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1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine Destroys
Dopamine Neurons in Explants of Rat Embryo Mesencephalon

Abstract. Explants of embryonic rat mesencephalon were grown in organotypic
culture. Addition of 10 pM I-methyl<4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to
the culture medium for 4 to 7 days resulted in loss of dopamine cell bodies and fiber
outgrowths, as observed by fluorescence histochemistry. At the same time, the
cultures showed decreased uptake of tritium-labeled dopamine. However, no signs
of generalized toxicity were evident when the explant cultures were viewed by light
and phase-contrast microscopy. These results show that MPTP exerts a relatively
selective destructive action in dopamine neurons in vitro, similar to the action
observed in humans and monkeys in vivo. Pargyline (10 puM), a monoamine oxidase
inhibitor, protected the dopamine neurons in the explants. Organotypic cultures
provide an experimental model for the study of the properties of MPTP in vitro.

1-Methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP) induces a syndrome
indistinguishable from Parkinson’s dis-
ease in humans and monkeys. Several
instances of parkinsonism were reported
in human subjects after self-administra-
tion of illicit samples of meperidine ana-
logs that were contaminated with MPTP
(1, 2). Subsequent studies with monkeys
(3, 4) showed that intravenous or intra-
peritoneal administration of MPTP re-
sulted in destruction of the dopaminergic
cell bodies in the substantia nigra and
loss of dopaminergic innervation in the
caudate-putamen. Loss of cell bodies in
the substantia nigra was also reported for
one human subject (/). Cellular destruc-
tion appears to be specific for nigrostria-
tal neurons; noradrenergic and seroton-
ergic neurons are spared.

Other animal species, including the
rat, cat, and guinea pig (5), respond to
MPTP either mildly or not at all, despite
injection of higher doses of the drug.
Thus, the monkey has served best as a
model for the study of the degenerative
effects of MPTP. In an effort to provide a
more accessible and less expensive ex-
perimental model, we have evaluated the
response of rat substantia nigra neurons
in explant organotypic cultures exposed
in vitro to MPTP. We now report that
exposure of the cultures to MPTP result-
ed in destruction of dopamine neurons
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and that there was no other evidence of
toxicity to the cultures as a whole.
Explant cultures were established
from embryonic rat midbrain (15 to 16
days of gestation) and grown on cover
slips coated with collagen in Maximow
chambers with double cover slip assem-

blies (6). The ventral midbrain area from
a single embryo was used on each cover
slip. In such cultures the dopaminergic
neurons grow, extend processes, and
exhibit some of the normal characteris-
tics of dopaminergic neurons in vivo (7).
The neurons synthesize dopamine, and
homovanillic acid, a dopamine metabo-
lite, accumulates in the medium. In addi-
tion, a high-affinity uptake and storage
system for tritium-labeled dopamine is
present.

On day 8 in vitro, MPTP (10 uM) was
incorporated into the feeding medium (6)
and applied to the cultures. The feeding
medium was changed thereafter twice
weekly. Control cultures were fed with
medium that did not contain MPTP. The
cultures were exposed to MPTP for ei-
ther 4 or 7 days and analyzed subse-
quently at either 24 hours or 5 days after
the drug was withdrawn. Phase-contrast
light microscopy of both living and fixed
cultures, as well as catecholamine histo-
fluorescence and the uptake of [’H]dopa-
mine, were used to assess the effects of
the drug on the cultures.

No generalized toxic effect of MPTP
was observed. A large number of axons
were present in the outgrowth of cultures
treated with MPTP, and their appear-
ance did not differ from untreated cul-
tures of the same age (Fig. 1, A and B).
Cultures treated with MPTP contained
fewer neurons within the explants, but
the surviving neurons appeared normal
(Fig. 1, C and D). To identify the dopa-
mine neurons within the explants, we
incubated cultures with a-methylnorepi-

Table 1. Uptake of [*Hldopamine by cultures of ventral midbrain from rat embryos after
exposure to MPTP (10 wM) for 4 to 7 days. In each experiment, three to four cultures were used
for each treatment protocol; with one exception, results are pooled from two experiments.
Pargyline was present, where indicated, at 10 nM. Uptake was measured at 37°C for 10 minutes
with 10 nM [*H]dopamine (New England Nuclear; 45.4 Ci/mmol).

