor of GLAST (i.e. >400-
fold selective for GLAST [K; = 0.66 pnM] over GLT-1 and
EAACI1 [EAATS3; K; values > 300 uM]) [25, 35]; and (iii)
DHK (50 uM)—a selective non-transportable inhibitor of
GLT-1 (K; =~ 30 uM) [25, 63]. It is important to note that as
undifferentiated astrocyte cultures such as those used in this
study do not typically express detectable levels of GLT-1
[62], the use of DHK is an intended negative control.

Inhibitors were applied to astrocytes 15 min prior to
glutamate addition. The application of TFB-TBOA abol-
ished glutamate-stimulated ascorbate-release (Fig. 5a),
suggesting the involvement of one or more of EAATs 1-5.
The application of UCPH-101 singly or in combination
with DHK abolished the stimulatory effect of 1 mM glu-
tamate on ascorbate-release, while DHK alone had no
effect (Fig. 5a). Importantly, none of the inhibitors had any
significant inhibitory effect on the basal rate of ascorbate-
release, with DHK even having a slightly stimulatory effect
(P < 0.05; Fig. 5b). These data strongly suggest that in
cultured astrocytes from neonatal rats the stimulatory effect
of glutamate on ascorbate-release is largely dependent on
the glutamate-transport activity of GLAST.

Discussion

Astrocytes are integrally involved in the regulation of
synaptic glutamate concentrations, and as such are
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responsible for the removal of the majority of neuronally
released glutamate during excitatory neurotransmission
[23]. The rapid removal of glutamate by astrocytes is
crucial for the maintenance of neurotransmitter target-
specificity and the minimisation of glutamate-induced
excitotoxicity in neurones. It has long been known that
extracellular glutamate triggers ascorbate-release within
CNS tissue [1, 2, 6]. This release of ascorbate in response
to glutamate plays an important neuromodulatory and
neuroprotective roles [6, 10]. Mounting evidence suggests
that astrocytes are key players in this ascorbate-release
[4, 9, 17, 30]. Such considerations are of clinical relevance
as they suggest the possibility that a component of the
neuropathology presenting in neurodegenerative conditions
such as Alzheimer’s, Parkinson’s and Huntington’s dis-
eases (in which glutamate uptake is compromised [24, 28])
may relate to deficits in glutamate-stimulated ascorbate-
release from astrocytes. Indeed, a key change that precedes
and/or accompanies glutamate excitotoxicity in a diversity
of neuropathological conditions is the decreased expression
and/or activity of glial glutamate transporters, which may
be driven by inflammatory mediators that are released by
activated microglia (reviewed in [24]). In vivo support for
the notion that a deficit in ascorbate-release may contribute
to disease aetiology and/or presentation in Huntington’s
disease comes from the observation that R6/2 mice
expressing the defective Huntingtin gene have a deficit in
striatal ascorbate-release [64] that is co-incident with a
decrease in GLT-1 expression [28], and that putative
pharmacologic enhancement of GLT-1 expression [65], or
reintroduction of ascorbate [66], attenuates the Huntington
behavioural phenotype.

In this report, we have explored aspects of the signalling
mechanism behind the L-glutamate-stimulated efflux of
ascorbate from cultured astrocytes. Our results indicate that
this phenomenon is specific for excitatory amino acids (i.e.
glutamate and aspartate), as the non-excitatory glutamate
analogue, glutamine, is without effect. Using LDH release
as a marker of cellular lysis, we demonstrated that neither
the basal nor the glutamate-stimulated releases of ascorbate
are due to a loss of integrity of the plasma membrane. This
result suggests that the release of ascorbate occurs by a
specific pathway rather than by non-specific ‘leakage’ from
damaged cells.

A Role for Cell Swelling and VSOACs in Glutamate-
Stimulated Ascorbate-Release from Astrocytes

We have partially characterised this release pathway by
demonstrating a requirement for glutamate-induced cell
swelling and the probable involvement of volume-sensitive
anion channels (e.g. VSOACs/VRACs) in the plasma
membrane.

