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Abstract

Tyrosine hydroxylase (TH), the enzyme which catalyzes the conversion of tyrosine to L-DOPA and is the rate limiting step in
catecholamine biosynthesis, is genetically expressed during development in Drosophila. Null mutant alleles of the single copy gene which
codes for this enzyme are developmentally lethal as is a conditional TH mutant at its restrictive temperature. In adult flies, inhibition of TH by
alpha-methyl-p-tyrosine (aMT) decreases locomotor activity in a dose-dependent manner. This behavioral effect is accompanied by
reductions in brain levels of dopamine, the primary CNS catecholamine in Drosophila, and can be prevented by the coadministration of L-
DOPA. Similar effects are found with reserpine and at the restrictive temperature in flies with a temperature conditional mutation for TH. In
agreement with published studies in mammals, inhibition of TH by aMT during Drosophila development results in enhanced expression of
this enzyme in the progeny of surviving adults. This biochemical outcome is accompanied behaviorally by increased sensitivity to the
locomotor effects of both aMT and reserpine, drugs which act via depletion of brain catecholamines. Since TH is the rate limiting enzyme
responsible for the conversion of tyrosine to L-DOPA and L-DOPA is converted to dopamine by aromatic amino acid decarboxylase
(AAAD), the results indicate that depletion of catecholamine levels in the fly embryo results in increased dopamine biosynthesis in the next

generation accompanied by alterations in behavior.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Tyrosine hydroxylase (TH) is the enzyme that catalyzes
the first and rate limiting step in catecholamine biosynthesis,
the conversion of tyrosine to L-DOPA (Nagatsu et al., 1964;
Axelrod, 1971). In Drosophila, the enzyme is coded for by a
single copy gene, pale, localized on the left arm of the third
chromosome. Null alleles of this gene, when homozygous,
result in embryonic lethality (Neckameyer and White,
1993). Pharmacological inhibition of TH is also lethal,
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affecting embryogenesis in Drosophila as well as later
stages of development (Neckameyer, 1996; Pendleton et al.,
1996). Drosophila melanogaster has been chosen as a
reductionist animal model system for our studies because of
its well-defined development; its short life cycle, approx-
imately 10 days at 25 °C; and the availability of simple
behavioral test systems (Hillman and Pendleton, 2005). TH
inhibitors in mammals, including man, are well known to
produce CNS depressant effects (Moore and Dominic,
1971), effects concluded to result mainly from decreased
synthesis of dopamine in the brain (Zhou and Palmiter,
1995; Kelly et al., 1998; Meyer et al., 1993). Reserpine also
produces CNS depression primarily through inhibition of
dopamine reuptake into neuronal storage granules (Kelly et
al., 1998). Thus, both pharmacological approaches result in
dopamine depletion, albeit by different mechanisms. The
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initial purpose of the present study was to ascertain whether
similar effects on CNS locomotor function are found in
Drosophila when a tyrosine hydroxylase inhibitor (alpha-
methyl-p-tyrosine, «MT) or reserpine are administered and
in flies containing a homozygous conditional TH mutant
allele under restrictive conditions when expression of the
allele is suppressed. When positive results were obtained in
all of these models, we then examined the adult progeny of
flies treated with either «MT or reserpine to determine if the
behavioral sensitivities of the flies to these agents were
altered from naive adults. If so, this would suggest that
behavioral alterations in progeny may result from altered
catecholamine function during development.

2. Methods
2.1. Locomotor assay

Adult wild type Canton S flies were maintained on an
agar, sucrose, water, dried yeast media at 25 °C on a 12-h
light—dark cycle (Pendleton et al., 1996). Methyl-4-hydrox-
ymethylbenzoate (0.1% w/v) was added to prevent fungal
growth. In specified vials containing age-matched flies L-
DOPA (L-dihydroxyphenylalanine), reserpine or aMT was
added to this media at the concentrations indicated for 7
days. In assays using L-DOPA, vitamin C (0.025% w/v) was
added to maintain its stability. Flies were tested at 25 °C
using 100 x 15 mm? petri dishes with 13 mm? grids etched
on the bottom (Ford et al., 1989). Individual organisms were
transferred to the petri dish and allowed to acclimate for 30 s.
During the following 30 s, the number of grid lines crossed
by the fly was recorded as the spontancous motor activity
(SMA) value. Statistical significance between means was
assessed using a two-way ANOVA (analysis of variance)
with a subsequent Student’s ¢ test comparison (Snedecor and
Cocchran, 1989).

