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An in vitro model of 1-methyl-4-phenyl-pyridinium
(MPP+) toxicity: incubation of rabbit caudate
nucleus slices with MPP+ followed by biochemical
and functional analysis
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Neurologische Universitatsklinik, Hansastr. 9, D-7800 Freiburg, and *Pharmakologisches Institut der
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1 Slices of rabbit caudate nucleus were preincubated for up to 24h in vitro in the presence of the
neurotoxic compound 1-methyl-4-phenyl-pyridinium (MPP+). Subsequently the levels of endoge-
nous monoamines in the slices were determined by h.p.l.c. with electrochemical detection. MPP+,
in concentrations higher than 32 nm significantly diminished the dopamine levels within the slices in
a concentration- and time-dependent manner; at 32yM the depletion was more than 95%. The
concentration of the major metabolite of dopamine, dihydroxyphenyl acetic acid (DOPAC) was
decreased at concentrations of MPP+ that did not alter dopamine levels. Thus, MPP+ increased
the dopamine/DOPAC ratio.
2 In contrast, both 5-hydroxytryptamine (5-HT) levels and 5-HT/5-hydroxyindolacetic acid (5-
HIAA) ratios were increased at nanomolar concentrations of MPP+. 5-HT was significantly
reduced only at 32 pM.
3 The dopamine uptake inhibitor nomifensine reduced the depletory effect of MPP+ on dopa-
mine and DOPAC content.
4 Following 24 h pretreatment with MPP +, the uptake of [3H]-dopamine into rabbit caudate
nucleus slices was either enhanced (at 0.32 pM, 1 pM and 3.2 pM MPP +) or reduced (at 32JM
MPP+).
5 Preincubation of slices with 1OpM MPP+ for only 1 h increased their 3H-labelling (in contrast
to 24 h pretreatment) whereas after 9 h no net increase was detectable. After 1 and 9 h MPP+
pretreatment, much less deaminated metabolites of [3H]-dopamine were found in the incubation
medium of MPP+ treated slices than in the medium of control slices. These findings suggest that
MPP + strongly inhibits the enzyme monoamine oxidase (MAO) within dopaminergic (and 5-
hydroxytryptaminergic) terminals before destroying them.
6 To validate the proposed in vitro model functionally, the electrically evoked release of [3H]-
acetylcholine ([3H]-ACh) was investigated in MPP+ treated slices and controls. MPP+ reduced
both the facilitatory effect of the D2-receptor antagonist domperidone and the inhibitory effect of
the catecholamine uptake inhibitor nomifensine on [3H]-ACh release; effects compatible with a
diminished inhibitory dopaminergic input on cholinergic neurones.
7 These findings also show that the terminal region of dopaminergic neurones, the caudate
nucleus, is a site for MPP+ toxicity. The present in vitro model may be useful for investigating the
effects of MPP+ and its interaction with other drugs under defined conditions.

Introduction

The sequence of events leading from administration gic neurones in primates has been suggested to
of N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine involve the following steps: MPTP is converted to
(MPTP) to selective destruction of nigral dopaminer- the neurotoxic compound 1-methyl-4-phenyl-pyri-

dinium (MPP +) in glial cells or 5-hydroxy-
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oxidase B (MAO-B) and closely surround the dopa-
minergic neurones of the substantia nigra and the
caudate nucleus. Following release from the MAO-B
containing cells, MPP+ is accumulated via the
dopamine uptake pump into and concentrated
within dopaminergic neurones (Snyder & D'Amato,
1986). In favour of the role of the substantia nigra in
the pathogenesis it was assumed that within pig-
mented cell bodies of nigral neurones MPP+ was
bound to neuromelanin and gradually released in a
depot-like fashion, maintaining a toxic intracellular
concentration of MPP +. However, since mono-
amine uptake is more prominent in nerve endings
than in cell bodies (Snyder & D'Amato, 1986), the
dopaminergic terminal field in the striatum rather
than the cell bodies of the substantia nigra could be
a primary target for MPP+ toxicity.

In the present investigation we studied the effects
of long term incubation with MPP+ in caudate
tissue of the rabbit in vitro in order to establish clear
concentration-effect relationships and to provide a
more accessible and less expensive experimental
model than that of MPTP-induced Parkinsonism in
primates in vivo. Acute dopamine releasing effects of
MPTP and of MPP + in rat CNS tissue have
already been described (Schmidt et al., 1984; Marks-
tein & Lahaye, 1985; Rollema et al., 1986a).
However, acute effects may not reflect adequately the
toxic effects of MPP + on the dopaminergic system
in vivo since, ultimately, the destruction of dopamin-
ergic cells leads to MPTP-induced Parkinsonism.