Accumulation of [*H]dopamine (picomoles per culture)

Measured 1 day after
cessation of treatment

Measured 5 days after
cessation of treatment

Treatment
Mean * standard Per- Mean = standard Per-
error of cent of error of cent of
the mean (n) control the mean (n) control
Experiment 1*
Control 193 = 29 (4) 100 340 = 88 (6) 100
MPTP (4 days) 118 = 13 (4) 61 119 = 16 (6) 35
Experiment 21
Control 214 = 19 (8) 100 411 = 70 (6) 100
MPTP (7 days) 55 =10 (8) 26 72 = 25(8) 18
Experiment 3
Control 491 + 104 (8) 100
Pargyline 451 = 42 (8) 92
MPTP (7 days) 72 = 20 (8) 15%
Pargyline + 283 = 37 (8) 58§
MPTP (7 days)
*For comparison of experimental and control cultures, P < 0.05 (two-tailed Student’s r-test). tFor
comparison of experimental and control cultures, P < 0.001 (two-tailed Student’s -test). P < 0.001

(Student-Newman-Keuls test for comparison of MPTP-treated and control culture).

§P < 0.025 (Student-

Newman-Keuls test for comparison of pargyline plus MPTP to MPTP alone).

529



nephrine (10 pM for 30 minutes at 37°C)
and subsequently treated them by either
the Falck-Hillarp method (moist formal-
dehyde vapor) or the glyoxylic acid
method for the fluorescence-visualiza-
tion of catecholamines (8). During incu-
bation with a-methylnorepinephrine, the

cell bodies and processes of the dopa-
mine neurons filled with a false transmit-
ter that could be visualized even if the
endogenous catecholamines were deplet-
ed by the drug. When viewed under the
fluorescence microscope, control cul-
tures contained numerous fluorescing

Fig. 1. (A and B) Phase-contrast photomicrographs of living cultures showing bundles of fibers
emanating from the main explants. (A) Control culture; (B) culture treated with MPTP for 7
days. No generalized cytotoxic effect can be seen after MPTP treatment (x210). (C and D)
Phase-contrast photomicrographs of sections through the explants where the neuronal somata
are located. The cultures were fixed in 4 percent paraformaldehyde. (C) Control culture; (D)
culture treated with MPTP for 7 days. No generalized cytotoxic effect can be seen after MPTP
treatment (x370). (E and F) Fluorescence photomicrographs of cultures incubated with 10 pM
a-methylnorepinephrine for 30 minutes at 37°C and subsequently freeze-dried and treated
according to the Falck-Hillarp method for the histochemical visualization of catecholamines. A
plexus of fluorescing varicose fibers and several fluorescing neuronal somata are present in the
control culture (E). After 7 days of MPTP treatment (F), a severe loss of both fluorescing
neurons and fibers occurs within the explant. Some of the fluorescence in the explant represents
accumulation of pigment which has an orange autofluorescence (x300). (G, H, and I)
Fluorescence photomicrographs of the outgrowth from cultures incubated with a-methyl-
norepinephrine (as in E and F) and subsequently treated by the glyoxylic acid method for the
visualization of catecholamines. A plexus of fluorescing fibers is present in the outgrowth from
a control culture (G). Only a few faintly fluorescing fibers survive after 7 days treatment with
MPTP (H). When the cultures are treated with 10 uM pargyline for 24 hours and the pargyline is
maintained in the culture fluid medium during the subsequent 7 days of exposure to MPTP,
many of the fibers are spared from destruction (I) (xX300).
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neuronal somata within the explant (Fig.
1E), with fluorescing nerve fibers ex-
tended around it (Fig. 1G). After treat-
ment with MPTP, the number of fluores-
cing cell bodies within the explants de-
creased (Fig. 1F), and the decrease in the
number of fluorescing fibers in the out-
growth was even greater (Fig. 1H). The
effects were more pronounced in cul-
tures treated with MPTP for 7 days com-
pared to those treated for 4 days. The
loss of cell bodies indicated destruction
of dopamine neurons by MPTP.

