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  Abstract   Ascorbic acid (vitamin C) occurs physiologically as the ascorbate anion. 
Ascorbate is a water-soluble antioxidant found throughout the body, but occurs in 
especially high concentrations (10 mM) in neurons. In the central nervous system 
(CNS), ascorbate is part of the antioxidant network, and as such is normally neuro-
protective. Recent studies suggest that ascorbate may play a unique role in the CNS 
by permitting signaling by a novel diffusible messenger, hydrogen peroxide (H 

2
 O 

2
 ), 

yet providing protection from damage from the reactive hydroxyl radical, which can 
be formed from H 

2
 O 

2
  oxidation. In order to learn about the function of ascorbate in 

the CNS, it is necessary to understand how it is compartmentalized. Ascorbate 
enters the CNS primarily by active transport at the choroid plexus, but also by 
uptake of oxidized ascorbate, dehydroascorbate, via glucose transporters. After 
entry into the cerebrospinal fl uid (CSF), it diffuses into brain extracellular fl uid 
(ECF), where its concentration is regulated homeostatically, as well as dynamically. 
From ECF, ascorbate is taken up into brain cells, where it is further concentrated up 
to 20-fold. Thus, brain ascorbate is located predominantly in the intracellular com-
partment of brain tissue, with complementary distribution between neurons and glia 
that may contribute importantly to its role as a neuroprotective agent that also per-
mits redox signaling.  
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    37.1   Ascorbate Biosynthesis and Chemistry 

 Ascorbic acid is a water-soluble sugar acid, with a molecular weight of 176.13. 
It has two dissociable protons with pK 

a
  values of 4.2 and 11.8 (Davies et al.  1991  ) , 

so that it occurs as the monovalent anion, ascorbate, at physiological pH. The ene-
diol structure of ascorbate enables it to be an electron donor: loss of two electrons 
leads to formation of dehydroascorbate (DHA), the fi nal oxidation product. Most 
free radicals (molecules with one unpaired electron) generated by biological systems 
can cause a one-electron oxidation of ascorbate to form semi-dehydroascorbate, also 
known as the ascorbyl radical. Detection of ascorbyl radicals using electron-spin 
resonance has been used as an index of oxidative stress (Buettner and Jurkiewicz 
 1993  ) . This radical intermediate is also formed in enzymatic reactions that involve 
ascorbate as an electron-donating co-factor (Diliberto et al.  1987  ) . 

 The roles of ascorbate as an antioxidant and free radical scavenger are derived 
from its properties as an electron donor. Ascorbate has a relatively low redox poten-
tial and is therefore a broad-spectrum radical scavenger that is effective against 
peroxyl and hydroxyl radicals, superoxide, singlet oxygen, and peroxynitrite 
(Nishikimi  1975 ; Bodannes and Chan  1979 ; Machlin and Bendich  1987 ; Cohen 
 1994 ; Vatassery  1996  ) . As part of the predominantly intracellular antioxidant net-
work, ascorbate acts in concert with other low-molecular-weight substances, includ-
ing glutathione (GSH) and vitamin E, as well as antioxidant enzymes, including 
superoxide dismutase and GSH peroxidase (Cohen  1994  ) . Although redox reactions 
with ascorbate occur in the aqueous phase, this can prevent oxidation of lipid-soluble 
vitamin E ( a -tocopherol), which can in turn stop peroxidation of cell membranes 
(Seregi et al.  1978 ; Niki  1991 ; Buettner  1993 ; Sato et al.  1993  ) . Oxidized ascorbate, 
semi-dehydroascorbate and DHA, can be recycled by intracellular thiols, including 
GSH (Meister  1994 ; Winkler et al.  1994  ) , and in some cells by a GSH-dependent 
DHA reductase (Rose  1993 ; Fornai et al.  1999  ) . In the brain, immunocytochemical 
studies show regionally distinct patterns of localization for DHA reductase, with 
staining primarily in neurons (Fornai et al.  2001  ) . Additionally, glutaredoxins, 
which are GSH-dependent reducing enzymes, also have DHA reductase activity 
(Washburn and Wells  1999 ; Ehrhart and Zeevalk  2003  ) , as do thioredoxin reductase 
(May et al.  1997  )  and omega class GSH transferases (Board et al.  2000  ) . Oxidized 
GSH, in turn, is recycled by GSH reductase (Meister  1994  ) . 

 Another key function of ascorbate is to serve as an electron-donating enzyme co-
factor. The most well-known ascorbate-dependent enzyme processes include colla-
gen biosynthesis via hydroxylation reactions (Barnes  1975  ) , noradrenaline/adrenaline 
synthesis by dopamine- b -hydroxylase (Diliberto et al.  1987  ) , and myelin formation 
by enabling Schwann cells to lay down the basal lamina (Carey and Todd  1987 ; 
Eldridge et al.  1987  ) . Promoting myelin formation may be the mechanism by which 
therapeutically administered ascorbate enhances myelination and reverses motor 
defi cits in a mouse model of Charcot-Marie-Tooth disease, which is the most com-
mon hereditary peripheral neuropathy (Passage et al.  2004  ) . More recently, it has 
been recognized that ascorbate is an essential factor for the prolyl 4-hydroxylases 
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that control hypoxia inducible factor (HIF), a ubiquitous transcription factor that 
plays a key role in the cellular response to low oxygen conditions (Vissers et al. 
 2007 ; Pagé et al.  2008  ) . Given the role of HIF in the transcriptional regulation of 
genes that can provide compensation for hypoxia, metabolic disruption, or oxidative 
stress (Siddiq et al.  2007  ) , understanding the role of ascorbate, as well as ascorbate 
depletion, in HIF stabilization is an important emerging area in ascorbate research. 

 In most animals, ascorbic acid is synthesized from glucose in the following sim-
plifi ed pathway: 

  d -glucose →  d -glucuronic acid →  l -gulonic acid →  l -gulono- g -lactone →  l -ascorbic acid 

 Humans, nonhuman primates, and guinea pigs cannot synthesize ascorbate 
because they carry a nonfunctional gene for the enzyme,  l -gulono- g -lactone oxi-
dase, which catalyzes the last step of ascorbate biosynthesis (Nishikimi et al.  1994  ) . 
Importantly, mutations in this gene were not fatal to the species that carry it for 
several reasons. First, ascorbate is available from dietary sources and is readily 
absorbed from the gut (Kallner et al.  1977  ) . In addition, in animals that can synthe-
size ascorbate, synthesis occurs only in liver (mammals) or kidney (reptiles) 
(Chatterjee et al.  1975  ) , with subsequent distribution to all other tissues via plasma. 
Consequently, all tissues have mechanisms for uptake and storage of ascorbate at 
cell-specifi c levels. In humans, the effects of vitamin C defi ciency, which can lead 
to scurvy, were noticed fi rst during long sea voyages, away from fresh fruits and 
vegetables, with primary symptoms caused by loss of collagen synthesis, although 
depression is also an early consequence of ascorbate defi ciency (Carpenter  1986  ) .  

