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Abstract

Ascorbic acid enhances synthesis of norepinephrine from dopamine in adrenal chromaffin cells by
serving as a co-factor for chromaffin granule dopamine p-hydroxylase (DBH). However, there is
controversy regarding /n situkinetics of the ascorbate effect in chromaffin cells, as well as
whether they apply to neuronal cells. In this study we evaluated the stimulation of norepinephrine
synthesis from dopamine in cultured SH-SY5Y neuroblastoma cells. These cells contained neither
ascorbate nor norepinephrine in culture, but when provided with dopamine, they generated
intracellular norepinephrine at rates that were stimulated several fold by intracellular ascorbate.
Ascorbate-induced increases in norepinephrine synthesis in dopamine-treated cells were linear
over 60 minutes, despite saturation of intracellular ascorbate. Norepinephrine accumulation after
60 minutes of incubation with 100 .M dopamine was half-maximal at intracellular ascorbate
concentrations of 0.2 — 0.5 mM, which fits well with the literature K, for ascorbate of DBH using
dopamine as a substrate. Moreover, these ascorbate concentrations were generated by initial
extracellular ascorbate concentrations of less than 25 M due to concentrative accumulation by
the ascorbate transporter. Treatment with 100 uM dopamine acutely increased cellular superoxide
generation, which was prevented by ascorbate loading, but associated with a decrease in
intracellular ascorbate when the latter was present at concentrations under 1 mM. These results
show that ascorbate promptly enhances norepinephrine synthesis from dopamine by neuronal
cells, that it does so at physiologic intracellular concentrations in accord with the kinetics of DpH,
and that it both protects cells from superoxide and by providing electrons to DEH.
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1. Introduction

Ascorbic acid (AA) has several functions in the brain and neurons. In addition to serving as
an antioxidant, it also provides electrons for collagen synthesis, neuropeptide amidation, and
catecholamine biosynthesis [1]. Regarding the latter, it enhances catecholamine biosynthesis
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at two steps. First, it recycles tetrahydrobiopterin that is required by tyrosine hydroxylase for
synthesis of L-3,4-dyhydroxyphenylalanine (L-DOPA) [2], the first and rate-limiting step in
the pathway [3]. It is also the major and likely the physiologic electron donor to dopamine
B-hydroxylase (DBH) [4,5], which generates norepinephrine (NE) from dopamine (DA) in
secretory granules. The role of AA in DBH function has been extensively studied in adrenal
chromaffin granules (reviewed in [5]). In this process, AA donates an electron to the
hydroxylation reaction and becomes the ascorbate radical, which is then recycled back to
AA Dby electron transfer across the granule membrane from cytoplasmic AA via a
cytochrome bsgs. The transfer is driven by ATP-dependent generation of a favorable proton
gradient into the vesicle. Whereas electron transfer via this mechanism is efficient [5],
chromaffin granules have very slow uptake of AA [6]. For example, cultured chromaffin
cells deficient in AA readily took up AA over 2 h in culture, but AA did not significantly
increase DBH activity over this time period [7]. Whether this slow activation applies to
neuronal cells is unknown, since the only available study in cultured SK-N-SH
neuroblastoma cells was performed after 6 h of treatment with AA [8]. In that study, 1 mM
AA enhanced NE synthesis from radiolabeled DA by only about 50%. In addition to the
question of duration of exposure to AA, it is also unknown whether any acute AA effects on
NE synthesis occur at intracellular concentrations of AA in the physiologic range.