The analysis of subacute effects of MPTP or
MPP + on cultured neuronal cells (Mytilineou &
Cohen, 1984) also represents an incomplete model of
MPP + toxicity, since postsynaptic effects of the
impaired dopaminergic neurotransmission cannot be
investigated in cell cultures. In the striatum, the
dopaminergic system is known to inhibit cholinergic
transmission. If the present model of MPP + toxicity
is valid functionally and reflects an impaired func-
tion of dopaminergic neurotransmission, reduced
postsynaptic effects on [3H]-acetylcholine ([3H]-
ACh) release in the caudate nucleus should be
evident (Hertting et al., 1980).

Some of the present results were presented at the
seventh European Winter Conference on Brain
Research, Val Thorens, France, March 1987.

Methods

Rabbits of either sex weighing 1.7-2.5 kg were
decapitated. The brain was quickly removed and the
caudate nuclei bluntly detached from their surround-
ings. Slices of the head of the caudate nucleus
(0.3mm thick, 3-4mm diameter, 1.5-2.5 mg wet
weight) were prepared using a tissue chopper. These

slices were transferred to dishes and treated with dif-
ferent concentrations of MPP+, dissolved in 10ml
of a modified Krebs-Henseleit buffer, for different
time intervals up to 24 h at 37°C. During this incu-
bation they were supplied superficially with 5%
C02/95% °2 within a closed incubation chamber
rotating slowly. The composition of the incubation
medium was (mmolP ): NaCl 118, KCl 4.8, CaCl2
1.3, MgSO4 1.2, NaHCO3 25, KH2PO4 1.2, glucose
11, ascorbic acid 0.57, disodium EDTA 0.03.

Endogenous monoamines and deaminated metabolites

After preincubation with or without MPP +, about
10 to 20 slices, i.e. the content of one of 6-10 dishes,
were rinsed, weighed and prepared for determination
of endogenous monoamines and metabolites (i.e.
dopamine and its major metabolite dihydroxyphenyl
acetic acid (DOPAC), noradrenaline (NA) and 5-
hydroxytryptamine (5-HT) and its deaminated
metabolite 5-hydroxyindolacetic acid (5-HIAA)) by
high performance liquid chromatography (h.p.l.c.)
with electrochemical detection (Starke et al., 1981).
The interaction between MPP + and other sub-
stances was evaluated by estimation of endogenous
monoamines after co-incubation of slices with the
drugs and MPP +.

Accumulation of [3H]-dopamine and tritiated meta-
bolites

Slices were pretreated with or without MPP+ at dif-
ferent concentrations up to 24h and then incubated
for 30 min in the presence of [3H]-dopamine (0.1 pm,
27 Ci mmol-1) in a volume of 4ml. After labelling,
the supernatant was analysed for the unmetabolized
transmitter and deaminated metabolites. Subse-
quently, a 30min period of discontinuous washing
was applied: after 0, 10 and 20min the slices were
washed once with medium followed by re-addition of
10 ml fresh medium. At the end of the washing
period each slice was dissolved in 0.5 ml Soluene-350
(Packard Instruments, Frankfurt, FRG) for tritium
determination (see Feuerstein et al., 1986).

Separation of [3H]-dopamine from its deaminated
metabolites in supernatant samples was performed
using the separation method described by Steppeler
et al. (1982). The recovery from standard samples of
[3H]-dopamine was about 90% (Feuerstein et al.,
1986).

Superfusion experiments

Rabbit caudate nucleus slices with or without
MPP + (1O yM) pretreatment for 1 h were incubated
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with [3H]-choline, superfused and electrically stimu-
lated. The electrically evoked overflow of tritium fol-
lowing preincubation with [3H]-choline reflects
release of [3H]-ACh (Hertting et al., 1980). Briefly,
following pretreatment, the slices were incubated for
30min in the presence of [3H]-choline (0.1 MM,
80Cimmol-1). They were then rinsed, transferred to
glass superfusion chambers, superfused with medium
(prewarmed to 370C and saturated with 5%
C02/95% °2, pH 7.4) at a rate of 1 ml min-1. After
30min of continuous washing the superfusate was
collected in 5 min samples for tritium determination
by liquid scintillation counting.