    37.2   Ascorbate Transport and Transporters 

 For many years, understanding of ascorbate regulation in the CNS was impeded by 
the lack of molecular information about the transporters responsible for ascorbate 
uptake into the brain and into brain cells. This changed profoundly when Tsukaguchi 
et al.  (  1999  )  described the fi rst members of a new family of Na + -dependent vitamin C 
[ascorbate] transporters (SVCT1 and SVCT2), isolated from rat cDNA libraries. 
These isoforms share 65% amino acid homology and facilitate electrogenic, Na + -
dependent uptake of ascorbate with similar affi nities (Tsukaguchi et al.  1999  ) . The 
major difference between the transporter isoforms appears to be their complemen-
tary localization, with SVCT1 in kidney, liver and lung, for example, and SVCT2 in 
neural, neuroendocrine, exocrine and endothelial tissues. Only SVCT2 is found in 
the brain (Tsukaguchi et al.  1999  ) . Shortly after this initial report, two human iso-
forms were cloned from human cDNA libraries (Rajan et al.  1999 ; Daruwala et al. 
 1999  ) . Human SVCT2 shares a 95% sequence homology with rat SVCT2 and is 
also found in the brain (Rajan et al.  1999  ) . SVCT1 and SVCT2 were subsequently 
classifi ed as members of the SLC23 human gene family, which also contains two 
orphan members, SVCT3 and SVCT4 (for reviews,  see  Takanaga et al.  2004 ; Savini 
et al.  2008  ) . 
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 Consistent with the key role of the choroid plexus in transporting ascorbate into 
the CNS (Spector and Lorenzo  1973  )  (Fig.  37.1 ),  in situ  hybridization in rat brain 
indicates that this organ, which produces cerebrospinal fl uid (CSF) from plasma, 
expresses high levels of SCVT2 (Tsukaguchi et al.  1999  ) . Importantly, SVCT2 is 
also found in high levels in neurons, but not in glial cells (Tsukaguchi et al.  1999 ; 
Berger and Hediger  2000 ; Astuya et al.  2005  ) , which is refl ected in a ten-fold higher 
concentration of ascorbate in neurons than in glia, as discussed in  Sect. 3 . Transporter 
expression occurs in both excitatory and inhibitory neurons, including glutamater-
gic pyramidal cells of the hippocampus, glutamatergic granule cells of the cerebel-
lum, and GABAergic cerebellar Purkinje cells (Tsukaguchi et al.  1999  ) . Intriguingly, 
expression levels of SCVT2 are plastic, although the regulatory mechanisms are 
incompletely understood. For example, although apparently absent in glial cells 
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  Fig. 37.1     Ascorbate transport, compartmentalization, and concentrations in the CNS.  
Whether ascorbate is synthesized in liver or kidney or acquired from the diet, it is distributed to all 
organs via plasma; plasma ascorbate concentration is typically 50  m M (see  Sect. 3  for references). 
Active transport at the choroid plexus, via the SVCT2 isoform of the ascorbate transporter is the 
fi rst step of brain entry of ascorbate. Transport via the choroid plexus, which is found in the cere-
bral ventricles, accumulates ascorbate in ventricular cerebrospinal fl uid ( CSF ) to a concentration 
of 500  m M. This pool of ascorbate is contiguous with the extracellular fl uid ( ECF ) compartment of 
the brain, so that ascorbate originating in the CSF is distributed throughout the CNS via ECF ( gray 
arrow ). Ascorbate can also enter brain ECF at the blood-brain barrier at the level of brain capillar-
ies; however, this presumably occurs via GLUT1-facilitated transport of oxidized ascorbate, DHA, 
as brain capillaries do not express SVCT2. Existing evidence, discussed in  Sect. 2 , indicates that 
this is a minor route for ascorbate entry into the CNS. The extracellular concentration of ascorbate 
([Asc] 

o
 ) is homeostatically regulated in a range of 200–400  m M, with dynamic modulation that is 

glutamate dependent, as discussed in  Sect. 4 . Ascorbate is taken up from ECF into neurons and 
glia. In neurons, ascorbate is transported via SVCT2; however, glia do not normally express 
SVCT2, leading to the suggestion that uptake of DHA via GLUT1 may be a primary route of entry 
for glial ascorbate       
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 in situ , SVCT2 can be expressed in astrocytes in culture (Berger and Hediger  2000  ) ; 
moreover, the transporters expressed are functional, as a number of studies have 
examined characteristics of ascorbate uptake in cultured astrocytes (e.g., Wilson 
 1989  ) . This plasticity is physiologically relevant: SVCT2 is upregulated in both 
neurons and glia in the area surrounding a cerebral infarct during reperfusion in an 
experimental stroke model involving occlusion of the middle cerebral artery (Berger 
et al.  2003  ) .  

 An additional mechanism for ascorbate entry across the blood-brain barrier 
(BBB) can occur through facilitated transport of oxidized ascorbate, DHA by a 
glucose transporter, GLUT1, with subsequent reduction of DHA back to ascorbate 
by thiols and DHA reductase activity (Agus et al.  1997  )  (Fig.  37.1 ). The fact that 
ascorbate is found almost exclusively in the reduced form in plasma (Dhariwal et al. 
 1991  ) , however, suggests that transport of DHA into the CNS via GLUT1 is a minor 
route of entry for ascorbate (Tsukaguchi et al.  1999  ) . The predominant role of 
SVCT2 in normal maintenance of brain ascorbate content was confi rmed by studies 
in transgenic mice in which the mouse analogue of SVCT2 (Slc23a1) was knocked 
out (Sotiriou et al.  2002  ) . Mice with this mutation died within a few minutes of birth 
from respiratory failure and widespread brain hemorrhage. Signifi cantly, brain tis-
sue from these animals was virtually devoid of ascorbate, demonstrating that active 
transport via SVCT2 is how ascorbate enters the CNS (Sotiriou et al.  2002  ) .  