@ Springer

The induction of astrocyte swelling by glutamate is a
well-established phenomenon that is relevant in both phys-
iological and pathophysiological scenarios [49, 51, 52].
Moreover, astrocytes are the major cell type of the brain to
show glutamate-induced cell swelling under pathological
conditions [50]. The mechanism behind the induction of
astrocyte swelling by glutamate is not yet clear, but a recent
study suggests a role for the group 1 mGluR-dependent
activation of the water channel, aquaporin 4 [51]. A role for
EAAT-dependent glutamate uptake has also been suggested
[67]. EAAT-dependent glutamate uptake may result in rapid
changes in intracellular ions (e.g. Nat) that may trigger
directly or indirectly the influx of water. This influx of water
results in cellular swelling that leads to the compensatory
activation of anion channels in the plasma membrane.
These swelling-activated anion channels contribute to the
homeostatic process known as regulatory volume decrease
(RVD) in which osmotically swollen cells release small
anions and osmolytes into the extracellular space to correct
their volume [50]. A number of small organic anions have
been shown to be released from astrocytes in response to cell
swelling, including glutamate, ATP, p-serine [52], taurine
[68] and ascorbate [3].

The observations reported here that glutamate-stimulated
ascorbate-release from astrocytes can be inhibited by hyper-
osmotic and emulated by hypo-osmotic media strongly
suggest a requirement cell swelling. Moreover, the experi-
ments reported in this study, in which the effect of several
pharmacological VSOAC inhibitors on glutamate- and
hypo-osmolarity-stimulated ascorbate efflux was assessed,
suggest a likely role for these channels in the ascorbate-
release pathway. However, it remains possible that some of
the inhibitory effects observed with the VSOAC inhibitors
used in this study (i.e. DDF, NFA and IAA-94) are due to
inhibition of distinct but nonetheless relevant processes.

First, NFA has been reported to partially inhibit gluta-
mate transport by EAAT4 [69]. Therefore, in principle,
some of the inhibition of glutamate-stimulated ascorbate-
release by NFA observed in this study could be due to an
impairment of EAAT-dependent glutamate uptake. How-
ever, the similarity of the inhibition profiles observed for
both glutamate- and hypo-osmolarity-stimulated ascorbate-
release, suggests instead that the inhibitory action of all
three compounds is not directed against EAAT-dependent
glutamate uptake, but is instead directed against the release
pathway (e.g. VSOACs). Indeed, it was originally reported
that although the VSOAC inhibitor NPPB strongly inhib-
ited glutamate-stimulated ascorbate-release, the compound
had no effect on glutamate uptake by astrocytes [4]. Thus,
although our combined results suggest that it is unlikely, it
remains possible that some of the inhibitory effects of
DDF, NFA and IAA-94 reported here could be due to an
inhibition of EAAT-dependent glutamate uptake.
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Second, at least in the case of NFA and IAA-94, there
may be some cross-inhibition of connexin hemichannels,
which are expressed in cultured astrocytes [53]. This
observation is relevant to this results as there is evidence
that these hemichannels may be ascorbate permeable
[18, 70]. However, connexin hemichannels are typically in
a ‘closed’ or non-conductive configuration in the presence
of millimolar concentrations of divalent cations (e.g. Ca*"
and Mg2+). Therefore, as the medium used for all experi-
ments in this study contained 1.8 mM Ca®" and 0.8 mM
Mg”" (i.e. total [metal*"] = 2.6 mM), it is unlikely that
the glutamate-stimulated release of ascorbate occurred by a
hemichannel-mediated pathway.

Taken together, the results presented here, and previ-
ously [3, 4], suggest a probable role for VSOAC-like
channels in the mediation of glutamate- and hypo-osmo-
larity-stimulated ascorbate-releases from cultured rodent
astrocytes. However, a definitive assessment of the con-
tribution of such channels to this phenomenon remains to
be achieved, pending further identification of the proteins
involved.