DA has mostly been studied in isolated neuronal cells not with regard to its conversion to
NE by DBH, but with regard to oxidative stress that DA generates in cultured cells by redox
cycling with molecular oxygen to its semiquinone and quinone forms [9-11]. This issue is
relevant, since the DA concentrations in cells may reach 1 mM at the cell body [12] and as
high as 50 mM at the nerve terminal synapse [12,13]. Most [14,15], but not all [11] studies
show that DA toxicity is intracellular, since it can be prevented by blockers of DA uptake
and is associated with intracellular quinone generation and melanin polymer formation [10].
In this regard, AA was found to substantially prevent cell death and pigment formation due
to culture with DA [9-11,15], although it wasn’t always clear that this was due to
intracellular AA. Studies of DA toxicity in neuronal cells have been performed over at least
a 24 h interval and have not addressed whether AA might affect DA synthesis. It also isn’t
known whether oxidative stress due to DA can be detected on shorter time frame, the nature
of the oxidative stress generated, and whether this might be affected by AA.

In this work we sought to understand the effect of AA on DA conversion to NE in cultured
SH-SY5Y neuroblastoma cells, which are known to express DBH [16] and to take up DA
[17] and AA [18]. Our goals were to determine the efficiency of the AA effect, whether AA
prevents short-term oxidative stress due to DA, and to establish the intracellular
concentrations of AA, NE and DA resulting during NE synthesis from DA.

2. Materials and methods

2.1. Materials

Sigma/Aldrich Chemical Co. (St. Louis, MO) supplied the L-ascorbic acid, DA,
dehydroascorbate (DHA), dithiothreitol, NE, A-2-hydroxyethylpiperazine AV -2-
ethanesulfonic acid (Hepes), TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl),
and Trolox (6-hydroxy-2,5,7,8-tetramethylchroman -2-carboxylic acid).

2.2. Cell Culture

SH-SY5Y neuroblastoma cells were obtained from the American Type Culture Collection)
and were cultured in Dulbecco’s minimal essential medium containing 10% (v/v) fetal
bovine serum, which was prepared by the Cell Culture Core of the Vanderbilt Diabetes
Research and Training Center. Cells were cultured to confluence at 37 °C in humidified air
containing 5% CO,. All experiments were performed in culture medium, with rinsing of the
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cells after the experiment 2 times in 2 ml of Krebs-Ringer-Hepes buffer (KRH) at 37 °C.
KRH buffer consisted of 20 mM Hepes, 128 mM NaCl, 5.2 mM KCI, 1 mM NaH,POy, 1.4
mM MgSOy, and 1.4 mM CaCly, pH 7.4.

2.3. Assay of intracellular superoxide

After treatments as noted, cells in a 96-well plate format were rinsed twice in 0.2 ml of
KRH, loaded with 10 wM dihydroethidium for 30 min at 37 °C, followed by measurement
of 2-hydroxyethidium fluorescence with an excitation wavelength of 480nm and an emission
wavelength of 570 nm on a BioTek H1 fluorescen t plate reader [19]. This method has a
high specificity for superoxide detection[20], which was confirmed by inhibition of
fluorescence using superoxide scavenger TEMPOL.

2.4 Assay of catecholamines

The catecholamines NE and DA were measured in cell extracts by high performance liquid
chromatography as described [21]. Briefly, buffer or medium was removed following 2
KRH rinses of cells in 6-well culture plates. The cells were lysed in 0.5 ml of the HPLC
mobile phase buffer, scraped from the plate, and centrifuged at 13, 000 x g for 1 min.
Aliquots (0.1 ml) of the supernatant were taken for duplicate assays. The mobile phase
consisted of 100 mM trichloroacetic acid, 10 mM sodium acetate, 0.1 mM EDTA, and
10.5% methanol, pH 3.8. The isocratic flow rate was 1 ml/minute, pumped by an ECS
Model 582 pump. The column was an Absorbosphere C1g, 5 . (4.6 x 150 mm). Samples
were injected on a Rheodyne model 7725i injector and catecholamines and AA were
detected using an ESA Model 5011 analytic cell set at 0.5 volts on an ESA Model 5100A
detector. Peak heights were quantified on a Shimadzu C-R5A integrator. Under these
conditions, the void volume was 1.8 ml, AA eluted at 2.2 min, NE eluted at 4.0 min, and DA
eluted at 11 min. Separation of AA and NE was such that there was no overlap in the
chromatograms despite as much as a 60-fold higher AA concentration applied to the column
(results not shown). The sensitivity for NE was 50 nM.