    37.3   Ascorbate Concentrations in Plasma, Cerebrospinal 
Fluid, Extracellular Fluid, and Brain Cells 

 As discussed in  Sect. 2 , the fi rst step in providing ascorbate to the CNS is via ste-
reospecifi c, Na + -dependent transport at the choroid plexus via SVCT2 (Spector and 
Lorenzo  1973 ; Tsukaguchi et al.  1999  ) . This uptake process transfers ascorbate 
from the blood into CSF (Fig.  37.1 ). In rat brain, this process accumulates ascorbate 
in CSF to a concentration of about 500  m M (Stamford et al.  1984  ) , which is tenfold 
higher than the typically 50  m M concentration found in plasma in a variety of mam-
malian species (Hornig  1975 ; Chatterjee et al.  1975 ; Spector  1977 ; Drew et al. 
 1999  )  (Fig.  37.1 ). Although ascorbate can also enter the CNS by carrier-mediated 
uptake at the level of brain capillaries via GLUT1 (Agus et al.  1997  )  and by simple 
diffusion across brain capillaries (Lam and Daniel  1986  )  (Fig.  37.1 ), these capillar-
ies do not express SVCT2 (Tsukaguchi et al.  1999 ; Qiao and May  2008  ) , offering 
further evidence that the choroid plexus is the primary site of ascorbate entry. 

 Brain and spinal cord CSF is contiguous with the extracellular fl uid (ECF) that 
surrounds brain cells, permitting equilibrium of CSF ascorbate concentration with 
that in ECF as seen with other extracellular molecules (e.g., Ichimura et al.  1991  ) . 
Basal ascorbate concentration in ECF (or extracellular ascorbate concentration, 
[Asc] 

o
 ), is 200–400  m M (Fig.  37.1 ), with the lower limit determined in brain slices 

(McIlwain et al.     1956 ; Schenk et al.  1982  )  and the upper limit determined  in vivo  
(Stamford et al.  1984 ; Miele and Fillenz  1996  ) . From ECF, ascorbate is transported 
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into brain cells (Spector and Lorenzo  1973 ; Kalir and Mytilenou  1992 ; Rice et al. 
 1994 ; Brahma et al.  2000 ;    Rice and Russo-Menna  1998 ). The average concentration 
in neurons is estimated to be 10 mM, whereas the concentration in glia is only 1 mM 
(Rice and Russo-Menna  1998  ) , consistent with expression of SVCT2 in neurons but 
not glia under normal conditions  in situ  (Tsukaguchi et al.  1999 ; Berger and Hediger 
 2000 ; Astuya et al.  2005  )  (Fig.  37.1 ). How do glia accumulate ascorbate? One 
hypothesis is that GLUT1 expressed by glia transport DHA, thereby providing an 
important mechanism for the recycling of ascorbate, should it become oxidized in 
the ECF through its role as an antioxidant (Astuya et al.  2005  ) . Although ECF levels 
of DHA would be expected to be low, this process could contribute to maintenance 
of physiological levels of re-reduced ascorbate in glia. The mechanisms by which 
ascorbate concentrations are maintained at cell specifi c levels in either neurons or 
glia, however, are unknown. 

 Brain levels of ascorbate are region dependent, with higher tissue content in 
anterior structures like cortex and hippocampus, but progressively lower levels in 
more posterior regions like brainstem and spinal cord (Milby et al.  1982 ; Rice et al. 
 1995  ) . This pattern largely refl ects the increasing white matter content of posterior 
regions of the CNS, because the ascorbate content of glia-rich white matter is low 
compared to neuron-rich gray matter (Rice et al.  1995  ) . Regional and sub-regional 
variation in neuron-to-glia ratio also contributes to tissue-specifi c levels. Difference 
in neuron density may also underlie gender differences in ascorbate content of sev-
eral regions of rat brain, including hippocampus, with lower, estrogen-regulated 
levels in females than males (Kume-Kick and Rice  1998  ) .  

    37.4   Homeostatic and Dynamic Regulation of Brain 
Extracellular Ascorbate 

 The brain, spinal cord, and adrenal glands have the highest ascorbate concentration 
in the body, as well as the greatest retention capacity (Hornig  1975  ) . Under normal 
conditions, turnover of ascorbate in brain is about 2% per hour (Spector  1977  ) . 
Under conditions of ascorbate defi ciency, however, brain ascorbate content is 
retained tenaciously, with a loss of less than 2% per day in guinea pigs fed an 
ascorbate-free diet (Hughes et al.  1971  ) . Thus, brain ascorbate levels are under 
strong homeostatic regulation (Spector  1977 ; Spector and Lorenzo  1973  ) , which is 
largely due to the characteristics and location of SVCT2 in the CNS. 

 The Michaelis-Menten constant,  K  
m
 , for ascorbate uptake by SVCT2 expressed 

in most native cells or heterologous cell systems is generally 20–40  m M (Savini et al. 
 2008  ) , which is similar to the  K  

m
  of 30–50  m M reported previously for ascorbate 

uptake by choroid plexus and brain slices (Spector and Lorenzo  1973 ; Spector  1977  ) . 
However, cultured neurons have apparent  K  

m
  values outside this range, with both 

higher affi nity uptake indicated by a K 
 m 
  of ~10  m M (Castro et al.  2001  )  and lower 

affi nity uptake indicated by a  K  
m
  of ~100  m M (Castro et al.  2001 ; Qiu et al.  2007  ) . 

Assuming that typical  K  
m
  values of 20–40  m M refl ect the state of SVCT2  in vivo  
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rather than plastic changes from the  in vitro  environment required for analysis, these 
data indicate that the rate of SVCT2-mediated transport at the choroid plexus would 
be roughly half-maximal at normal plasma ascorbate concentrations (50  m M) and 
approach maximal rate at normal brain [Asc] 

o
  (200–400  m M). These conditions, 

coupled with the two-step uptake process involving transport from plasma to CSF 
then from CSF into neurons, contribute to the strong homeostasis of CNS ascorbate 
levels (Spector  1977  ) . 

 Like overall brain ascorbate content, [Asc] 
o
  is also maintained homeostatically 

(Schenk et al.  1982  ) . This was fi rst shown in isolated mammalian brain slices, which 
rapidly lose ascorbate when incubated in ascorbate free-media. Up to 80% of tissue 
ascorbate content is lost from brain slices after only brief incubation (McIlwain 
et al.  1956 ; Schenk et al.  1982 ; Rice et al.  1994  ) , possibly via reversal of the ascor-
bate transporter (Diliberto et al.  1987  ) . In early studies of rat brain slices, McIlwain 
and colleagues found that the tissue lost ascorbate when incubated in media with 
ascorbate concentrations of less than 200  m M, but concentrated it in the presence of 
levels that were higher than this concentration (McIlwain et al.  1956 ). Subsequently, 
Schenk and colleagues used voltammetric microelectrodes to monitor ascorbate in 
the ECF of rat striatal slices during incubation in ascorbate-free medium and found 
that [Asc] 

o
  remained constant over an initial 30 min period while tissue content fell 

by 75% (Schenk et al.  1982  ) . This suggested that [Asc] 
o
  was maintained homeo-

statically at the expense of intracellular stores. The mechanisms that determine the 
“set point” for [Asc] 

o
  are not yet understood. 