A Role for GLAST in Regulating
Glutamate-Stimulated Ascorbate-Release

In an attempt to determine the identity of the glutamate
receptor/transporter responsible for the mediation of these
effects by glutamate, we have presented a collection of
pharmacological data that exclude the isolated involvement
of NMDA and AMPA iGluRs and group 1 mGluRs, while
strongly suggesting a requirement for the involvement of the
astrocytic EAAT, GLAST. Interestingly, a recent report
suggests that glutamate-stimulated ascorbate-release from
mixed cultures of cultured chick retinal cells containing
neurones growing atop a flat layer of glial cells involves
NMDA and non-NMDA receptors but not glutamate trans-
porters [71]. These data suggest that glutamate-dependent
ascorbate-release may involve glutamate receptors in some
CNS cell types or under conditions that more closely
resemble in vivo conditions. However, as these experiments
were performed with mixed cultures of neurones and glial
cells it is unclear whether the glutamate-stimulated ascor-
bate-release originated in the neuronal or glial population.
In the experiments presented herein, the abolishment of
glutamate-stimulated ascorbate-release by the pan-EAAT
inhibitor TFB-TBOA [33] strongly suggests the involve-
ment of one or more of EAATs 1-5. This conclusion is
supported by the dose-response data presented for the
stimulation of ascorbate-release from astrocytes by gluta-
mate (Fig. 1b, c), which are consistent with the involve-
ment of GLAST. In particular, the data obtained using the
novel GLAST-specific inhibitor, UCPH-101 [25, 34, 35],
indicate that in the present experimental system GLAST

activity is probably entirely responsible for glutamate-
stimulated ascorbate-release from cultured neonatal rat
astrocytes. These data are to our knowledge the first report
of a requirement for GLAST in glutamate-stimulated
ascorbate-release from cultured astrocytes.

It is important to note that although the results presented
in this report provide strong support for the involvement of
GLAST in the mediation of glutamate-stimulated ascor-
bate-release from cultured neonatal rat astrocytes our
results do not rule out the possibility that GLT-1 activity
may contribute to this phenomenon under conditions in
which GLT-1 is expressed at increased levels (e.g. expo-
sure to dibutyryl cAMP [72], co-culture with neurones
[62, 72] or exposure to soluble mediators released by
activated microglia (e.g. tumour necrosis factor o) [73]).
The determination of GLT-1’s role in this phenomenon is
an important next step. Indeed, there is evidence for a
direct deficit in ascorbate efflux in Huntington’s disease
[64], which is associated with a loss of GLT-1 expression
[28]. Moreover, a recent report demonstrates that treatment
of R6/2 mice (a mouse model of Huntington’s disease)
with the pf-lactam, ceftriaxone, which induces GLT-1
expression, reverses the corticostriatal-dependent deficit in
ascorbate efflux that occurs in this model [65]. Although,
the cell types responsible for the increased ascorbate efflux
in ceftriaxone-treated R6/2 mice were not determined, the
role of astrocytes is likely [65]. Moreover, it will be
important to determine whether there is still some
involvement of iGluRs or mGluRs in modulating GLAST-
dependent glutamate-stimulated ascorbate-release.

A further potential caveat is that although the GLAST
inhibitor, UCPH-101, is more than 400-fold selective for
GLAST over GLT-1 and EAAC1 (EAAT?3), it has not been
characterised against EAATSs 4 and 5 [35]. However, sig-
nificant structural differences between subtypes of the
groupings of EAATSs 1-3 and EAATSs 4/5 suggest that it is
unlikely that a compound such as UCPH-101 that exhibits
such a high selectivity for one subtype of the former group
would have any significant cross-reactivity with any sub-
type of the latter group [35].

In conclusion, the results presented in this study provide
evidence that the glutamate-stimulated release of ascorbate
from cultured rodent astrocytes occurs by a mechanism that
is dependent on: (i) glutamate-induced cell swelling and
the activation of VSOAC-like channels, and (ii) the activity
of glial EAATS, and in particular GLAST. This mechanism
may be of clinical relevance to neurodegenerative diseases
in which the glial EAATSs become deregulated.
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