During superfusion the slices were electrically
stimulated twice (for 2min each; rectangular uni-
polar pulses 2ms, 3Hz; 5Vcm-', 24mA) after
45min (S ) and 75min (S2). Drugs to be tested were
added to the medium from 15min before S2
onwards. None of them affected basal tritium
outflow. When domperidone was added before S2'
nomifensine (1 M) was present in the medium
throughout the superfusion. Controls without drugs
added before S2 were always run in parallel with
drug experiments. At the end, the slices were
removed from the chambers and dissolved in
Soluene-350 for tritium determination.

Evaluation and statistics

In superfusion experiments, the fractional rate of
tritium outflow 5 min- ' and the stimulation evoked
overflow of tritium are expressed as % of the tritium
content of the tissue at the onset of the respective
stimulation period. Drug effects were evaluated by
calculating the ratio (S2/S) of the evoked overflow
in the two stimulation periods (Feuerstein et al.,
1986).

All results (endogenous monoamines and meta-
bolites, tritium contents of accumulation experi-
ments, and S2/S1 ratios) are expressed as
mean + s.e.mean. The existence of differences
between the means of treatments and their corre-
sponding controls or between treatment values was
tested with a one-way analysis of variance; the pre-
conditions of this analysis of variance were proved
using Bartlett's test with a minimum level of signifi-
cance of 10% to refute the null hypothesis
(homogeneity of variances, goodness-of-fit for
normal distribution). Student's t test (two-tailed) was
used subsequently to determine the significance of
differences between the groups of treatments,
employing the error mean square of the analysis of
variance to an estimate of the standard deviation of
all means. When results are expressed as % of corre-
sponding controls, the law of error propagation was
respected for calculation of s.e.means.

Drugs used

[Methyl-3H]-choline and [7-3H(N)]-dopamine were
obtained from NEN, Dreieich, F.R.G. The following
drugs were kindly provided or acquired as follows:
1-methyl-4-phenyl-pyridinium iodide (MPP +;
ANAWA, Wangen, Switzerland); nomifensine hydro-
gen maleate (Hoechst, Frankfurt, F.R.G.); domper-
idone (Janssen, Beerse, Belgium). All other chemicals
were of analytical grade from commercial sources.

Stock solutions of drugs were freshly prepared in
water, 0.001MHCl or medium for each experiment
with the exception of domperidone which was dis-
solved in 10mM citric acid.

Results

Endogenous monoamines and metabolites

Figures 1 and 2 illustrate the effects of preincubation
of rabbit caudate nucleus slices with MPP+ at dif-
ferent concentrations for 24 h on the levels of
endogenous dopamine, 5-HT and their deaminated
metabolites. The monoamine content of control
slices after 24 h incubation was not significantly dif-
ferent from that of 'fresh' slices (Table 1). MPP+
(3.2-320 nM) failed to change the dopamine level of
caudate nucleus slices whereas the dopamine/
DOPAC ratio was significantly enhanced. (At micro-
molar concentrations of MPP +, it was no longer
possible to calculate reliable dopamine/DOPAC
ratios, since DOPAC values were often below the
detection limit of the method). MPP+ (0.1-32 MM)
diminished the dopamine content of the slices in a
concentration-dependent manner (Figure 1).

In contrast to the marked effects of MPP + on the
levels of dopamine, the concentrations of NA in
caudate nucleus slices were not affected over the
whole concentration range applied (Table 1).
However, MPP+ (10 gM) diminished the NA
content of hippocampal slices pretreated analogously
for 24h from 245.7 + 3.7ngg-1; n = 8, to
11.2+0.7ngg-1; n=8 (P<0.001). 5-HT levels
were changed in a biphasic manner: they were
enhanced at concentrations of 3.2-320 nM, but sig-
nificantly reduced at the highest MPP+ concentra-
tion of 32 gM (Figure 2). Furthermore, MPP +
(3.2-320 nM) significantly increased the ratio of
5-HT/5-HIAA. Treatment with 1 gM MPP +,
however, diminished this ratio (Figure 2, insert). As
observed with the dopamine/DOPAC ratio, at
higher micromolar concentrations the effect of
MPP+ on the 5-HT/5-HIAA ratio was not measur-
able since 5-HIAA values were often below the
detection limit of the method.
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Figure 1 Effects of 1-methyl-4-phenyl-pyridinium (MPP+) on the endogenous content of dopamine (DA) and
dihydroxyphenyl acetic acid (DOPAC) in caudate nucleus slices of the rabbit. The slices were incubated for 24h in a

modified Krebs-Henseleit buffer containing various concentrations of MPP+ and supplied with oxygen. Endoge-
nous dopamine and DOPAC levels within the slices were determined by h.p.l.c. with electrochemical detection.
Each column represents the mean and vertical bars s.e.mean of dopamine values (ngg-1), expressed as % of
corresponding controls incubated without MPP+ (n = 7-14 for each group). The insert shows the dopamine/
DOPAC ratios at nanomolar concentrations of MPP+, all of which differed significantly from the respective
control ratio, in contrast to the effect on dopamine levels within this concentration range. **P <0.01;
***P < 0.001; significantly different from control.