Intracellular concentrations of AA and catecholamines were calculated based on the
intracellular space of 3-O-[3H]methylglucose in SH-SY5Y cells, which was 10.7 + 3.4 pl/
mg protein (N=24, = SD) [18]. This space was measured as described previously for
endothelial cells in culture [22]. Protein was measured by the Bradford method as described
by the manufacturer (Bio-Rad Laboratories, Hercules, CA).

2.5. Combined assay of ascorbate and GSH

After incubations as indicated in 6-well plates, the medium was removed and the adherent
cells were gently rinsed twice with 2 ml of ice-cold KRH. After removal of the last rinse the
cell monolayer was treated with 0.1 ml of 25% metaphosphoric acid (w/v) for several
minutes, followed by 0.35 ml of a buffer containing 0.1M NayHPO,4 and 0.05 mM EDTA,
pH 8.0. Adherent material was scraped from the bottom of the plate, and the lysate was
removed and centrifuged at 3 °C for 1 min at 13,000 x g. Duplicate aliquots of the
supernatant were taken for assay of ascorbic acid by high performance liquid
chromatography when measured with GSH (Fig. 5A) as previously described [23], except
that tetrapentylammonium bromide was used as the ion pair reagent. In some experiments,
ascorbate was also measured in 0.1 ml of the incubation medium by adding 0.1 ml of 25%
metaphosphoric acid (w/v), mixing, neutralizing with 0.35 ml of the above phosphate/EDTA
buffer, and centrifuging to remove insoluble material before assay of ascorbate. GSH was
assayed in duplicate by the method of Hissin and Hilf [24]. Intracellular AA and GSH were
calculated based on intracellular water space, as described above.
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2.6 Data Analysis

Results are shown as mean + standard error. Statistical comparisons were made using
GraphPad Prism version 5.04 for Windows (GraphPad Software, San Diego, CA). Except
where noted, differences between treatments were assessed by two-way analysis of variance
(ANOVA) with post-hoc testing using the Bonferroni multiple comparisons test. A value of
p < 0.05 was considered significant.

3. Results

3.1. Intracellular AA rapidly stimulates DA conversion to NE by SH-SY5Y cells

The time dependence of the effect of intracellular AA on NE synthesis was evaluated with
the results shown in Fig. 1. In this experiment, either AA or DHA were added at the same
time as 100 M DA to SH-SY5Y cells in culture and the intracellular concentrations of NE,
AA, and DA were followed over 90 minutes. The rationale for comparing effects of AA and
its two-electron oxidized form DHA is that they enter cells on two different transporters
(SVCT2 and GLUT-type glucose transporter, respectively), that DHA is rapidly reduced to
AA in the cell [18,25], and that extracellular AA is very low with DHA loading so that
intracellular AA effects are studied. For both AA and DHA, NE was generated in similar
concentrations in a linear manner with a tendency to decrease at the 90 minute time point
(Fig. 1A). Intracellular concentrations of AA increased to the same steady-state levels at 60
minutes with both forms of the vitamin, but this was reached much more rapidly with DHA
loading (Fig. 1B). Uptake of DA also plateaued, but not until after about 40 min and was
statistically no different with either form of the vitamin (two-way ANOVA) (Fig. 1C). No
AA was detected in the medium outside DHA-treated cells (results not shown). For both AA
and DHA, intracellular AA and DA concentrations stabilized, whereas NE synthesis
continued unabated. Most importantly, the results show that progressive NE generation
begins soon after addition of substrate and co-factor in these cells.

