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Abstract

The dopaminergic and antioxidant properties of pukateine [(R)-11-hydroxy-1,2-methylenedioxyaporphine, PUK], a natural
aporphine derivative, were analyzed in the rat central nervous system. At dopamine (DA) D1 ([3H]-SCH 23390) and D2 ([3H]-
raclopride) binding sites, PUK showed IC50 values in the submicromolar range (0.4 and 0.6 mM, respectively). When the uptake
of tritiated dopamine was assayed by using a synaptosomal preparation, PUK showed an IC50 5 46 mM. In 6-hydroxydopamine
unilaterally denervated rats, PUK (8 mg/kg but not 4 mg/kg) elicited a significant contralateral circling, a behavior classically asso-
ciated with a dopaminergic agonist action. When perfused through a microdialysis probe inserted into the striatum, PUK (340
mM) induced a significant increase in dopamine levels. In vitro experiments with a crude rat brain mitochondrial suspension
showed that PUK did not affect monoamine oxidase activities, at concentrations as high as 100 mM. PUK potently (IC50 5 15
mM) and dose-dependently inhibited the basal lipid peroxidation of a rat brain membrane preparation. As a whole, PUK showed
a unique profile of action, comprising an increase in extracellular DA, an agonist-like interaction with DA receptors, and antioxi-
dant activity. Thus, PUK may be taken as a lead compound for the development of novel therapeutic strategies for Parkinson
disease.  1999 Elsevier Science Inc. All rights reserved.
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Progressive degeneration of a particular subset of (Bernheimer et al., 1973). Classically, the pharmacolog-
ical approach for treating PD has been based on the res-neurons is the pathologic basis of different neurodegen-
toration of dopaminergic neurotransmission, either byerative disorders such as Parkinson disease (PD), amyo-
administration of DA precursors (l-dopa), DA recep-trophic lateral sclerosis, and Alzheimer disease. PD is
tor agonists, or both (Mizuno et al., 1991; Yahr, 1976).characterized by a slow and progressive loss of meso-
However, these therapies present disadvantages in viewstriatal dopaminergic neurons, faster than that obser-
of their side effects and loss of efficacy observed inved during normal aging (Hirsch, 1994). A pronounced
long-term treatments (Rinne, 1983, 1991).deficiency in striatal and nigral dopamine (DA) is the

A growing body of data from both experimentalmain biochemical manifestation of PD which correlates
models and human brain studies implicates oxidativesignificantly with the severity of parkinsonian disability
stress as a major cause in neurodegenerative diseases
(Dexter et al., 1994; Ebadi et al., 1996; Jenner, 1992; Si-
monian and Coyle, 1996). Basically, oxidative stress re-* Corresponding author. Tel./Fax: 598 2 4872603; E-mail: bspfadb@

bath.ac.uk. fers to the cytological consequences of a mismatch be-
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tween the production of reactive oxygen species and the (Neumeyer, 1985). Aside from this putative DA trans-
mission-enhancing property, the phenolic character ofability of cells to protect themselves against them (Si-

monian and Coyle, 1996). Neurons from the substantia pukateine and its aporphine skeleton are strong indica-
tions that this compound might act as a potent antioxi-nigra are particularly vulnerable to oxidative stress as a

consequence of the normal generation of reactive oxy- dant in brain tissue (Cassels et al., 1995).
To examine the role that aporphines, and particu-gen species in the course of DA metabolism (Olanow

larly PUK, could have in the development of new alter-and Arendash, 1994). This situation is worsened even
natives for PD therapeutics, we have studied some ofmore by the increased iron content and the relatively
the dopaminergic and antioxidant properties of PUK inlow levels of catalase, ferritin, and glutathione in the
the central nervous system.parkinsonian substantia nigra, as reported by different

authors (Ambani et al., 1975; Dexter et al., 1989, 1990;
Perry and Yang, 1986). Thus, neurons in the substantia

1. Materials and methodsnigra constitute a population of cells highly sensitive to
imbalances in reactive oxygen species and oxidative 1.1. Animals
stress.