Figure 3 illustrates the effect of the application
interval of MPP+ on endogenous dopamine levels.
MPP+ (1 or 10pM) was either absent or present
throughout the respective time intervals. Subse-
quently, all slices were further incubated up to a

total incubation time of 24h. When present for 1h
MPP+ (10pM) strongly diminished the levels of
dopamine measured after further incubation of the
slices in the absence of drug. The dopamine content

determined immediately after 1 h MPP+ (10pM)
treatment without further incubation was
1853+139ngg-'; n = 8 (compare to the lh value of
Figure 3). Apart from the information about the
time-dependency of the effects of MPP +, the experi-
mental approach of Figure 3 was used to determine
the concentration of the neurotoxin that, present
only for the first hour of 24h, markedly diminished
the dopamine content of caudate nucleus slices mea-

Table 1 Endogenous monoamine content of rabbit caudate nucleus slices before incubation and after 24h incu-
bation in the absence and presence of 1-methyl-4-phenyl-pyridinium (MPP +; 32.uM)

Period of incubation (h) Dopamine (ngg- ') 5-HT (ngg ') NA (ngg 1)

0

24 (without MPP+)

24 (with 32.M MPP+)

6710 ± 450,
n = 7
6990 ± 375,
n = 15
163 ± 32,
n = 8

229 ± 41,
n = 12
307 + 36,
n = 15
18 + 4,
n = 8

65 ± 9,
n= 11
53 + 11,
n = 8
68 ± 10,
n = 8

The slices were prepared for determination of endogenous monoamines without preincubation, after incubation in
medium for 24 h, or after incubation in medium containing 32 uM MPP+ for 24 h.
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Figure 2 Effects of 1-methyl4-phenyl-pyridinium (MPP+) on the endogenous 5-hydroxytryptamine (5-HT) and
5-hydroxyindolacetic acid (5-HIAA) content of caudate nucleus slices of the rabbit. The slices were incubated for
24h in a modified Krebs-Henseleit buffer containing various concentrations of MPP+ and supplied with oxygen.
5-HT and 5-HIAA levels within the slices were determined by h.p.l.c. with electrochemical detection. Each column
represents the mean and vertical bars s.e.mean of 5-HT values (ngg-1), expressed as % of corresponding controls
incubated without MPP+ (n = 7-14 for each group). The coefficient of variation of 5-HT measurements was
considerably higher than that of dopamine determinations (compare s.e.mean bars in Figures 1 and 2). The insert
shows the 5-HT/5-HIAA ratios at nanomolar concentrations of MPP+, all of which differed significantly from the
respective control ratio. *P < 0.05; **P < 0.01; significantly different from control.
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Figure 3 Effect of the application interval of 1-methyl-
4-phenyl-pyridinium (MPP+) at HM (U) and 1OpM
(El) on the levels of endogenous dopamine in caudate
nucleus slices. MPP+ was either absent (Oh) or present
from the beginning and during the respective time inter-
val of 1, 3, 9 and 24h, as indicated. Subsequently all
slices were further incubated up to a total incubation
time of 24 h. Other conditions were the same as those
described in the legend of Figure 1. All values signifi-
cantly differed from the value at Oh (P < 0.01).

sured after a further incubation of 23 h. Thus, it
became possible to test the interactions of MPP+
with the catecholamine uptake inhibitor nomifen-
sine.
When present for 24h, nomifensine even at high

