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ABSTRACT
The catecholamine precursor l-dihydroxyphenylalanine (L-
DOPA) is the primary therapeutic intervention for Parkinson’s
disease. Although short-term exposure (30 min) potentiates
dopamine (DA) release by elevating quantal size, longer term
exposure to L-DOPA (48 hr) promotes neurite outgrowth from
midbrain DA neurons in culture. To characterize long term
effects of L-DOPA, we used a pheochromocytoma (PC12) line
that extends neurites on exposure to nerve growth factor (NGF).
L-DOPA potentiated the outgrowth of processes elicited by
NGF. This response did not require conversion of L-DOPA to
DA, was not caused by agonist effects at DA receptors, and
was not blocked by the tyrosine kinase inhibitor genistein.
However, similar results were found after exposure to l-n-ace-
tylcysteine or apomorphine, a DA receptor agonist that pro-

duces a quinone metabolite, and seemed to correlate with
glutathione synthesis. Long-term process elaboration was
blocked by L-buthionine sulfoximine, consistent with mediation
by an antioxidant mechanism. L-DOPA potentiation of NGF
response was important functionally as seen by increased
quantal neurotransmitter release from the L-DOPA/NGF-
treated neurite varicosities, which displayed both 2-fold greater
quantal size and frequency of quantal release. These results
demonstrate potentiation by L-DOPA of morphological and
physiological responses to neurotrophic factors as well as syn-
ergistic induction of antioxidant pathways. Together with ef-
fects on transmitter synthesis, these properties seem to provide
a basis for the compound’s long term presynaptic potentiation
of DA release and therapeutic actions.

The catecholamine precursor L-DOPA elicits either neuro-
toxic or neurotrophic responses depending on experimental
conditions. Toxic effects have been reported in neuroblas-
toma lines and catecholamine neurons cultured in the ab-
sence of astrocytes; this seems to be caused by a promotion of
oxygen radicals, because the toxicity is prevented by the
antioxidant ascorbic acid (Mena et al., 1993; Pardo et al.,
1993; Pardo et al., 1995), overexpression of superoxide dis-
mutase (Mena et al., 1997c), and the monoamine oxidase
inhibitor deprenyl (Mena et al., 1992), which inhibits produc-
tion of hydrogen peroxide (Cohen and Spina, 1989). More-
over, L-DOPA toxicity is correlated with high extracellular
levels of quinone oxyradical L-DOPA derivatives (Graham,
1978; Mena et al., 1992; Basma et al., 1995).

Paradoxically, lower L-DOPA exposures (25–200 mM) are
selectively neurotrophic for DA neurons in ventral midbrain
astrocyte cocultures, promoting cell survival (Mytilineou et
al., 1993; Mena et al., 1997b) and neurite outgrowth (Mena et

al., 1997b). The trophic effects may be caused by factors
synthesized in astrocytes that are upregulated by L-DOPA
exposure (Han et al., 1996; Mena et al., 1997b). Indeed,
astrocyte-conditioned medium alone protects against
L-DOPA neurotoxicity in glial-free cultures of midbrain DA
neurons (Mena et al., 1997a), as would be expected if soluble
neuroprotective glial-derived factors were released by astro-
cytes.

Recently, it has become evident that neurotrophic factors
affect neurotransmitter release as well as cell survival and
development. The striking ability of L-DOPA to induce neu-
rite outgrowth in culture may provide a basis for long-lasting
changes in transmitter release, and the often observed delay
in full therapeutic benefit after L-DOPA treatment for Par-
kinsonian disorders. Although target-derived growth factors
(including glial-derived neurotrophic factor) increase neurite
arborization of midbrain DA neurons (Lin et al., 1993; Pothos
et al., 1998), there is at present no method to trigger novel
initiation of central DA neurite outgrowth. We therefore ex-
amined PC12 cells, a DA-secreting pheochromocytoma cell
line that produces neurites on exposure to NGF (Greene and
Tischler, 1976). We find that L-DOPA potentiates neurotro-
phin-elicited outgrowth and that this response results in
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elevated quantal neurotransmission from the neurite vari-
cosities. An emerging hypothesis from these studies as well
as studies in other systems (Sundaresan et al., 1995) is that
oxidative metabolism strongly influences the presynaptic
neurosecretory apparatus via a synergistic response with
neurotrophic factors.