3.2 AA enhances NE synthesis at low intracellular DA concentrations

Since the increase in intracellular AA in response to DHA loading was rapid and thus at
steady-state for most of the 90 minute time course in Fig. 1B, and since AA loading with
DHA did not require or generate extracellular AA, most of the remainder of the experiments
in this study were performed using loading of intracellular AA with DHA rather than AA
itself. The concentration dependence of relatively high DA concentrations on NE generation
was first evaluated, as shown in Fig. 2. Untreated SH-SY5Y cells in culture generated little
or no NE in the absence of DA over 60 min in culture (Fig. 2A, circle at zero DA), even
though the culture medium contained 100 M L-tyrosine. Incubation of cells with
increasing amounts of DA for 60 min progressively increased intracellular NE (Fig. 2A,
circles). To examine the effects of a relatively high intracellular AA concentration on NE
synthesis, cells were loaded with 500 M DHA for 30 min before addition of DA, which
resulted in intracellular AA concentrations of about 3 mM (Fig. 2B, squares). Although
these trended downward, they were not significantly affected by increasing DA
concentrations. NE generation in response to AA loading increased several fold from that
due to DA alone (Fig. 2A, squares). In the absence of DA, AA loading increased
intracellular NE in each of the 7 experiments performed, but overall variability between
experiments precluded statistical significance (Fig. 2A, square at zero DA).

It was also of interest to test the effect of intracellular AA on NE and DA levels in cells at
much lower concentrations of DA and AA, since this would provide an indication of the
affinity/access of DBH to its substrate and whether AA-induced synthesis of NE would
impact intracellular DA. In the experiment shown in Fig. 3, cells were treated without or
with 100 M DHA for 30 min, followed by DA for 60 min. As shown in Panel A, NE from
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DA alone showed a modest and significant upward trend (circles) that was doubled or
tripled by the presence of intracellular AA (squares). These cells had robust NE generation
to levels about the same as generated at much higher intracellular AA concentrations in the
experiment shown in Fig. 2. This variance is perhaps explained by the fact that the cells in
the Fig. 3 experiment were of an earlier passage in culture, although other factors related to
different lots of fetal calf serum could also have contributed. Such variability in NE
synthesis in SK-N-SH cells has been noted previously [26]. AA concentrations of just under
1 mM were achieved with loading of 100 M DHA, again showing the marked
accumulation against a concentration gradient. These levels were not affected by the low
concentrations of DA used. Intracellular DA concentrations rose as expected with increasing
extracellular DA, although not linearly (Fig. 3C, circles). Indeed, the presence of
intracellular AA decreased intracellular DA by about one-third at all three DA
concentrations (Fig. 3C, squares). Despite lower intracellular DA at the end of the
experiment, compared to DA treatment alone, cells loaded with AA by DHA treatment cells
were able to maintain increased NE synthesis, presumably by drawing down the intracellular
DA. Although AA-induced NE formation decreased intracellular DA, the final intracellular
DA concentration was still many-fold greater than the initial extracellular DA concentrations
(Fig 3C). Neither AA nor NE was detected in the culture medium (results not shown).

3.3. Increasing intracellular AA stimulates of NE generation

To correlate intracellular AA with NE generation, cells were treated in culture for 30 min
with increasing concentrations of DHA (circles) or AA (squares), followed by addition of 50
M DA for an additional 60 min (Fig. 4). For both forms of the vitamin, this resulted in a
marked increase in intracellular NE at added loading concentrations as low as 50 uM that
plateaued above 250 M for each form of the vitamin (Fig. 4A). As expected, intracellular
AA also increased and this occurred to a similar extent for both AA and DHA (Fig. 4B).
When intracellular NE was plotted as a function of measured intracellular AA, NE
generation was a saturable function of the intracellular AA concentration (Fig. 4C). Fitting
these results to hyperbolic models showed that with DHA loading the AA concentration at
which the intracellular NE concentration was half-maximal was 0.5 mM. With AA loading,
intracellular AA and NE plateaued more abruptly, making an estimate of the half-maximal
NE concentration inaccurate, although the calculated value was 0.2 mM, clearly in the range
of that with DHA. These results confirm that relatively low intracellular AA concentrations
(under 1 mM) markedly stimulate NE generation in DA-treated cells compared to cells
lacking AA.