concentrations inhibited, but did not completely
abolish the uptake of substrates for the dopamine
uptake pump (results not shown). Therefore, the
interactions of nomifensine with MPP+ were
studied as follows: nomifensine was present in the
incubation medium for the whole incubation period
of 24h, whereas MPP+ (10pM) was present only
during the first hour of the 24h incubation. The
dopamine content of control slices incubated for 24 h
with nomifensine (10pM) was 6769 + 539ngg-1;
n = 8, and did not differ from that of untreated slices
(6990 375ngg-'; n = 15). The reduction by
MPP+ of the dopamine content in slices incubated
in nomifensine-containing medium was compared
with the effect of MPP+ alone, given for the first of
24 h. Nomifensine (10pM) reduced the depletory
effects of MPP+ on the dopamine and DOPAC
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Figure 4 Effects of nomifensine on the depletory
action of 1-methyl-4-phenyl-pyridinium (MPP +) on
the concentrations of endogenous dopamine (v A;
hatched columns) and dihydroxyphenyl acetic acd
(DOPAC; solid columns) of caudate nucleus slices.
Nomifensine (1 or 10pM) was present in the incubation
medium for the whole incubation period of 24h,
whereas MPP+ (10yM) was present only during the
first hour. Results are expressed as % of respective con-
trols treated without MPP +. The reduction of the
endogenous concentrations of dopamine and DOPAC
by MPP+ of slices incubated in the presence of nomi-
fensine at the concentrations indicated was compared to
the effects of MPP+ alone. **P < 0.01, comparison of
dopamine contents; ttP < 0.01, comparison of
DOPAC contents. Further conditions were similar to
those described in the legend of Figure 1.

0 140-
0

g8 120-

0-r2- 100-
I

O 80-
C
0

.D 60-

E
o 40
C.)

*----- V.----------------

0.032 0.1 0.32 1 3.2 10

Concentration of MPP+ (AIM)
Figure 5 Effects of 1-methyl-4-phenyl-pyridinium
(MPP +) pretreatment on the accumulation of [3H]-
dopamine (DA) in rabbit caudate nucleus slices preincu-
bated for 24 h without or with various concentrations of
MPP +. Following preincubation the slices were further
incubated for 30min in medium containing [3H]-dopa-
mine (0.1 pM). After discontinuous washing the tritium
content of MPP+ pretreated slices was compared to
that of corresponding control slices (n = 8-14 for each
group). **P < 0.01; ***P < 0.001; significantly different
from 100% representing the 3H-labelling of control
slices.

content of caudate nucleus: it significantly increased
dopamine and DOPAC levels as compared to con-
trols treated with MPP+ in the absence of nomifen-
sine (Figure 4).

[2H]-dopamine accumulation and metabolism

MPP + both enhanced and reduced [3H]-dopamine
accumulation in a concentration-dependent manner:
MPP+ pretreatment for 24h at low concentrations
(0.1 pM, 0.32pM, 1 M and 3.2pM) significantly
enhanced [3H]-dopamine accumulation in caudate
nucleus slices. MPP+ pretreatment was ineffective
at 1O M, but at 32pM it strongly reduced the accu-
mulation of tritium (Figure 5). The accumulation of
[3H]-dopamine in fresh slices did not differ signifi-
cantly from the nomifensine sensitive [3H]-dopa-
mine uptake of slices preincubated for 24 h in
physiological buffer only (not shown). Deaminated
3H-metabolites in the supernatant of slices pretreat-
ed with MPP+ for 1 or 9h were reduced following
preincubation with 10 M MPP+ for both preincu-
bation intervals compared to control slices (Figure
6a). After 1 h preincubation with 10 pm MPP+, the
total tritium content in the medium was reduced
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Figure 6 Effects of 1-methyl-4-phenyl-pyridinium
(MPP+) pretreatment of rabbit caudate nucleus slices
on the concentration of tritium compounds within the
supernatant of these slices following incubation with
[3H]-dopamine. Slices were preincubated for 1 h or 9h
without or with MPP+ (1OM). Subsequently the slices
were further incubated for 30min in medium containing
[3H]-dopamine (0.1 gM). After 3H labelling of the slices,
the tritium content of the supernatant of MPP +
pretreated slices was compared to that of untreated
control slices. (a) Columns represent the mean of deami-
nated 3H-metabolites (as % of the total tritium content
of the supernatant) of control slices (hatched) and of
slices pretreated with MPP+ (stippled). (n = 4 for each
group). ***P < 0.001. (b) Open columns represent the
total tritium content of the supernatant of MPP +
pretreated slices, as compared to the total tritium
content of the supernatant of controls (100%) (n = 4 for
each group). tP < 0.05; tttP < 0.001. Vertical bars
represent s.e.mean.
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compared to the supernatant of control slices (Figure
6b). Consequently, the tritium content of MPP+
treated slices was significantly (P < 0.01) enhanced
by about 17% (not shown). However, after 9 h
pretreatment with 10pM MPP +, more tritium was

found in the supernatant of MPP+ treated slices
than in the incubation medium of corresponding
control slices (Figure 6b), whereas the 3H-content of
MPP+ treated slices or controls was no longer sig-
nificantly different (not shown).