Materials and Methods
Cell culture. PC12 cells were obtained from Dr. Lloyd Greene

(Department of Pathology Columbia University, New York, NY) and
cultured as described (Greene and Tischler, 1976) using RPMI 1640
medium supplemented with 10% heat-inactivated horse serum and
5% fetal bovine serum (JRH Biosciences, Lenexa, KS). The cells were
plated onto plastic dishes or multiwell plates (Costar, Cambridge,
MA) coated with rat tail collagen (Vitrogen 100; Collagen Biomedi-
cal, Palo Alto, CA) or glass coverslips (Carolina Biological Supply #2,

Burlington, NC) coated overnight with 40 mg/ml poly-d-Lys (molec-
ular mass, 70–150 kDa; Sigma, St. Louis, MO) and then recoated
with 10 mg/ml laminin for 2 hr (Collaborative Biomedical, Bedford,
MA). Cell density platings were as follows: for fluorescent observa-
tions, processes measurements, and electrophysiology, 40,000 cells
per ml were plated on 1-cm2 glass coverslips in a 50-mm diameter
Petri dish (total medium volume, 2.5 ml); for cell counts, 50,000 cells
were plated per well in 24-well plates (total medium volume, 1 ml);
for GSH and protein measurements 400,000 cells were plated in
6-well plates (total medium volume, 4 ml). NGF (human recombi-
nant) was donated by Genentech (South San Francisco, CA) and used
at a concentration of 50 ng/ml. Sulpiride was from Research Bio-
chemicals (Natick, MA); other compounds were obtained from Sigma
except where noted.

Cell measurements. We adapted semiquantitative methods for
estimating the number and elaboration of processes in culture (De-
nis-Donini et al., 1983). In each culture, 8–10 consecutive fields
(magnification, 1003 or 2003 ) were counted under phase optics.
Results are expressed as mean 6 standard error values for two to
four independent experiments. Each data point corresponds to four
or more cultures. Images were produced using an inverted micro-
scope (Axiovert 135 TV; Carl Zeiss, Thornburg, NY), a digital camera
(Star I CCD; Photometrics, Tucson, AZ) and National Institutes of
Health Image software.

Electrochemical techniques. Amperometric detection of DA
secretion in real time was as described (Pothos et al., 1996; Pothos et

Fig. 1. Effect of L-DOPA and NGF on induction of neurites. PC12 cul-
tures at 2 days after plating were treated for 24 hr with L-DOPA with or
without NGF (50 ng/ml). The percentage of cells that exhibited neurites
are reported as mean 6 standard error (n 5 10 cultures). L-DOPA
increased neurite expression both by itself (leftmost bars) and with NGF
(rightmost bars; p , 0.001 by ANOVA for both cases).

Fig. 2. Effect of L-DOPA and NGF on apoptosis. To test induction of
apoptosis by L-DOPA, cultures at 2 days after lating were treated for 24
hr with L-DOPA (0, 50 and 100 mM) with and without NGF (50 ng/ml).
The number of apoptotic cells labeled with Hoechst 33342 are indicated.
Results are expressed as mean 6 standard error (n 5 8 cultures). NGF
protected the cells from L-DOPA-induced apoptosis (p , 0.001, ANOVA).
Inset, four stained nuclei; arrow, apoptotic profile. Scale bar, 5 mm.

Fig. 3. Effect of L-DOPA and NGF on cell number. PC12 cultures at 2–3
days after plating were treated with L-DOPA (0, 12, 25, 50, 100, and 200
mM) for 24 hr with and without NGF (50 ng/ml). The number of surviving
cells (as represented by the number of intact nuclei) are indicated. Re-
sults are expressed as mean 6 standard error (n 5 10–16 cultures).
L-DOPA decreased the cell number both with and without NGF (p ,
0.001, ANOVA); however, this effect was reduced in the presence of NGF.
Note that the total numbers of cells was reduced by NGF alone, as it
induced differentiation and inhibited cell division.

TABLE 1
Effects of L-DOPA and NGF on intracellular DCF label
Five days after plating, cultures were exposed to 0, 50, or 200 mM L-DOPA with or
without NGF (50 ng/ml) for 4 days. The cultures were then examined for cells labeled
by DCF. Data are mean 6 standard error (n 5 6; at least 2000 cells counted per
condition).

% Labeled cells

no NGF 1 NGF

No L-DOPA 0.51 6 0.37 0.48 6 0.35
50 mM L-DOPA 3.83 6 0.66* 0.51 6 0.46**
200 mM L-DOPA 6.20 6 0.82* 0.96 6 0.36**

* p , 0.001 versus no L-DOPA.
** p , 0.001 for cultures treated with NGF/L-DOPA versus the same level of

L-DOPA without NGF.
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