We used uptake of [*H]dopamine as a
quantitative index of the dopaminergic
axons and terminals present in the cul-
tures. After exposure of the cultures to
MPTP for 4 days (Table 1), the uptake of
[*H]dopamine was reduced to 61 percent
of the control in measurements made 24
hours after the end of drug treatment. To
determine whether the reduction in up-
take of [*H]dopamine was due to a direct
inhibitory effect of the drug on the axo-
nal membrane transport system, we re-
peated the measurements on other cul-
tures S days after the end of drug treat-
ment. During this time, the cultures were
fed twice with fresh medium. At 5 days,
the decrease in the uptake of [*H]dopa-
mine by the cultures treated with MPTP
was even greater (namely, uptake was
only 35 percent of control). This differ-
ence, however, was not due to further
reduction of [*H]dopamine uptake by the
treated cultures but rather to increased
uptake by the control cultures as a result
of normal growth. In cultures exposed to
MPTP for 7 days (Table 1), the uptake of
[*H)dopamine was reduced to 26 percent
of control when measured 24 hours after
removal of the drug and to 18 percent of
control when measured after 5 days.
Again, the apparent augmentation in ef-
fect indicated by measurements made
after 5 days was due to an increase in
uptake by the control cultures (that is,
continued growth).

In some experiments pargyline, a
monoamine oxidase inhibitor, was added
to the feeding medium during incubation
with MPTP. If the presence of MPTP
increases intraneuronal turnover of do-
pamine, then hydrogen peroxide, which
is a cellular toxin generated during the
oxidative deamination of dopamine,
could play an important role in the mo-
lecular mechanism of neuronal injury (9).
Pargyline (10 pM) was added to the
cultures 24 hours before addition of
MPTP, and both drugs were present dur-
ing the subsequent incubation for 7 days.
Pargyline exerted a significant protective
action on dopamine neurons (Table 1).
After 7 days of treatment with MPTP,
(*H]ldopamine uptake was 15 percent of
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control, indicating destruction of 85 per-
cent of the dopamine nerve terminals.
However, in the presence of pargyline
uptake was reduced to only 58 percent of
the untreated control (or 63 percent of
the corresponding pargyline control). At
the- same time, catecholamine histo-
fluorescence showed a healthy out-
growth of fluorescing fibers around the
explants in cultures exposed to pargyline
plus MPTP (Fig. 11), while cultures treat-
ed with MPTP alone had few fluorescing
fibers (Fig. 1H). No significant differ-
ence in uptake was seen between control
cultures and cultures treated with pargy-
line alone (Table 1). The protective ac-
tion seen with pargyline is consistent
with the notion that the metabolism of
dopamine by monoamine oxidase plays a
significant role in the cytotoxic mecha-
nism, but further studies are required to
verify such an interpretation.

A direct comparison between the con-
centrations of MPTP effective in the
monkey model in vivo and those used in
our studies in vitro is difficult to make.
Such factors as tissue distribution and
rate of metabolism in vivo and stability
in the feeding medium in vitro remain to
be examined. As an approximation,
however, the amounts of MPTP injected
intravenously into rhesus monkeys (3)
were in the range 0.15 to 0.69 mg per
kilogram of body weight, which corre-
sponds to average whole-body concen-
trations of 1 to 4 uwM, for each daily
injection over the 5- to 9-day injection
schedule. In another study (4), squirrel
monkeys received repeated intraperito-
neal injections in the range 0.5 to 3.0 mg
per kilogram of body weight, which cor-
responds to average whole-body concen-
trations of 3 to 17 wM. The concentra-
tion we selected for investigation in vitro
was 10 uM with exposure for 4 to 7 days,
which is in a reasonably comparable
range.