Animal experiments were carried out by using maleAn increasing understanding of the biochemical ba-
Sprague Dawley (IIBCE, Uruguay) or Charles Riversis of PD and the problems related to classical therapies
(France, for binding and DA uptake experiments) ratshas given great impetus to the development of novel
with access to food and water ad libitum, housed intherapeutic alternatives. Currently, this search has been
groups of six in a temperature-controlled environmentfocused on drugs that are able not only to restore defi-
on a 12-h light/dark cycle.cient DA transmission, but also to protect from or at

least delay neuronal degeneration. Thus, compounds
1.2. Drugs and reagentswith DA transmission-enhancing properties associated

with neuroprotective characteristics (e.g, l-deprenyl, Chemicals for high-performance liquid chromato-
pramipexole, bromocriptine) appear as some of the most graphic analysis and artificial cerebrospinal fluid (aCSF)
promising antiparkinsonian therapies (Sethy et al., 1997; were purchased from Baker (Phillisburg, PA, USA)
The Parkinson Study Group, 1993; Wu et al., 1994). and were of analytical grade. All chemicals for the lipid

Two decades ago, the semisynthetic aporphine apo- peroxidation and monoamine oxidase (MAO) activity
morphine was used extensively in clinical pharmacol- assays were obtained from Sigma (St. Louis, MO, USA).
ogy for the treatment of PD (Neumeyer et al., 1981), PUK was isolated from Laurelia novae-zelandiae bark
mainly on the basis of its dopaminergic agonism. More as described elsewhere (Urzúa and Cassels, 1982), dis-
recently, different aporphines were shown to exhibit solved in 1% acetic acid, and taken to pH 6 by addition

of 12.5 M NaOH to give the final concentrations of al-potent antioxidant activity in brain tissue homogenates,
kaloid required for the different experiments. The ve-and boldine, a natural aporphine alkaloid, was shown to
hicle solution was also prepared with 1% acetic acidhave cytoprotective effects on isolated hepatocytes and
and NaOH for pH corrections, in the same way as theon red blood cells exposed to free-radical sources (Ban-
PUK solution. 6-Hydroxydopamine (6-OHDA) was pur-nach et al., 1996; Cassels et al., 1995) [Jiménez et al.,
chased from Sigma, and dissolved in aCSF with 0.2%unpublished results]. Pukateine, [(R)-11-hydroxy-1,
ascorbic acid. Boldine was isolated from Peumus boldus2-methylenedioxyaporphine, PUK; Fig. 1], another
bark as described previously (Speisky et al., 1991), andaporphine alkaloid present in the bark of the pukatea
solutions of the hydrochloride were prepared in watertree (Laurelia novae-zelandiae), was shown to bind DA
or phosphate buffer, depending on the assay.receptors in preliminary studies. Moreover, its R config-

uration and C-11-positioned OH group suggested that
1.3. Microdialysis perfusion and DAthis molecule might behave as a dopaminergic agonist
neurochemical analysis

Microdialysis probes (dialyzing length, 4 mm; diame-
ter, 0.5 mm; CMA AB, Sweden) were stereotaxically
implanted in urethane-anesthetized animals (220–270
g) and continuously perfused (flow rate, 2 ml/min.) with
aCSF as previously described (Dajas-Bailador et al.,
1996). Fractions (40 ml) were collected over 20-min pe-
riods in tubes containing 5 ml 0.1 M HClO4 and, for all
experiments, two fractions were considered to define
basal levels. When introduced through the cannulae,
PUK was perfused for 40 min. At the end of each exper-
iment, 100 mM KCl was perfused to confirm that synap-Fig. 1. Chemical structure of pukateine.
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tic functionality was preserved. DA content was mea- Stock solutions of the compounds were diluted in 0.1 M
sured by using high-performance liquid chromatography phosphate buffer (pH 7.4) or vehicle and were added to
(HPLC) with electrochemical detection (HPLC-EC) as the homogenate at the beginning of the incubation pe-
previously described (Dajas-Bailador et al., 1996). riod in a volume of 25 ml. In the control experiments,

volume adjustments were done with phosphate buffer.
1.4. Intranigral injection of 6-OHDA and Incubations were terminated by the rapid addition of
circling behavior 350 ml 20% (v/v) acetic acid. Zero time samples were

obtained by adding acetic acid to the incubation mix-Animals weighing 220–270 g were injected with pen-
ture prior to the addition of tissue homogenate.tobarbital (50 mg/kg) and placed in a D. Kopf stereo-

taxic frame. Through a skull hole, the needle (0.022 mm
1.6.2. Thiobarbituric acid reacting substanceso.d., 0.013 mm i.d.) of a Hamilton syringe (5 ml), at-
(TBARS) assaytached to the stereotaxic microinjection unit (D. Kopf),