 Importantly, Meile and Fillenz discovered that [Asc] 
o
  is also regulated homeo-

statically  in vivo , in awake, behaving animals (Miele and Fillenz  1996  ) . In these 
studies, 100–1,000  m M ascorbate was perfused through a microdialysis probe, with 
voltammetric detection of [Asc] 

o
  in the tissue adjacent to the probe. Perfusion of 

ascorbate concentrations lower than 400  m M caused [Asc] 
o
  to fall, whereas higher 

concentrations caused [Asc] 
o
  to increase. After each perturbation, [Asc] 

o
  recovered 

within a few minutes, demonstrating effi cient homeostasis. The concentration at 
which there was no net change in [Asc] 

o
  was 400  m M (Miele and Fillenz  1996  ) , 

consistent with previous estimates for [Asc] 
o
   in vivo  (Stamford et al.  1984  ) . 

Homeostatic regulation of [Asc] 
o
  implies that the extracellular compartment of 

brain tissue is an important site of action for ascorbate. 
 Although brain [Asc] 

o
  is regulated homeostatically, dynamic, activity-dependent 

changes in [Asc] 
o
  also occur. Notably, [Asc] 

o
  in rat brain shows marked circadian 

variation (O’Neill et al.  1983  ) ; in these nocturnal animals, average [Asc] 
o
  is 20–60% 

higher throughout the brain during the dark cycle than in the light. Moreover, varia-
tion in [Asc] 

o
  is closely linked with motor behavior, with up to two-fold higher 

levels in motor striatum when an animal is active versus inactive (O’Neill et al. 
 1983  ) . Consistent with these fi ndings, the stimulant amphetamine causes an increase 
in striatal [Asc] 

o
 , which is attenuated, albeit not abolished, in anesthetized com-

pared to awake rats (Gonon et al.  1981  ) . This amphetamine-induced increase in 
[Asc] 

o
  is not a generalized phenomenon, but is specifi c to motor striatum (for 

reviews,  see  Grünewald  1993 ; Rebec and Pierce  1994  ) . The explanation is that 
activity-dependent increases in striatal [Asc] 

o
 , including amphetamine-enhanced 
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motor behavior, is a consequence of activation of glutamatergic input to the stria-
tum, and involves glutamate release and uptake. The primary mechanism thought to 
underlie increases in [Asc] 

o
  is glutamate/ascorbate heteroexchange, in which ascor-

bate is released from cells as glutamate is taken up by a stereospecifi c transporter 
(O’Neill  1984 ; Grünewald and Fillenz  1984 ; Miele et al.  1994  ) . Glutamate-
dependent increases in [Asc] 

o
   in vivo  can be prevented by glutamate uptake inhibi-

tors, but not by glutamate-receptor blockers, further implicating glutamate 
transporters in the process (Cammack et al.  1991  ) . Consistent with this mechanism, 
both circadian (O’Neill et al .   1983  )  and amphetamine-induced (Basse-Tomusk and 
Rebec  1990  )  increases in striatal [Asc] 

o
  are attenuated after cortical lesions that 

remove the cortical glutamatergic input to striatum. The amphetamine-induced 
response appears to require dopamine release, which then activates a loop that 
includes substantia nigra, thalamus, cortex and striatum (Rebec and Pierce  1994  ) . 
Existing evidence implicates neurons (Grünewald and Fillenz  1984  ) , rather than 
astrocytes (Wilson et al.  2000  ) , as the cellular site of glutamate/ascorbate heteroex-
change, but the specifi c glutamate transporters involved remain unresolved (for 
review,  see  Rice  2000  ) .  

    37.5   Compartmentalization of Ascorbate Between 
Neurons and Glia 

 As discussed in  Sect. 4 , ascorbate is homeostatically regulated between the intra- 
and extracellular compartments of the brain, with additional compartmentalization 
between neurons and glia. How was the difference between neurons and glia deter-
mined? The most obvious approach would be to examine isolated populations of 
neurons and glia in culture. However, as already discussed, ascorbate is readily lost 
from mammalian cells  in vitro . In fact, ascorbate loss from isolated cells is even 
greater than in brain slices, with ascorbate levels that are below detection limits in 
cells cultured in ascorbate-free media (Kalir and Mytilenou  1992 ; Makar et al.  1994 ; 
Siushansian and Wilson  1995  ) . 

 Several lines of evidence from whole-tissue studies, however, pointed to prefer-
ential localization of ascorbate in neurons, rather than in glia. Histochemical studies 
identifi ed ascorbate in the cytosol of neurons in the locus coeruleus, with lower 
levels in surrounding glia (Shimizu et al.  1960  ) . This was of particular interest, 
because ascorbate is a co-factor for noradrenaline synthesis; however, later studies 
showed that there is little correlation between tissue levels of ascorbate and nora-
drenergic innervation (Milby et al.  1982  ) . On the other hand, studies using HPLC to 
quantify tissue ascorbate content found that ascorbate levels in neuron-rich cerebral 
cortex from adult rats was roughly four-fold higher than in the essentially neuron-
free optic nerve, consistent with predominant localization of ascorbate in neurons 
rather than glia (Rice et al.  1995  ) . 

 Quantitative determination of intracellular ascorbate concentrations in neurons 
and glia was subsequently made through comparisons of the ascorbate contents of 
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brain samples with known differences in neuron density or neuron-to-glial ratio. The 
fi rst comparison examined the ascorbate content of samples of cerebral cortex from 
several mammalian species, based on the previous observation that neuron density 
varies across species with an inverse dependence on brain size (Tower and Elliott 
 1952 ). Consistent with primary neuronal localization, ascorbate content was found 
to increase linearly with increasing neuron density: human < rabbit < guinea 
pig < rat < mouse (Rice and Russo-Menna  1998  ) . The  y -axis intercept of the resulting 
plot of ascorbate content versus neuron density was used to estimate ascorbate levels 
in tissue with zero neuron density, i.e., a pure glial population. With appropriate 
values for the volume fractions of the intra- and extracellular compartments, an 
intracellular glial ascorbate concentration was calculated to be about 1 mM (Rice 
and Russo-Menna  1998  ) . The second comparison examined ascorbate content in 
developing rat brain, in which regionally distinct patterns of changes in neuron-to-
glia ratio occur over the fi rst three postnatal weeks (Altman  1972 ; Parnavelas et al. 
 1983  ) . In cerebral cortex, tissue ascorbate content is highest on postnatal day 3 (P3), 
when cortical tissue is nearly entirely composed of neurons with only few immature 
glial cells (Rice and Russo-Menna  1998  ) . Over the next 3 weeks, ascorbate levels 
fall, consistent with the time course of cortical gliogenesis. In the cerebellum, by 
contrast, ascorbate levels are relatively constant until P9, when they begin to increase 
markedly, coincident with the onset of cerebellar granule-cell proliferation (Altman 
 1972  ) ; a maximum ascorbate content in developing cerebellum is reached by P15. 
The tissue ascorbate contents of rat cortex at P3 and cerebellum at P15 represent 
levels in relatively pure neuronal populations. Again using the appropriate intra- and 
extracellular volume fractions, intracellular ascorbate concentration in neurons was 
calculated to be 10 mM (Rice and Russo-Menna  1998  ) . Because this concentration 
was obtained from two regionally and developmentally distinct neuron populations, 
high intracellular ascorbate levels appear to be a general characteristic of neurons.  