Our results show that the relative in-
sensitivity of rat brain in vivo to MPTP
administered parenterally cannot be as-
cribed to failure of the tissue to produce
a toxic metabolite, Embryonic rat mes-
encephalon in organotypic culture
showed a marked loss of dopamine cell
bodies and outgrowths, comparable to
changes observed in vivo with monkeys.
Organotypic cultures provide a good ex-
perimental model for the study of MPTP
and its toxic properties on nigrostriatal
neurons.

CATHERINE MYTILINEOU®
GERALD COHEN
Department of Neurology and Division
of Neurobiology, Mount Sinai School
of Medicine of the City University
of New York, New York 10029
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Brain Factor Control of Sex Pheromone Production in the

Female Corn Earworm Moth

Abstract, Sex pheromone production in the female corn earworm moth Heliothis
zea is controlled by a hormonal substance produced in the female’'s brain. It is
present in the brain in scotophase as well as photophase, but it is released into the
hemolymph to stimulate pheromone production only in the scotophase. The stimula-
tory activity was also detected in the brains of male corn earworm moths and of other

moths.

The female corn earworm moth He-
liothis zea (Boddie) produces a sex pher-
omone during scotophase from a glandu-
lar area at its abdominal tip to attract and
sexually activate a mate (/). We report
the discovery of a hormonal substance in
the brain of H. zea that controls produc-
tion of the sex pheromone in the female.
When females were ligated between
head and thorax, causing isolation of the

Table 1. Effect of ligation and subsequent
injection of nervous tissue homogenates on
the extractable sex pheromone in female He-
liothis zea. Females were ligated with cotton
thread between the head and thorax 1 hour
after emergence. Means followed by the same
letter are not statistically different from one
another according to Duncan’s new multiple
range test (P = 0.05). BR, brain; CA, corpora
allata; CC, corpora cardiaca; TG, thoracic
ganglion; Z-11-HDAL, (Z)-11-hexadecenal.

Z-11-HDAL
Treatment (¥ ng per female

+ S.E.M.)
Unligated* 122,93 + 14.17 b
Ligated* 0.57 = 0.15¢
+ 30 wl of saline* 093 = 0.09¢
+ BR* 131.55 £ 26.55b
+ BR and CC* 139.27 £ 19.73 b
+ BR (tissue-free)t 189.74 + 23.13 a
+ CCt 13.56 £ 1.87 ¢
+ TGt 343+ 0.52d
+ CAY 0.52 = 0.06 ¢

brain from the rest of the body, they
were incapable of pheromone produc-
tion. However, ligated females could be |
stimulated to produce pheromone by in-
jection of a saline extract of the adult
insect’s brain. The stimulatory sub-
stance was found in brains of females in
both the scotophase and the photophase,
but it was detected in hemolymph only
during the scotophase. Results indicate
that the hormonal factor is a peptide
produced in the female’s brain and re-
leased under photoperiodic control into
the hemolymph, thereby stimulating the
pheromone gland to produce sex phero-
mone, This stimulatory activity is not
restricted to extracts of the female brain;
extracts of the male corn earworm brain
and those of other moth species also
triggered pheromone production in the
female gland.

Earlier efforts to elucidate physiologic
factors that control female sex phero-
mone production in insects indicated
that, in cockroaches, the corpora allata
(CA) played some role (2), and studies of
two species of moths were inconclusive
(3). In a study of the gypsy moth Lyman-
tria dispar (L.) removal of the brain in
the pupal stage was reported to prevent
pheromone release in 100 percent of the
resulting females, but 79 percent of the
brain-deficient females were observed to
*‘call”” (that is, to extend the terminal
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