TBARS formation was assayed in tissue homoge-was lowered into the substantia nigra. Coordinates were
nates according to a previously published proceduredetermined, from bregma, according to the atlas of Pax-
(Buege and Aust, 1978) with minor modifications.inos and Watson (1986): H: 25.2, L: 22, V: 27.2. A 16
Briefly, after incubation was terminated, 600 ml of 0.5%mg/ml 6-OHDA solution was injected (0.5 ml) during 1
thiobarbituric acid in 20% (v/v) acetic acid (pH 3.5) wasmin, and the needle was withdrawn slowly after allow-
added to each sample. The tubes were then incubateding the drug to diffuse for another minute. Controls
at 858C for 60 min. After cooling, the samples were cen-were injected with aCSF. To select the successfully de-
trifuged at 5000 3 g for 10 min, and the absorbance ofnervated animals, rats were treated with a low dose of
the supernatant was determined at 532 nm. The ab-apomorphine (0.05 mg/kg IP) 8 days after 6-OHDA in-
sorbance reading was determined against blanks pre-jection. Circling behavior experiments were performed
pared in the same way as the experimental samples butbetween 8:00 and 10:00 a.m. in a red acrylic plastic bell-
without tissue. Zero time values were subtracted fromshaped box (0.70 3 0.40 m), and turns (3608) were
experimental values for calculations. Boldine, a well-scored with a circling behavior monitor during 15 min,
characterized aporphine antioxidant (Speisky et al.,starting 5 min after drug injection. Rats that showed
1991), was included as a positive control.marked contralateral circling (more than 100 turns in

15 min) were chosen for the PUK tests, performed on
1.7. Radioligand binding and inhibition of DAday 10 under the same conditions. PUK was injected in-
uptake experimentstraperitoneally at 4 and 8 mg/kg, and behavioral tests

were performed 5 min after drug injection. Binding experiments were performed on striatal
membranes. Each striatum was homogenized in 2 ml

1.5. Enzymatic assays of MAO-A and
ice-cold Tris-HCl buffer (50 mM, pH 7.4 at 228C) with

MAO-B activities
a Polytron (4 s, maximal scale) and immediately diluted
with Tris buffer. The homogenate was centrifuged ei-The effects of PUK on MAO-A or MAO-B activities

were studied by using a crude rat brain mitochondrial ther twice ([3H]SCH 23390-binding experiments) or four
suspension. The tissue was prepared from whole brain times ([3H]raclopride-binding experiments) at 20,000 3
(after discarding the cerebellum) of rats weighing 200– g for 10 min at 48C with resuspension in the same vol-
240 g, as described previously (Scorza et al., in press). ume of Tris buffer between centrifugations. For
The mitochondrial MAO activities were determined by [3H]SCH 23390-binding experiments, the final pellet
HPLC-EC, with the use of selective substrates for the A was resuspended in Tris buffer containing 5 mM
(serotonin) and the B (4-dimethylaminophenethyl- MgSO4, 0.5 mM EDTA, and 0.02% ascorbic acid (Tris-
amine) form (Reyes-Parada et al., 1994a, 1994b). Mg buffer), and the suspension was briefly sonicated

and diluted to a protein concentration of 1 mg/ml. A
1.6. Lipid peroxidation assay 100-ml aliquot of freshly prepared membrane suspen-