    37.6   Ascorbate and GSH 

 Ascorbate and GSH are the two most abundant low molecular weight antioxidants 
in the brain. Total tissue contents for each are 2–3 mM (Lyrer et al.  1991 ; Uemura 
et al.  1991 ; Rice et al.  1995  ) , which are 10–20 times higher than that of cysteine and 
500–1,000 times higher than that of uric acid (Lyrer et al.  1991 ; Uemura et al.  1991  ) . 
Ascorbate and GSH have similarities and differences in their properties, which sug-
gest that they have complementary, but distinct roles in the CNS (Orlowski and 
Karkowsky  1976 ; Makar et al.  1994 ; Rice  2000  ) . GSH is an anionic tripeptide, 
 g -glutamyl-cysteinyl-glycine, synthesized in all cells in the CNS (Orlowski and 
Karkowsky  1976 ; Makar et al.  1994  ) . In contrast to ascorbate, which is more highly 
concentrated in neurons than glia, as discussed in  Sect. 5 , GSH is more highly con-
centrated in glia, with average intracellular GSH levels that are 60% higher in glia 
(4 mM) than in neurons (2.5 mM) (Rice and Russo-Menna  1998  ) . This distribution 
is consistent with higher levels of GSH synthesizing enzymes and GSH peroxidase 
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in glia (Slivka et al.  1987 ; Raps et al.  1989 ; Makar et al.  1994 ; Desagher et al.  1996 ; 
Trépanier et al.  1996 ; Peuchen et al.  1997  ) . 

 An apparently key function of both ascorbate and GSH is their ability to neutral-
ize reactive hydroxyl radicals ( • OH), because there are no enzymes analogous to 
superoxide dismutase or GSH peroxidase to scavenge  • OH (Cohen  1994  ) . In addi-
tion, ascorbate and GSH can interact as a redox couple (Meister  1994 ;    Winkler et al. 
 1994  ) ; depletion of either ascorbate or GSH can be compensated for by the contin-
ued presence of the other. For example, ascorbate administration can prevent tissue 
damage after inhibition of GSH synthesis (Meister  1994 ; Avshalumov et al.  2004, 
  2007  ) , as discussed further below, whereas administration of GSH ester can prevent 
the onset of scurvy in ascorbate-defi cient guinea pigs (Meister  1994  ) . On a cellular 
level, the distinct ascorbate:GSH ratio in neurons (4:1) and glia (1:4) (Rice and 
Russo-Menna  1998  )  might alter the dynamics of ascorbate/GSH interactions, with 
greater reliance on ascorbate in neurons and GSH in glia. 

 Brain slice studies again provided novel insight into dynamic consequences of an 
imbalance between oxidant production and antioxidant protection, i.e., oxidative 
stress, and how ascorbate and GSH prevent consequent oxidative damage. For 
example,  in vitro  studies using hippocampal slices from either rat or guinea pig 
showed a reversible inhibition of the population spike (PS) evoked by Schaffer col-
lateral stimulation during brief exposure to exogenous H 

2
 O 

2
  (1.0–3.0 mM) (Pellmar 

 1986,   1987,   1995 ; Avshalumov et al.  2000 ; Avshalumov and Rice  2002  ) . In rat hip-
pocampal slices, recovery of the primary PS following H 

2
 O 

2
  washout is accompa-

nied by mild epileptiform activity, indicated by an additional PS after the primary 
spike (Avshalumov and Rice  2002  ) . When guinea pig hippocampal slices are 
exposed to H 

2
 O 

2
  under identical conditions, the evoked PS is also reversibly 

depressed during H 
2
 O 

2
  exposure. However, unlike rat slices, only a single PS is seen 

in guinea-pig hippocampal slices after H 
2
 O 

2
  washout, indicating the absence of last-

ing pathophysiology (Avshalumov et al.  2004  ) . 
 The higher tolerance of guinea-pig brain than rat brain tissue to H 

2
 O 

2
  exposure, 

implies that the higher glia:neuron ratio in this species provides additional antioxi-
dant protection, particularly from glia. The possible importance of GSH-based anti-
oxidant protection in glia, was tested by examining the effect of GSH synthesis or 
GSH peroxidase inhibition on H 

2
 O 

2
 -induced pathophysiology in guinea-pig brain 

slices. Both GSH and ascorbate are readily lost from rat and guinea-pig brain slices 
 in vitro , with slice contents that are at least 60% lower than those in intact tissue 
(McIlwain et al.  1956 ; Rice et al.  1994 ; Avshalumov et al.  2004  ) . Nonetheless, in 
slices of guinea-pig hippocampus, an additional small, but signifi cant, decrease in 
GSH (and ascorbate) content after inhibition of GSH synthesis by buthionine sul-
foximine is accompanied by epileptiform activity in guinea-pig slices following 
H 

2
 O 

2
  exposure (Avshalumov et al.  2004  ) . The loss of H 

2
 O 

2
  tolerance in guinea-pig 

hippocampal slices after GSH synthesis inhibition, despite a relatively small abso-
lute decrease in GSH content, suggests that the protective effect of endogenous 
GSH is mediated through its role as a co-factor for GSH peroxidase, glutaredoxins, 
and GSH transferases, as well as by direct recycling of oxidized ascorbate (Meister 
 1994 ; Washburn and Wells  1999 ; Board et al.  2000 ; Rice  2000 ; Ehrhart and Zeevalk 
 2003 ; Avshalumov et al.  2004  ) . 
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 Consistent with this hypothesis, enhanced H 
2
 O 

2
 -induced pathophysiology in 

guinea-pig hippocampal slices also occurs when GSH peroxidase is inhibited by mer-
captosuccinate (Avshalumov et al.  2004  ) . Although GSH peroxidase inhibition alone 
has no effect on hippocampal PS amplitude, exposure to H 

2
 O 

2
  during GSH peroxi-

dase inhibition causes a larger suppression of the evoked PS than in ACSF alone. The 
recovery of PS amplitude during H 

2
 O 

2
  washout under these conditions is not only 

accompanied by secondary H 
2
 O 

2
 -induced pathology, but is also delayed compared to 

that in ACSF alone. Importantly, inclusion of ascorbate at its normal extracellular 
concentration  in vivo  (400  m M) in the washout solution prevented these pathophysi-
ological consequences of H 

2
 O 

2
  exposure after GSH peroxidase inhibition. 