3.4 Short-term DA treatment induces an oxidative stress in SH-SY5Y cells

To test whether relatively high concentrations of DA cause oxidative stress in SH-SY5Y
cells, cells were loaded with 100 M DHA. After 90 minutes in the absence of DA,
intracellular AA concentrations were about 0.8 mM. Addition of increasing concentrations
of DA for the last 60 minutes of this incubation progressively decreased intracellular AA to
about 50% of control at 500 wM DA (Fig. 5A, circles). A significant decrease in
intracellular AA was apparent at a DA concentration of 50 M. This contrasts with the
results seen when cells were loaded with 500 .M DHA prior to DA, where intracellular AA
levels were about 3 mM and a slight but insignificant decrease in intracellular AA due to
DA was noted (Fig. 2B). GSH was also measured in the cells in the experiment shown in
Fig. 5A (squares) and found to decrease with increasing DA, although significance was
reached only at the highest DA concentration.

To assess the extent to which DA caused an oxidative stress, cells treated with 0 or 100 oM
DHA for 30 min were exposed to 0 or 100 uM DA for an additional 60 min. After rinsing to
remove extracellular DHA and DA, the cells were treated for an additional 30 min with 10
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M dihydroethidium and taken for assay of superoxide as 2-hydroxyethidium fluorescence.
As shown in Fig. 5B, DA more than doubled superoxide levels, whereas increasing
intracellular AA by DHA loading alone had no effect. Increasing the intracellular AA
concentration completely prevented the increase in superoxide generation by the cells.
Treating cell with the cell-penetrant antioxidant TEMPOL also prevented the increase in
superoxide due to DA. These results show that DA acutely increases superoxide generation
in SH-SY5Y cells and that AA and TEMPOL prevent this increase. They also suggest that at
least part of the decrease in intracellular AA due to DA was related to prevention superoxide
generation.

Although TEMPOL decreased superoxide generation in response to DA in the experiment of
Fig. 5B, neither it nor several other antioxidants increased NE generation by the cells (Fig.
5C). In this experiment, cells were incubated with concentrations of the antioxidants known
to be effective in decreasing oxidative stress for 30 min followed by addition of DA and
measurement of NE 60 min later. Only AA loading with DHA increased NE generation.

4. Discussion

Although AA has long been known to be the physiologic co-factor for DEH in adrenal
chromaffin cells [5], its role in promoting or even regulating NE synthesis from DA in
isolated neuronal cells has not been elucidated. In the absence of added AA and DA and
despite the fact that the culture medium contained 100 wM L-tyrosine, SH-SY5Y
neuroblastoma cells did not generate detectable amounts of intracellular NE in culture.
Incubation over 60 min with increasing concentrations of exogenous DA alone did cause a
gradual but modest increase in intracellular NE, in line with previous results showing that
DA itself can support a low level of NE synthesis by purified bovine adrenal DEH [27,28].
Loading cells with AA alone over 90 min by treatment with DHA caused a small and
variable increase in intracellular NE. When cells were provided with both DA and AA,
however, they showed a marked increase in NE generation, supporting the notion that DpH
is functional in these cells, but that they lack both substrate and co-cofactor for its efficient
synthesis.