sion (100 mg of striatal protein) was incubated for 1 h at1.6.1. Preparation of rat brain homogenates
258C with 100 ml Tris buffer containing [3H]-SCH 23390Rats weighing 200–250 g were used. After sacrifice
(85.5 Ci/mmol; NEN, Paris, France; 0.25 nM final con-by decapitation, whole brain (minus cerebellum) was
centration) and 800 ml of Tris-Mg buffer containing thedissected out and homogenized (1:10 g/ml in ice-cold
required drugs. Nonspecific binding was determined in0.1 M phosphate buffer (pH 7.4). The tissue homoge-
the presence of 30 mM SK&F 38393 (RBI, Natick,nate was centrifuged at 800 3 g for 15 min at 48C and
USA) (Cortes et al., 1992; Protais et al., 1992) and con-the supernatant was divided into 1-ml aliquots and kept
stituted about 2 to 3% of total binding. For [3H]raclo-at 48C until use, the same day. Aliquots (25 ml) of this
pride-binding experiments, the final pellet was resus-homogenate were incubated in the absence or presence
pended in Tris buffer containing 120 mM NaCl, 5 mMof different concentrations of the drugs (5–50 mM) in a

shaking water bath at 378C for 20 min in open test tubes. KCl, 1 mM CaCl2, 1 mM MgCl2, and 0.1% ascorbic acid
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(Tris-ions buffer), and the suspension was treated as using Student’s t-test (two-tailed) for mean compari-
sons. Receptor-binding data were analyzed by using theheretofore described. A 200-ml aliquot of freshly pre-

pared membrane suspension (200 mg of striatal protein) computer programs EBDA and Ligand, as described by
McPherson (1985). In all cases, data are presented aswas incubated for 1 h at 258C with 200 ml of Tris-ions

buffer containing [3H]raclopride (86.5 Ci/mmol; NEN, mean 6 SD. Statistical significance was set at p , 0.05.
Paris, France; 0.5 nM final concentration) and 400 ml of
Tris-ions buffer containing the drug being investigated.

2. RESULTSNonspecific binding was determined in the presence of
50 mM apomorphine (Cortes et al., 1992; Protais et al., 2.1. Radioligand binding and DA uptake assays
1992) and constituted about 5 to 7% of total binding. In

At [3H]SCH 23390 (D1) and [3H]raclopride (D2)both cases, incubations were stopped by the addition of
binding sites, PUK showed IC50 values in the submicro-3 ml of ice-cold buffer (Tris-Mg buffer or Tris-ions
molar range (0.4 6 0.03 and 0.6 6 0.04 mM for SCHbuffer, as appropriate) followed by rapid filtration
23390 and raclopride sites, respectively, n 5 6).through Whatman GF/B filters. Tubes were rinsed with

When the uptake of tritiated DA was assayed by us-3 ml ice-cold buffer, and filters were washed with 3 3
ing a synaptosomal preparation, PUK showed an IC50 53 ml ice-cold buffer. After the filters had been dried, ra-
46 6 5 mM (n 5 5).dioactivity was counted in 4 ml BCS scintillation liquid

(Amersham, Paris, France) at an efficiency of 45%. Fil-
2.2. Circling behavior experimentster blanks corresponded to approximately 0.5% of total

binding and were not modified by drugs. Rats injected with 6-OHDA in the substantia nigra
For [3H]DA uptake assays, all experimental proce- showed an almost complete depletion of DA in the stri-

dures for the preparation of synaptosomes were carried atum (.90%) 8–10 days after the injection, as mea-
out at 0–48C. To obtain synaptosomal preparations, rats sured by HPLC-EC after drug tests (data not shown),
were killed by decapitation and the striatum was dis- and exhibited pronounced contralateral circling with
sected and homogenized in 10 volumes (w/v) of 0.32 M apomorphine (Fig. 2). The 4-mg/kg (n 5 8) PUK dose
sucrose by using 10 up and down strokes of a PTFE showed no effect on circling behavior, but 8 mg/kg (n 5
glass homogenizer (800 rpm). Nuclear material was 9) elicited significant contralateral circling (Fig. 2). This
removed by centrifugation at 1000 3 g for 10 min. The evoked behavior has been classically associated with a
supernatant (S1) was stored and the P1 pellet was resus- dopaminergic, apomorphine-like, agonist action.
pended in 10 volumes of 0.32 M sucrose and recentri-