Evoked release oftritiumfrom brain slices pretreated
with or without MPP+ and then incubated with
[3H]-choline

In caudate nucleus slices preincubated for 1 h
without MPP +, then incubated with [3H]-choline,
superfused and electrically stimulated twice, the
dopamine reuptake inhibitor nomifensine markedly

CI 300
- 250

'tc 200

150
20

100

> 50

W 0

... . . . . Drugs given
before S2

10 10 - - Nomifensine .M

- - 0.1 0.1 Domperidone flM

Figure 7 Effects of 1-methyl-4phenyl-pyridinium
(MPP+) pretreatment of caudate nucleus slices on the
evoked overflow of tritium from slices incubated with
[3H]-choline, superfused and electrically stimulated
twice (S,, S2). The slices were preincubated for 1 h in the
absence (open columns) or presence of MPP+ (10OM)
(stippled columns). Nomifensine or domperidone were

added to the superfusion medium 15min before S2. In
the case of domperidone given before S2, nomifensine
(IO M) was present throughout the superfusion in order
to increase the endogenous tone of dopamine. Ordinate
scale : ratio between the overflow of tritium evoked by
S2 and the overflow evoked by S, (SJS1), expressed as
% of corresponding control ratios, when no drug was

added before S2. The tritium overflow of S, (expressed
as % of tissue tritium) in the absence of nomifensine
during superfusion amounted to 4.93 ± 0.35% (n = 9)
in slices pretreated in the absence of MPP+ and to
6.16 ± 0.48% (n = 9) in MPP+ pretreated slices
(significantly different from each other, P < 0.05). In the
presence of nomifensine throughout the superfusion the
mean of the respective S, values of slices pretreated in
the absence of MPP+ was 1.24 ± 0.03% (n = 18). The
preincubation with MPP+ significantly (P < 0.001)
increased the S. values obtained in the presence of
nomifensine to 2.90 ± 0.10% (n = 17). Each column
represents the mean and vertical bars indicate s.e.mean.
(n = 6 for each group). **P < 0.01; ***P < 0.001.

diminished, whereas the D2-receptor antagonist
domperidone greatly enhanced the evoked tritium
overflow, which is assumed to represent the release
of ACh (see Methods). Both the inhibitory effect of
nomifensine and the facilitatory effect of domper-
idone were reduced, when the slices were pretreated
for 1 h with MPP+ (10pM; Figure 7).

Qualitatively similar results were obtained using
caudate nucleus slices after 24 h pretreatment with or
without MPP+ (101M; not shown). However, the
pretreatment procedure of 24h markedly reduced
the evoked tritium overflow, expressed as % of tissue
tritium, since, due to the preceding preincubation, a
considerable amount of [3H]-choline was incorpor-
ated into the membranes of the tissue preparation.
Thus, the tissue tritium content no longer accurately
represented the vesicular storage pool of [3H]-ACh
in cholinergic neurones.

Discussion

The aim of the present investigation was to establish
an easily accessible in vitro model for the neuro-
toxicity of MPP+. This model shows the following
main features: (1) MPP+ selectively and potently
affects the transmitter content of dopaminergic and
much less of 5-hydroxytryptaminergic nerve termin-
als. (2) [3H]-dopamine accumulation studies indicate
that MPP+ pretreatment probably destroys dopa-
minergic nerve terminals. (3) The decrease in endoge-
nous dopamine content can be demonstrated in the
functional model of dopamine modulated striatal
ACh release.

Several observations indicate that, even after a
long preincubation period, the functional integrity of
brain slices persists. Firstly, the similarity between
the accumulation of [3H]-dopamine in fresh and in
long-term pretreated slices supports the assumption
of an intact dopamine uptake pump which is known
to be highly energy-dependent. Secondly, Allgaier et
al. (1987) have shown that a preincubation period of
18 h did not abolish the release of NA from slices of
the rabbit hippocampus. Our own results of the
receptor modulated release of 5-HT from caudate
nucleus slices preincubated from 20-24 h in physio-
logical medium and then labelled with [3H]-5-HT
confirms the intact functional status of the action
potential-induced exocytotic release of the transmit-
ter (unpublished results).