The increase in NE synthesis when cells were treated with AA and DA was prompt and
progressive over 90 min, whether AA loading was achieved by incubation with DHA or AA.
This differs from the response observed with cultured AA-depleted adrenal chromaffin cells,
in which AA stimulated DBH-dependent tyramine conversion to octopamine only after
several hours [7]. Although AA uptake into chromaffin cells was rapid [7,29,30], its entry
into chromaffin granules is known to be very slow [6,30]. This was considered to account
for the long lag-phase in the AA effect on octopamine synthesis by DBH [7]. Our finding
that AA enhanced NE generation from DA much more rapidly in SH-SY5Y cells suggests
that intracellular AA or its reducing equivalents had ready access to DBH in this cell type. A
potential caveat is that DHA does enter chromaffin granules rapidly compared to AA [6] and
we loaded cells with DHA most experiments. Thus, DHA could have diffused into secretory
granules and accounted for the rapid response. Still, our finding that DHA and AA had
similar linear time-dependent increases in NE generation despite more rapid increases in
intracellular AA with DHA than AA loading shows that NE generation is rapid with AA
itself. Our result could be explained by a cytoplasmic location for at least some functional
DBH. This is certainly not the case for chromaffin cells [5], and also unlikely for SH-SY5Y
cells, which are known to have large dense core vesicles that on fractionation contain newly
synthesized NE and DBH immunoreactivity [31]. Another possibility is that the vesicles
containing DBH in SH-SY5Y cells also contain an AA transporter to facilitate AA entry into
the vesicles. Indeed, we have previously reported that the SVCT?2 is localized to punctate
vesicular structures in cultured hippocampal neuronal axons [32]. Whether neuronal
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secretory vesicles contain functional SVCT?2 is a question for future studies, since it could
impact the well-known release of AA at the synapse during neurotransmission [33].

There is controversy regarding the /n sitv affinity of DBH for AA in chromaffin cells. Initial
studies in cultured adrenal chromaffin cells and purified chromaffin granules found a
relatively high apparent K, of 15-17 mM for AA [34], which was subsequently confirmed
and attributed to negative cooperativity of DRH at higher AA concentrations [35]. However,
other studies in adrenal chromaffin granules found a Ky, of 0.6 mM [36], which was similar
to that of 0.5-0.6 mM found in extracted and purified bovine DBH [4,37]. The main
difference between these studies was the assay of DBH using conversion of tyramine to
octopamine in the experiments reporting a high Ky, for AA, compared to use of DA as the
substrate for the low K, studies. Our finding of an apparent intracellular Ky, of 0.5 mM or
less for ascorbate in intact SH-SY5Y cells also using DA as substrate supports the results of
Dhariwal, et al. [36] and their contention that the natural substrate DA should be used to
assess the affinity of DBH for AA. It is important to note in this coupled compartmental
system that the concentration of extracellular AA generating half-maximal NE appearance in
the cell was about 100 M, which fits with the measured CSF AA concentration in humans
[38,39].

It is also relevant to consider the /n situ kinetics of DA with regard to NE generation by
DpH. DA was concentrated many-fold in SH-SY5Y cells over that present in the medium
during 60 minutes of incubation. DA uptake was likely mediated by the NE transporter [40],
which is known to be expressed in SK-N-SH cells, from which SH-SY5Y cells were derived
[41]. Since the affinity of the NE transporter for NE and presumably DA is about 700 nM in
SH-SY5Y cells [42], it will be saturated at the DA concentrations used in these studies.
Nonetheless, it is able to concentrate DA in the cells relative to DA present in the incubation
medium. The apparent Ky, of DBH for DA in brain extracts is 2 mM [37], which is higher
than apparently saturating total cell DA concentrations reached in the present studies. It is
thus likely that DRH in secretory vesicles is exposed to much higher concentrations of DA
due to concentrative uptake into the vesicles on the VMAT2, which has a K, for DA of
about 25 uM [43].

When cells were loaded with DA concentrations of 10 to 25 uM, AA loading decreased
intracellular DA by one-third compared to cells loaded with DA alone. This was likely due
to consumption of DA by its conversion to NE, which occurs on an equimolar basis [4].
Although about twice as much NE was generated by AA from DA compared to the decrease
in intracellular DA, the difference probably reflects continued uptake of DA from the
medium over the 60 minutes of incubation.