2.3. Microdialysis experimentsfuged (1000 3 g for 10 min). The two supernatants were
combined, and the mixture was centrifuged at 15,000 3 The microdialysis technique used showed stable
g for 30 min. The resulting P2 pellet was suspended in basal levels of 4.5 6 2 nM DA. Perfusion of PUK (340
20 volumes of ice-cold Krebs-Ringer medium prev- mM) through the microdialysis probe induced a signifi-
iously oxygenated (95% 02, 5% CO2). The medium con- cant increase in extracellular levels of DA in the stria-
tained (mM): NaCl, 109; KCl, 3.6; KH2PO4, 1.1; CaCl2, tum (n 5 6; Fig. 3). The levels of DOPAC and HVA,
2.4; MgSO4, 0.6; NaHCO3, 25; glucose, 5.5; pH 7.6. the main metabolites of DA, were not modified by PUK
[3H]DA uptake was evaluated on aliquots of the synap- perfusion. The percentage of PUK that crosses the mi-
tosomal preparation. After a 5-min preincubation in
Krebs-Ringer buffer containing 10 mM pargyline,
[3H]DA (47 Ci/mmole; Amersham, France) was added
to a final 2 nM concentration. Five-minute incubations
were stopped by dilution into cold Krebs-Ringer me-
dium followed by filtration under vacuum on Whatman
GF/B filters. Filters were washed twice with 3 ml cold
Krebs-Ringer medium and dried. Tissue radioactivity
retained by synaptosomes was determined by liquid
scintillation spectrometry. Blank values, obtained by in-
cubating parallel samples at 08C, were subtracted (Pro-
tais et al., 1984, 1995).

1.8. Statistical analysis

Microdialysis data were evaluated statistically by us-
Fig. 2. Circling behavior (turns/15 min 6 SD) registered after differ-ing a single factor analysis of variance (ANOVA), and ent treatments (IP administration), 8 to 10 days after 6-OHDA in-

Student’s t-test (two tails) for additional mean compari- tranigral injection. Statistically significant differences are indicated:
*p , 0.05 (Student’s t-test, two tails), significance against vehicle.sons. Circling behavior experiments were analyzed by
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Fig. 3. Time course of the effect of PUK (340 mM) or vehicle perfu-
Fig. 4. Percentage inhibition of TBARS formation by PUK and bol-sion through microdialysis probe on the extracellular levels of dopa-
dine, measured in brain tissue homogenates. Data are mean 6 SD.mine in the striatum. Fractions 1 and 2 were considered basal levels.
The IC50 values were determined from the graph (15 mM for pukateinPUK or vehicle were perfused for 40 min., starting at minute 60. Val-
and 13 mM for boldine).ues represent the concentration of extracellular dopamine (nM) de-

tected by HPLC-EC and are expressed as mean 6 SD. Statistically
significant differences are indicated: *p , 0.05 (ANOVA and Stu-
dent’s t-test, two tails), significance against basal levels. therapeutics (Golbe et al., 1988), was more recently ad-

dressed as a possible neuroprotective agent, retarding
the progressive disability of parkinsonian patients (Te-codialysis membrane (in vitro recovery) was found to
trud and Langston, 1989; The Parkinson Study Group,be about 24%, as measured by PUK absorbance at 300
1993). Neuroprotection by deprenyl seems to be inde-nm (data not shown). At the end of all microdialysis ex-
pendent of its MAO-B inhibitory properties and hasperiments, KCl evoked a DA increase of more than 25-
been associated with novel free-radical scavenging prop-fold, ensuring that the synaptic terminals were still func-
erties (Wu et al., 1994). These results, and others re-tional. Additional microdialysis experiments showed

that PUK (8 mg/kg IP) produced no modification of porting that vitamin E consumption may be associated
DA release in the striatum (data not shown). with reduced incidence and severity of PD, has given

new emphasis to the study of antioxidant molecules that
2.4. MAO-A and -B inhibition assays might contribute to halting neuronal degeneration and

restoring DA synaptic functionality (Ebadi et al., 1996).In view of the increase in extracellular concentra-
Early studies showed that PUK could interact withtions of DA caused by PUK, we tested the possible