Selectivity of effects ofMPP+ on endogenous
monoamines

The rather selective toxic effect of MPP + on dopa-
minergic neurones represents the basis of the animal
models of Parkinson's disease using MPTP in vivo
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(Bums et al., 1983). In the present in vitro model
MPP+ from 3.2nM up to 32pM markedly changed
the dopaminergic and, in a different way, also
the 5-hydroxytryptaminergic system. In contrast,
endogenous NA of caudate nucleus slices remained
unchanged whereas preincubation with MPP+
(10#M) for 24h strongly diminished the NA content
of hippocampal slices. The rate of accumulation of
MPP+ in preparations of synaptosomes containing
predominantly noradrenergic terminals was shown
to amount to only 10-20% of that in striatal syn-
aptosomes (Chiba et al., 1985; Javitch et al., 1985).
Thus, it may be assumed that MPP+ did not enter
noradrenergic terminals in the caudate nucleus. An
alternative explanation for the lack of effect on stri-
atal NA levels is that a MAO inhibitory effect and
an effect on the release of NA or the destruction of
NA terminals compensate for each other. This does
not seem to occur over the large concentration range
of MPP+ studied. However, Namura et al. (1987)
showed that MPP +, injected directly into the locus
coeruleus, destroyed noradrenergic neurones. The
reasons for the differences observed in the hippocam-
pal region (NA rich) and in the caudate nucleus (NA
poor) are currently being investigated in our labor-
atory. In the caudate nucleus at least, the effects of
MPP+ seem to be restricted mainly to dopaminer-
gic and to 5-hydroxytryptaminergic neurones.

At low nanomolar concentrations the neurotoxin
MPP+ enhanced the dopamine/DOPAC ratio
without changing the levels of dopamine, whereas at
micromolar concentrations it reduced the content of
endogenous dopamine in a concentration-dependent
manner (Figure 1). These observations may be
explained by two opposing effects of MPP +: MAO
inhibition and enhanced dopamine release. At nano-
molar concentrations, these opposite actions may
cancel each other out, thus leaving the dopamine
content unchanged. Also MPTP has been shown to
induce dopamine release (Schmidt et al., 1984;
Markstein & Lahaye, 1985), an effect which may be
considered as an amphetamine-like action (Rollema
et al., 1986b).

Inhibition of intraneuronal MAO by both the
parent compound MPTP and by MPP+ has been
described by Markstein & Lahaye (1985) and by
Arai et al. (1986), respectively. With respect to the
subtypes of the enzyme, it was shown that MPP+
potently and competitively inhibits MAO-A, which
therefore does not significantly contribute to the
conversion of MPTP to MPP +. The B form of the
enzyme which appears to be only slightly inhibited
by MPP + (Fritz et al., 1985), plays the predominant
role in the bioactivation of MPTP (Singer et al.,
1987). However, in the light of the present findings,
i.e. the increase of both endogenous 5-HT and the
5-HT/5-HIAA ratio by nanomolar concentrations of

the neurotoxin (Figure 2), the ability of MPP+ to
inhibit MAO in 5-hydroxytryptaminergic terminals
may be of greater importance than suggested by
Singer et al. (1987).
The present investigation shows that, at relatively

high concentrations, MPP+ may also damage 5-
hydroxytryptaminergic terminals. At such high con-
centrations of MPP+, its toxic properties appear to
overcome the increase in 5-HT content produced by
MAO inhibition. After being formed within 5-
hydroxytryptaminergic terminals or glial cells, the
neurotoxin MPP+ is thought to leave them (Snyder
& D'Amato, 1986) and therefore may also re-enter
5-HT terminals. This view is further supported by
the similarity between the 5-HT and dopamine
uptake carrier (Feuerstein et al., 1986), since MPP+
is a substrate for the dopamine transporter (Snyder
& D'Amato, 1986). Thus, MPP +, by product inhibi-
tion of the enzyme which catalyses its in vivo forma-
tion from MPTP, may increase endogenous 5-HT at
low concentrations, whereas destruction of 5HT
nerve endings may take place at higher concentra-
tions. The in vitro finding of increased 5-HT levels
following MPP + is supported by the in vivo obser-
vation that this neurotoxin causes behavioural
effects linked to 5-HT activation (Namura et al.,
1987).

Since uptake of MPP+ into dopaminergic neu-
rones precedes its neurotoxic action (see
Introduction), the toxicity of MPP+ should be
diminished by inhibiting its uptake into dopaminer-
gic terminals with nomifensine. In fact, the present
investigation also showed that the in vitro effects of
MPP + in caudate nucleus slices can be reduced by
nomifensine. This observation underlines the pos-
sible importance of the MPP+ uptake occurring in
the terminal field of the nigral dopaminergic
neurone, the caudate nucleus, for the systemic tox-
icity of MPTP. Antidromic transport to and storage
in the nigral cell bodies may occur before the loss of
nigral cells.