The key factor in enhancing the effect of AA on SH-SY5Y cell DBH is the ability to
concentrate AA from the extracellular medium. This was achieved in the present studies
either by rapid uptake and reduction of DHA to AA as noted earlier, or by uptake of AA
itself. It is likely that AA is the major form of the vitamin entering neurons under normal
conditions, since DHA is very unstable at physiologic pH [44,45]. Inhibitor studies
suggested that concentrative AA transport into these cells is mediated by the SVCT2 [18],
which they express as a ~50 kilodalton protein [46]. The apparent K, for AA transport into
SH-SY5Y cells is about 110 M [18]. This fits the range of extracellular AA concentrations
that generate half-maximal intracellular AA concentrations in the present study, which in
turn generate half-maximal intracellular NE concentrations. Given CSF AA concentrations
in humans of 100-200 M noted above, the extracellular AA concentration will directly
affect and thus regulate both intracellular AA and NE generation.
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In addition to facilitating NE synthesis, intracellular AA also prevented superoxide
generation by DA. Although superoxide is the expected initial product of redox cycling of
DA with molecular oxygen, only its downstream toxicity had been previously documented
after as decreased mitochondrial function with increased lipid peroxidation [10] and
decreased cell viability [11,15]. AA at low millimolar concentrations is capable of
scavenging superoxide directly [47] and it can recycle the semiquinone radical of DA [48],
which would halt further oxidation of DA to its toxic quinone form. Although the
antioxidant TEMPOL also prevented superoxide generation from DA, neither TEMPOL nor
other antioxidants facilitated NE generation from DA. This result confirms and extends
those of previous studies in which thiols did not enhance the activity of DBH in chromaffin
cell cultures [49] or in purified chromaffin DEH [4]. Since potent intracellular antioxidants
failed to affect NE synthesis from DA, it seems likely that this effect of AA was not a major
factor in its ability to stimulate NE generation from DA.

When loaded with 100 uM AA, SH-SY5Y cells can maintain AA concentrations for at least
16 hin culture of 1.5-2 mM [18], which are similar to those of GSH (1.0-1.5 mM) seen in
the present and the previous study. Although GSH is typically considered the major low
molecular weight thiol-based antioxidant in these cells [11,18], the results of our previous
study with glutamate toxicity show that AA is a more sensitive indicator of oxidative stress
than is GSH [18]. This was also evident in the present study, since treating cells loaded to
0.8 mM AA with 100 M DA for 60 min decreased intracellular AA by 50%, but only
modestly decreased GSH. This is not to say that AA is a better antioxidant in these cells than
GSH, but more likely that the cells have a high capacity to recycle GSH from GSSG via
glutathione reductase. On the other hand, when cells were loaded to 3 mM with AA, the
relative decrease in AA was smaller and showed only a downward trend. A caveat here is
that AA is also oxidized in the DBH reaction and this will contribute to its decrease.
Nonetheless, the ability of AA to prevent superoxide generation due to DA suggests that at
least part of the decrease in AA is due to scavenging superoxide.

In conclusion, intracellular AA stimulates NE generation from DA in SH-SY5Y cells in a
time- and concentration-dependent manner from extracellular AA concentrations in the
physiologic range of expected AA concentrations in the CSF. This stimulation is associated
with prevention of DA-dependent superoxide generation that might otherwise be toxic to the
cells. These two actions of AA suggest that intracellular AA might both regulate NE
synthesis and prevent attendant toxicity of DA.
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Abbreviations used

ANOVA analysis of variance

AA ascorbic acid

CSF cerebrospinal fluid

DHA dehydroascorbate

DgH dopamine B-hydroxylase
L-DOPA L-3,4-dihydroxyphenylalanine
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dopamine

Hepes N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
KRH Krebs-Ringer Hepes
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Figure 1. Time-dependent stimulation by AA of DA conversion to NE by SH-SY5Y cellsin
culture

Cells in culture were incubated with 100 M concentrations of AA (circles) or DHA
(squares) followed immediately by 100 .M DA. Incubations were carried out in culture and
at the times indicated, the wells were rinsed twice with 2 ml of KRH and the cells were
removed from the plate for assay of NE (Panel A), AA (Panel B), and DA (Panel C) as
described under Methods. Results are shown from 3 experiments for DHA loading and 5
experiments for AA loading, with an “*” indicating p < 0.05 compared to DHA-treated cells
at the same time point.
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Figure 2. Ascorbate effects on NE generation from relatively high DA concentrations