DA receptors. These results comprise the weak inhibi-involvement of MAO inhibition in the observed effect.
tion of DA-sensitive adenylate cyclase of the rat cau-In vitro studies showed that PUK was completely de-
date and the displacement of [3H]apomorphine andvoid of MAO-A or MAO-B inhibitory properties, and
[3H]ADTN binding to calf caudate membranes (Neu-no enzymatic inhibition was observed at concentrations
meyer et al., 1985; Sheppard and Brughardt, 1978). Inas high as 100 mM (n 5 4). Moreover, when PUK was
the present work, radioligand binding to striatal mem-preincubated with the enzyme for 30 or 60 min, no

changes were observed in the enzymatic activities even branes further support this idea and confirm that PUK
after the longest incubation time (data not shown). is capable of interacting with striatal DA receptors,

showing IC50 values in the submicromolar range.
2.5. Lipid peroxidation assay The unilateral administration of 6-OHDA into the

rat nigrostriatal system induces unilateral damage ofAs shown in Fig. 4, PUK inhibited the formation of
the DA-containing nigral neurons (Ungerstedt, 1971;TBARS in a concentration-related fashion with an
Ungerstedt and Arbuthnott, 1970). In this model, a con-IC50 5 15 mM (n 5 5). The inhibition profile was very
tralateral circling behavior in response to low doses ofsimilar to that observed with boldine, the aporphine an-

tioxidant used as a positive control (IC50 5 13 mM). DA agonists can be observed over time, and this turn-
ing is mediated by the development of supersensitivity
of postsynaptic DA receptors on the lesioned side

3. Discussion (Heikkila et al., 1981; Ungerstedt, 1971). PUK (8 mg/kg
IP) elicited marked contralateral circling, a behaviorThe search for new therapies for PD has focused on
that can be attributed to an agonist-like interaction withthe development of compounds able to restore DA
DA receptors. When taken together, the radioligand-transmission and protect nigral neurons against neuro-

degeneration. Deprenyl, an adjuvant to levodopa in PD binding and circling behavior experiments are in agree-



378 F.A. Dajas-Bailador et al./General Pharmacology 32 (1999) 373–379

ment with the hypothesized effect of PUK on DA re- and possibly improving pharmacokinetics and blood–
brain barrier penetration. Additionally, presumably fac-ceptors, considering its R configuration and its OH
ile electrophilic substitution on the phenolic ring C maygroup positioned at C-11.
lead to improved pharmacological properties by modu-When perfused through the microdialysis probe,
lating charge distribution and overall lipophilicity andPUK produced a significant increase in the extracellular
affording additional receptor-binding functionalities.levels of striatal DA. It should be emphasized that the
These structural modifications may take advantage ofpercentage of PUK that crosses the microdialysis mem-
PUK’s dual mode of action (increase in extracellularbrane was determined to be about 24%. In view of
DA and dopaminergic agonism) and preserve the po-that, the approximate tissue concentration of PUK sur-
tent antioxidant, and probably cytoprotective, activityrounding the cannulae could be estimated as less than
of this natural product. Molecules of this type should80 mM. Given that PUK showed no inhibition of MAO
counterbalance the loss of dopaminergic function andactivities in rat brain mitochondrial suspensions, the in-
protect nigral neurons from oxidative stress, which iscrease in the extracellular concentrations of DA could
considered to be one of the main determinants in thebe attributed to the inhibition of DA uptake. This hy-
development of the characteristic neuronal degenera-pothesis is supported by results obtained with striatal
tion of PD (Ebadi et al., 1996).synaptosomes, showing that PUK inhibits DA uptake

In conclusion, PUK shows a unique combination ofwith an IC50 5 46 mM. However, the possibility that
dopaminergic and antioxidant properties and may bePUK might be modifying extracellular DA through an
taken as a lead compound for the development of novelincrease in DA release cannot be excluded. Additional
therapeutic strategies for PD. Future work should aimmicrodialysis experiments showed that PUK at 8 mg/kg
to improve the dopaminergic profile of PUK and studyIP, a dose that induced contralateral circling in dener-
its putative neuroprotective role in experimental mod-vated rats, did not evoke an increase in extracellular
els of PD.DA in the striatum. This finding could be explained by

the fact that PUK affinity for the DA receptors is much
higher than that observed for the uptake site. Conse-
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