Effects ofMPP+ on [3H]-dopamine accumulation
The efficiency of the dopamine uptake system in stri-
atal slices can be regarded as a sensitive marker for
the integrity and function of dopaminergic nerve ter-
minals in this tissue. Therefore, the accumulation of
[3H]-dopamine within MPP + pretreated slices was
analysed in order to estimate the amount of sur-
viving dopaminergic terminals following incubation.
[3H]-dopamine accumulation was enhanced at low
concentrations of MPP + (Figure 5). The most likely
explanation for this increase in 3H-content of striatal
slices induced by low concentrations of MPP+ is
again an inhibition of the enzyme MAO within
dopaminergic terminals, as suggested above. Inhibi-
tion of MAO leads to increased intraterminal mono-
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amine concentrations, which cannot cross the
terminal membrane as easily as the deaminated
metabolites: hence the loss of [3H]-dopamine from
the tissue during incubation and washout procedures
is decreased. Therefore, the amount of [3H]-dopa-
mine accumulated as a quantitative index of the
density of dopaminergic terminals after MPTP or
MPP + treatment (Mytilineous & Cohen, 1984)
would be corrected for by the opposing effect which
is due to MAO inhibition: The bell shaped curve of
[3H]-dopamine accumulation at increasing concen-
trations of MPP+ therefore reflects the sum of the
decrease in the number of dopaminergic terminals
and the increased [3H]-dopamine retention follow-
ing MAO inhibition.
The MAO inhibitory property of MPP+ is

further supported by the reduction of deaminated
3H-metabolites in the supernatant of slices incubated
with [3H]-dopamine subsequent to pretreatment
with MPP + (Figure 6a). MAO inhibition by
MPP+ may also precede its destructive effects on
nerve terminals, since 1 h of pretreatment with
MPP+ reduced the total tritium content in the
[3H]-dopamine incubation medium, and, conse-
quently, increased the tritium content of slices
pretreated with MPP+, whereas the opposite was
true after 9h of pretreatment with MPP+ (Figure
6b). Thus, dependent on the concentration or the
duration of action, a positive or negative net effect of
MPP+ on [3H]-dopamine accumulation in caudate
nucleus slices was obtained.

Functional validation ofthe in vitro model ofMPP+
toxicity

It is well known that cholinergic transmission in the
striatum is strongly influenced by the firing of nig-
rostriatal dopaminergic neurones. The loss of these
neurones underlies the overactivity of cholinergic
striatal neurones in Parkinsonism. We have shown
earlier that, in rabbit caudate nucleus slices, an
increase in the endogenous tone of dopamine follow-
ing inhibition of its reuptake by nomifensine poten-
tly reduced, whereas blockade of dopamine receptors
on cholinergic neurones with neuroleptics enhanced
ACh release (Hertting et al., 1980).

The present observations show that in the MPP+
in vitro model, in close parallelism to the reduced
dopaminergic input into the striatal cholinergic
system in Parkinsonian patients, a disinhibition of
cholinergic neurotransmission occurs. Both in the
absence and presence of nomifensine throughout
superfusion, the release of ACh evoked by electrical
stimulation was significantly higher in slices pretreat-
ed with MPP+ (see S, values in the legend of
Figure 7). Furthermore, MPP+ pretreatment dimin-
ished both the inhibitory effect of nomifensine and
the facilitatory, i.e. disinhibitory, effect of the
D2-receptor antagonist domperidone on the electri-
cally evoked [3H]-ACh release (Figure 7). Thus, by
reducing the dopaminergic input, MPP+ impaired
the dopaminergic modulation of the cholinergic
transmission within the caudate nucleus slices.

General conclusions

In summary, the present investigation shows that,
besides the dopaminergic cell bodies in the substan-
tia nigra, the terminal field of dopaminergic neu-
rones within the caudate nucleus may be an
additional target for MPP+ toxicity. It should be
noted that the MAO inhibitory properties ofMPP +
are detectable at low concentrations and presumably
precede its neurotoxic effect on terminals. The func-
tional relevance of the present in vitro model
becomes evident from the impaired dopaminergic
modulation of electrically evoked [3H]-ACh release
following MPP+ treatment. This in vitro effect
closely corresponds to a disinhibited cholinergic
function in Parkinsonian patients.

Thus, the present model allows the investigation
of MPP+ toxicity under defined, reproducible con-
ditions in vitro, for instance, the mode of action of
MPP+ -like compounds, the role of neuromelanin in
MPP+ toxicity in the terminal field of nigral dopa-
minergic neurones and further cellular mechanisms
of MPP+ toxicity. Some of these questions are
already under investigation in our laboratory.

This study was supported by the Deutsche Forschungs-
gemeinschaft (Fe 258/1-1 and SFB 325).
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