Cells in culture were incubated in the absence (circles) or presence (squares) of 500 M
DHA, followed in 30 minutes by addition of the indicated concentration of DA. After
another 60 minutes in culture the cells were rinsed twice in 2 ml of KRH and removed from
the plate for assay of NE (Panel A) and AA (Panel B) as described under Methods. Results
are shown from 6 experiments, with an “*” indicating p < 0.05 compared to cells not treated
with AA at the same DA concentration by two-way ANOVA. Both concentrations of DA
significantly enhanced NE generation compared to cells not treated with DA in the presence
or absence of AA (one-way repeated measures ANOVA, Tukey’s post-hoc test, p < 0.05).
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Figure 3. Ascorbate effects on NE generation from relatively low DA concentrations

Cells in culture were incubated in the absence (circles) or presence (squares) of 100 oM
DHA, followed in 30 min by addition of the indicated concentration of DA. After another 60
minutes in culture the cells were rinsed twice in 2 ml of KRH and removed from the plate
for assay of NE (Panel A), AA (Panel B), and DA (Panel C) as described under Methods.
Results are shown from 4 experiments, with an “*” indicating p < 0.05 compared to cells not
treated with AA at the same DA concentration.
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Figure4. AA concentration-dependence of NE generation from DA in SH-SY5Y cells

Cells in culture were incubated with increasing concentrations of DHA (circles) or AA
(squares), followed in 30 minutes by addition of 50 .M DA. After another 60 minutes in
culture the cells were rinsed twice in 2 ml of KRH and removed from the plate for assay of
NE (Panel A) and AA (Panel B) as described under Methods. In Panel C, the cellular
contents of NE (Panel A) were plotted as a function of the measured intracellular AA
concentrations at each loading concentration of each form of the vitamin (Panel B). The
dashed lines in Panel C show hyperbolic fits to the data. For DHA loading, the calculated
AA concentration at which NE accumulation was half-maximal was 0.5 mM, with a
maximum of 506 .M. For AA loading, these values were 0.24 mM and 350 u.M,
respectively. Results are shown from experiments with each form of AA.
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Figure5. Generation of oxidative stressby DA in SH-SY5Y cells

Panel A: Cells in culture were loaded with AA by treatment with 100 uM DHA for 30
minutes and then treated for an additional 120 minutes with the indicated concentration of
DA. Cells were then rinsed twice in 2 ml of KRH and removed from the plate for assay of
AA (Panel A, circles) and GSH (Panel A, squares). Data are shown from 5 experiments,
with an “*” indicating p < 0.05 compared to cells not treated with DA by one-way repeated
measures ANOVA. Panel B: Cells in culture were incubated at 37 °C and treated as
indicated with 100 M DHA (AA) or 50 M TEMPOL for 30 minutes, followed by 100
M DA. After 60 minutes, the cells were rinsed twice in KRH and dihydroethidium was
added to a concentration of 10 M. After an additional 30 minutes, the fluorescence of 2-
hydroxyethidium was determined as described in Methods. Results are shown as relative
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fluorescence of 8 determinations, with an “*” indicating p < 0.05 compared to the control
sample by one-way repeated measures ANOVA. Panel C: Cells in culture were treated
without (Control) or with agents at the following concentrations: DHA, 50 uM; TEMPOL,
50 uM; N-acetylcysteine (NAC), 500 wM; Trolox, 250 wM; and dithiothreitol (DTT), 250
M. After 30 minutes, DA was added to a concentration of 100 M for an additional 60
minutes before 2 rinses in KRH and removal of the cells for assay of NE. Data are shown
from 6 experiments, with an “*” indicating p < 0.05 compared to control by one-way
repeated measures ANOVA.
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