 Prolonged H 
2
 O 

2
  exposure as a model of oxidative stress can also cause other 

pathophysiological effects in brain tissue, including edema (Brahma et al.  2000 ; 
Avshalumov et al.  2004  ) . This consequence is also species dependent, however: 
signifi cant water gain is seen in coronal slices of rat forebrain after 3 h exposure to 
H 

2
 O 

2
  (Brahma et al.  2000  ) , however no increase in edema is seen in guinea-pig 

slices incubated under identical conditions (Avshalumov et al.  2004  ) . Once again, 
guinea-pig brain tissue behaves like rat tissue when GSH synthesis or GSH peroxi-
dase is inhibited; importantly, H 

2
 O 

2
 -induced edema under these conditions was 

again prevented when ascorbate is present (Avshalumov et al.  2004  ) . Studies in 
neuron-glia co-cultures have shown that the glial antioxidant network can protect 
neurons from H 

2
 O 

2
  toxicity (Desagher et al.  1996 ; Drukarch et al.  1997,   1998 ; 

Tanaka et al.  1999 ; Dringen et al.  1999  ) . The results from brain slices show that this 
is also true in tissue in which neuronal and glial integrity is maintained. Even more 
signifi cantly, these data demonstrate that ascorbate can compensate for GSH deple-
tion and GSH peroxidase inhibition to prevent pathophysiological consequences of 
peroxide-induced oxidative stress (Avshalumov et al.  2004  ) .  

    37.7   Brain Ascorbate: Protective, Yet Permissive 

    37.7.1   Neuroprotection by Ascorbate 

 High levels of ascorbate and of SVCT2 in a variety of neuronal types imply a func-
tion for neuronal ascorbate beyond its actions as a cell-specifi c enzyme co-factor. 
Importantly, the tenfold difference in ascorbate levels between neurons and glia 
(Rice and Russo-Menna  1998  )  is consistent with the estimated tenfold higher rate of 
oxidative metabolism in neurons compared with glial cells (Siesjö  1980  ) . Although 
ascorbate has been shown to be a pro-oxidant in some studies, albeit mostly  in vitro , 
the occurrence of naturally high levels of ascorbate in neuronal cytosol together 
with other data discussed below argue strongly against normally pro-oxidant actions 
 in vivo  (Halliwell  1996 ; Rice  2000  ) . For example, the importance of ascorbate as an 
intracellular antioxidant is supported by the fi nding that brain ascorbate (but not 
GSH) levels in pond turtles are two to three times higher than in mammals (Rice 
et al.  1995  ) . These diving animals have a remarkable tolerance of hypoxia through 
a variety of mechanisms (Lutz  1992 ; Milton and Prentice  2007  ) . Selective elevation 
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of brain ascorbate levels, but not GSH or other antioxidant enzymes (Rice et al. 
 1995 ; Milton and Prentice  2007  )  could represent a specifi c adaptation to prevent 
oxidative damage during reoxygenation after a hypoxic dive (Rice et al.  1995 ; 
 2002  ) . Interestingly, turtle brain tissue also maintains its ascorbate content  in vitro  
(Rice and Cammack  1991  ) , unlike isolated mammalian tissue, suggesting another 
neuroprotective adaptation. In hypoxia-tolerant turtles, whether normoxic or 
hypoxic, and in mammals under normal aerobic conditions, ascorbate is recycled as 
it is used ( see   Sect. 1 ), which provides on-going antioxidant protection  in vivo . 

 When cerebral blood is compromised in mammals, for example, under condi-
tions of ischemic or hemorrhagic stroke, energy failure and anoxic depolarization 
lead to effl ux of ascorbate from cells to the ECF (Hillered et al.  1988  ) . With contin-
ued ischemia, tissue levels of ascorbate and other low-molecular-weight antioxi-
dants fall (Lyrer et al.  1991  ) . Consequently, when aerobic metabolism resumes, 
intracellular stores of these agents are no longer adequate to quench reactive oxygen 
species (ROS), leaving cells vulnerable to oxidative damage. Increased detection of 
 • OH during post-ischemic reperfusion (Cao et al.  1988  )  is one consequence of anti-
oxidant depletion. Can elevated ascorbate protect brain tissue from ischemic injury? 
The answer appears to be yes. Enhanced brain ascorbate content from dietary sup-
plementation protects cortical mitochondria from  in vivo  ischemia/reperfusion 
injury in rats (Sciamanna and Lee  1993  )  and decreases focal ischemia-induced 
damage in primates (Ranjan et al.  1993 ; Henry and Chandry  1998  ) . This may be 
due, at least in part to upregulation of SVCT2 in the region surrounding the infarct 
core, which should facilitate ascorbate uptake (Berger et al.  2003  ) . Mechanisms of 
ascorbate protection suggested by  in vitro  studies include prevention of mitochon-
drial hyperoxidation and tissue edema formation during post-ischemic reoxygen-
ation in brain slices (Pérez-Pinzón et al.  1997 ; MacGregor et al.  2003  ) , as well as 
amelioration of excitoxicity from excessive glutamate receptors activation in cul-
tured cells (for review,  see  Rice  2000  ) . Notably, although transport of oxidized 
ascorbate, DHA, via GLUT1 is normally a minor route of ascorbate entry into the 
CNS, this pathway provides a much more effi cient means of elevating brain ascor-
bate than transport via SVCT2 at the choroid plexus, which is already saturated at 
normal plasma ascorbate concentrations ( Sect. 3 ). Indeed, administration of DHA 
provides potent neuroprotection  in vivo  in rodent stroke models, including decreased 
lipid peroxidation and a signifi cant decrease in infarct volume (Huang et al.  2001 ; 
Mack et al.  2006  ) . 

 Additional evidence for ascorbate neuroprotection via its properties as an anti-
oxidant and  • OH scavenger comes from brain slice studies in which exogenous H 

2
 O 

2
  

is used to induce oxidative stress. Strikingly, H 
2
 O 

2
  exposure, which normally leads 

to suppression of the evoked PS in hippocampal slices ( Sect. 6 ) has no effect on the 
PS when applied in the presence of 400  m M ascorbate (Avshalumov et al.  2000  ) . 
Similar prevention of PS suppression is provided by deferoxamine, a metal ion che-
lator that prevents iron or copper-catalyzed  • OH formation from H 

2
 O 

2
 , indicating 

that the effect of H 
2
 O 

2
  on the PS is mediated by  • OH and that protection by ascor-

bate under these conditions is by  • OH scavenging (Avshalumov et al.  2000  ) . 
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H 
2
 O 

2
 -dependent PS suppression is also prevented by isoascorbate ( d -ascorbate) 

(Avshalumov et al.  2000  ) , the non-biologically active stereoisomer of  l -ascorbate 
that is not transported by stereoselective SVCT2 (Tsukaguchi et al.  1999  ) , indicating 
an extracellular site of antioxidant action. As discussed in  Sect. 6 , ascorbate can also 
prevent long-lasting pathophysiological consequences of H 

2
 O 

2
  exposure, indicated 

by the absence of epileptiform activity when ascorbate is present only during H 
2
 O 

2
  

washout in rat hippocampal slices (Avshalumov and Rice  2002  )  or in guinea-pig 
hippocampal slices in which the antioxidant network is compromised (Avshalumov 
et al.  2004  ) . This secondary protection by ascorbate must occur intracellularly in 
neurons, however, because non-transported isoascorbate is not protective under 
these conditions (Avshalumov and Rice  2002  ) . Taken together, these fi ndings 
strongly support a neuroprotective role for both intra- and extracellular ascorbate. 

 A number of other actions of ascorbate, from alterations in neurotransmitter 
binding affi nity to inhibition of Na + /K + -ATPase activity, have been reported in the 
literature. Because most of these studies were conducted  in vitro , often in isolated 
cells or cell membranes that lack an intact antioxidant network, the potential for 
pro-oxidant effects of ascorbate is high, which casts doubt on the physiological 
relevance of some of the fi ndings. This does not mean that ascorbate never acts as a 
pro-oxidant  in vivo . Indeed, under pathological conditions such as ischemia, when 
ascorbate compartmentalization is disrupted, these actions could occur and contrib-
ute to CNS injury, as discussed above. Under normal conditions, however, ascorbate 
is neuroprotective.  

    37.7.2   Reactive Oxygen Species (ROS) as Signaling 
Molecules in the Brain 

 Demonstration of neuroprotection by ascorbate and other antioxidants is consistent 
with the traditional view that ROS are harmful agents and must be tightly con-
trolled. This view is further supported by evidence of oxidative damage as a contrib-
uting factor to cell death following acute brain injury, including cerebral 
ischemia-reperfusion (Cao et al.  1988 ; Hyslop et al.  1995 ; Chan  2004 ; Starkov et al. 
 2004  ) , as well as in slowly progressing neurodegenerative disorders like Parkinson 
disease (Cohen  1994 ; Ebadi et al.  1996 ; Olanow and Tatton  1999 ; Zhang et al.  2000 ; 
Greenamyre et al.  2001 ; Xu et al.  2002 ; Orth and Schapira  2002 ; Wood-Kaczmar 
et al.  2006 ; Fukae et al.  2007 ; Dodson and Guo  2007  ) . This traditional perspective 
is evolving rapidly, however, in light of increasing evidence that ROS also act as 
cellular messengers that modulate processes from short-term ion-channel activation 
(Seutin et al.  1995 ; Krippeit-Drews et al.  1999 ; Avshalumov and Rice  2003 ; Tang 
et al.  2004 ; Avshalumov et al.  2005 ; Bao et al.  2005 ; Hidalgo et al.  2005  )  to gene 
transcription and cell proliferation (Suzuki et al.  1997 ; Sauer et al.  2001 ; Haddad 
 2002 ; Esposito et al.  2004 ; Rhee et al.  2005 ; Rhee  2006 ; Infanger et al.  2006 ; Bedard 
and Krause  2007  ) . 
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 Of the ROS generated by various cellular processes, H 
2
 O 

2
  is a particularly strong 

candidate as a signaling agent because it is membrane permeable, possibly facili-
tated by aquaporins (Bienert et al.  2006,   2007  ) . H 

2
 O 

2
  is also relatively inert; in con-

trast to other ROS that are reactive free radicals, including superoxide and  • OH, 
H 

2
 O 

2
  is a mild oxidant (Cohen  1994 ; Rhee  2006  ) . As discussed in  Sects. 1  and  6 , 

ascorbate works in concert with other components of the antioxidant network. The 
emerging role for H 

2
 O 

2
  and other ROS as signaling agents, however, requires that 

oxidant regulation must be more subtle than previously thought. 
 The fi rst evidence suggesting that H 

2
 O 

2
  might regulate neurotransmission was 

the fi nding that exogenous H 
2
 O 

2
  could suppress the evoked PS in hippocampal 

slices, possibly by inhibiting transmitter release (Pellmar  1986,   1987  ) . The hypoth-
esis that transmitter release can be inhibited by exogenous H 

2
 O 

2
  was confi rmed by 

the demonstration that evoked dopamine (DA) release in striatal slices is reversibly 
suppressed during brief H 

2
 O 

2
  exposure (Chen et al.  2001  ) . More signifi cantly, sub-

sequent studies showed that  endogenously generated  H 
2
 O 

2
  inhibits axonal DA 

release in the striatum (Chen et al.  2001,   2002 ; Avshalumov et al.  2003 ; Avshalumov 
and Rice  2003  )  and suppresses the activity of dopaminergic neurons in the substan-
tia nigra pars compacta (SNc) (Avshalumov et al.  2005  ) . These studies were the fi rst 
to show that endogenous H 

2
 O 

2
  is an activity-dependent neuromodulator. Regulation 

of the nigrostriatal DA system is important because of the central role this pathway 
plays in the control of movement by the basal ganglia, with loss of dopaminergic 
neurons in the SNc leading to the motor defi cits of Parkinson disease (Albin et al. 
 1989  ) . In dopaminergic neurons, intracellular H 

2
 O 

2
  modulates cell excitability via 

ATP-sensitive K +  (K 
ATP

 ) channels (Avshalumov et al.  2005  ) . By contrast, modula-
tory H 

2
 O 

2
  in the striatum is generated downstream from the activation of gluta-

matergic AMPA receptors (Avshalumov et al.  2003  ) , which are not found on 
dopaminergic axons (Chen et al.  1998 ; Bernard and Bolam  1998  ) . This implies that 
modulatory H 

2
 O 

2
  is not generated within dopaminergic axons, but rather must be 

produced postsynaptically in striatal neurons, then diffuse from these sites to modu-
late presynaptic DA release. Recent studies have confi rmed this mode of intercel-
lular communication by demonstrating AMPA-receptor dependent H 

2
 O 

2
  generation 

in medium spiny neurons (MSNs) (Avshalumov et al.  2008  ) , the principal output 
neurons of the striatum (Kemp and Powell  1971  ) , but not dopaminergic axons. 

 Thus, H 
2
 O 

2
  serves different functions in the striatum than in SNc. In striatum, 

diffusible H 
2
 O 

2
  mediates regulation of axonal DA release by glutamate and GABA. 

When glutamatergic striatal afferents are activated, this has no direct effect on DA 
release, as there are no presynaptic glutamate receptors on dopaminergic axons, as 
already noted. However, this excitatory input leads to postsynaptic H 

2
 O 

2
  generation 

in MSNs, which leads to inhibition of DA release. Thus, diffusible H 
2
 O 

2
  mediates 

the effect of glutamate on DA release in the striatum. Local release of GABA in the 
striatum apparently opposes this process by suppressing the excitability of MSNs, 
resulting in  less  H 

2
 O 

2
  generation and thus  enhancing  DA release. Overall, therefore, 

in striatum, H 
2
 O 

2
 -dependent inhibition via K 

ATP
  channel activation on dopaminergic 

axons  reverses  the conventional effects of glutamate and GABA, with  inhibition  of 
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DA release following AMPA receptor activation and  enhancement  of DA release 
following GABA 

A
  receptor activation (Avshalumov et al.  2003  ) . By contrast, spon-

taneous pacemaker activity in dopaminergic neurons of the SNc produces H 
2
 O 

2
  that 

serves as an autoregulatory signal that leads to a decrease in cell fi ring rate, again 
via K 

ATP
  channel activation (Avshalumov et al.  2005  ) . Although the mechanism by 

which H 
2
 O 

2
  activates K 

ATP
  channels is not yet clear, this process circumvents the 

need for a catastrophic fall in cell ATP levels to activate K 
ATP

  channels, thereby 
providing a subtle, but effective way to link metabolism to excitability. 

 Importantly, neuromodulation by H 
2
 O 

2
  is not limited to the nigrostriatal system. 

Other studies have shown that H 
2
 O 

2
  infl uences characteristics of LTP in the hip-

pocampus (Auerbach and Segal  1997 ; Kamsler and Segal  2003,   2004  ) , which has 
implications for memory formation. Diffusible H 

2
 O 

2
  also plays a role in neuron-glia 

signaling in the hippocampus, in which neuronal activation leads to H 
2
 O 

2
 -dependent 

phosphorylation of myelin basic protein in oligodendrocytes (Atkins and Sweatt 
 1999  ) . Overall, these fi ndings indicate that H 

2
 O 

2
  can act both as an intracellular 

signaling agent and as a diffusible messenger in the brain.  

    37.7.3   Ascorbate Is a Unique Neuronal Antioxidant 

 For H 
2
 O 

2
  to act at both intracellular and potentially distant targets requires that the 

brain antioxidant network allows functional levels of H 
2
 O 

2
  and other ROS, while 

still preventing oxidative stress, which adds a previously unrecognized dimension to 
oxidant management. Key features of such a permissive environment are the pre-
dominance of ascorbate in neurons and the predominance of cytosolic GSH and 
GSH peroxidase activity in glia (Cohen  1994 ; Rice and Russo-Menna  1998 ; Rice 
 2000 ; Avshalumov et al.  2004  ) . 

 In striking contrast to the effi cacy of ascorbate in preventing pathophysiological 
consequences of exogenous H 

2
 O 

2
  exposure (Avshalumov et al.  2000,   2004 ; 

Avshalumov and Rice  2002  ) , this antioxidant and  • OH scavenger has  no effect  on 
dynamic modulation of axonal DA release by endogenous H 

2
 O 

2
  generated down-

stream from AMPA receptor activation in the striatum (Avshalumov et al.  2003  ) . 
This fi nding indicates that inhibition of DA release is a direct action of H 

2
 O 

2
 , rather 

than  • OH. Equally important, however, it shows that ascorbate does not interfere 
with H 

2
 O 

2
 -dependent signaling in striatum. The lack of interference is consistent 

with  in vitro  studies showing little redox reactivity between ascorbate and H 
2
 O 

2
 : 

ascorbate, at 400  m M, is surprisingly stable in the presence of mM levels of H 
2
 O 

2
 , 

as is H 
2
 O 

2
  in the presence of ascorbate, when precautions are taken to minimize the 

presence of trace metal ions (Avshalumov et al.  2000  ) . By contrast, GSH is rapidly 
oxidized under similar conditions in the presence of H 

2
 O 

2
  (Avshalumov et al.  2000  ) . 

Thus, ascorbate is ideally suited as a key neuronal antioxidant because of its unique 
redox potential, which gives it the dual ability to permit H 

2
 O 

2
  signaling, yet prevent 

pathological consequences that could occur from dysregulated H 
2
 O 

2
  generation and 

 · OH production.   
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    37.8   Conclusions and Future Directions 

 The high intracellular concentration of ascorbate in neurons suggests that it has a 
signifi cant role in normal neuronal physiology. Given the well-established character-
istics of ascorbate as an electron donor and free radical scavenger, it is likely that its 
primary role comes from neuroprotective actions as a component of the neuronal 
antioxidant network. In addition, ascorbate is one of the few antioxidants found in 
signifi cant concentration in ECF. The fact that [Asc] 

o
  is regulated homeostatically, but 

modulated by glutamatergic activity suggests that the extracellular compartment is 
also an important site for ascorbate neuroprotection. Ongoing research on ascorbate 
and glutamate transporters should lay the groundwork for future understanding of 
ascorbate regulation in the brain. As new tools to manipulate ascorbate levels become 
available, new insights into its specifi c functions in the brain should also emerge. 

 It is also relevant to note that regulation of striatal DA release by endogenous 
H 

2
 O 

2
  is similar in guinea-pig and rat, as well as in non-human primate (Rice et al. 

 2002  ) . This not only demonstrates that H 
2
 O 

2
  signaling is not impaired by the pres-

ence of the stronger antioxidant network afforded by the higher glia:neuron ratio of 
guinea-pig or primate versus rat brain, but also supports the hypothesis that precise 
neuron-glial antioxidant compartmentalization, regardless of species, is required for 
neuronal signaling, as well as neuronal protection. A key feature of this compart-
mentalization is the predominance of ascorbate in neurons, which is permissive for 
H 

2
 O 

2
  signaling because it does not alter either intra- or extracellular concentrations 

of H 
2
 O 

2
  or hinder the escape of diffusible H 

2
 O 

2
  from the cells in which it is gener-

ated. On the other hand, homeostatically regulated levels of ascorbate in neurons, 
glia, and in ECF provides protection against  • OH, as needed, in both the intra- and 
extracellular compartments of the CNS.      
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