2.2. Biochemical assays

Dopamine levels were measured by HPLC with an
electron capture detector (Adell and Myers, 1995) on 0.4
perchloric acid extracts of 6—15 heads removed from age-
matched adult flies treated with 1 mM oMT for 7 days.
Brain tyrosine hydroxylase studies were performed on the
progeny of Canton S flies maintained in sterilized bottles on
standard Drosophila media. Control groups were fed
standard food while the food of the experimental flies
contained 0.1 mM, aMT. Both groups were allowed to feed
and lay eggs for 10 days. The parents were then discarded
and their progeny were then collected for 7 days. Progeny
groups were fed on fresh control food for 7 days after which
they were decapitated, their heads homogenized in 1 mM
PMSF and centrifuged at 5000xg for IS min at 1-5 °C to
removed cell debris and surrounding head structures. The
resulting supernatants were stored at —20 °C.

2.3. Tyrosine hydroxylase (TH) quantification

Electrophoretic studies on supernatants obtained from
200 heads were conducted according to the procedure of
Laemmli (1970). Samples were prepared by mixing 50 pl of
supernatant with 50 ul of SDS-containing buffer followed
by heating at 95 °C for 3 min. A control and experimental
aliquot and 3 TH standards (Signal Transduction Products)
were placed into individual wells of premade 10% Tris gels
(Bio-Rad Laboratories ).The running buffer contained Tris
(1.5% w/v), glycine and 10% SDS and the voltage applied
for each gel ranged from 150 to 175 V. The gels were run at
room temperature. The proteins were transferred from these
gels to nitrocellulose paper using a Bio-Rad Laboratories
Semi-Dry transfer cell at 15 V for 40 min. Ponceau-S
solution was used to ascertain efficiency of transfer. After
protein transfer, the nitrocellulose membranes were incu-
bated for 16 h in a blocking solution (3 g BSA in 100 ml of
water) and then incubated with primary rabbit polyclonal
anti-TH (Calbiochem ). Primary antibody incubation was
followed by 4 TTBS washes and incubation with an alkaline
phosphate tagged goat anti-rabbit IgG (secondary antibody,
American Qualex). Unbound antibodies were removed
using 3 TTBS washes and the alkaline phosphatase
conjugate was allowed to react for 120 min with BCIT/
TNBT to form a purple precipitate. After a 10-min wash in
distilled water, the nitrocellulose membranes were air dried
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Fig. 1. Spontaneous locomotor activity of aMT treated flies. Adult
organisms were treated for 7 days and then assayed for locomotor activity.
Bars indicate the means and standard errors for the number of flies indicated
in parenthesis. Asterisks show significant differences (p<0.05) from
control using ANOVA and group Student’s “z” test.
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Fig. 2. Spontaneous locomotor activity of reserpine treated flies. Adult
organisms were treated for 7 days and then assayed for locomotor activity.
Bars indicate the means and standard errors for the number of flies indicated
in parenthesis. Asterisks show significant differences from control using
ANOVA and group Student’s “#” test.

overnight and laminated. Quantitative density analysis of
TH on the blots was done using a Molecular Dynamics
Densitometer with Image Quant software. The protein
content of the samples was determined by the Bradford
(1976) method. Three TH standards, a control and an aMT
sample were run on each gel and the combined results of 5
such assays (Table 3) were statistically analyzed using
paired Student’s “¢” test (Snedecor and Cocchran, 1989).

3. Results

Our initial behavioral studies showed that aMT (Fig. 1)
and reserpine (Fig. 2) significantly reduced locomotor

Table 1
Effects of L-DOPA on spontaneous locomotor activity
Treatment

oaMT (mM) Reserpine (mM) L-DOPA (mM) SMA
Control 1 — - - 8.1+1.8
Control 2 — 3 8.8+0.3
Control 3 3 - - 2.5£0.6
Control 4 - 1 - 3.1+£0.2
oaMT 3 - 3 9.1+£0.2%
Reserpine  — 1 3 8.5+0.2%

Groups of ten flies were incubated on the media indicated for 7 days. They
were they assayed to determine the number of grid lines crossed per 30-s
period (SMA Value) as outlined in Methods. Asterisks indicate significant
difference (p <0.05) from control 3 or 4 using Student’s “z” test.

Table 2

Dopamine levels in Drosophila heads

Sample N Pg/Head
Control 6 239+21
aMT (I mM) 6 101 £24*

Groups of 6—15 flies were incubated on the media indicated for 7 days.
They were then decapitated, the heads homogenized and assayed for
dopamine (see Methods). Values indicate group means and standard errors.
Asterisk indicates significant difference (p<05) from control using
Student’s “z” test.

activity in normal flies in a dose-dependent manner. The
motor depressant effects of the highest doses of both drugs
were abolished by coadministration of L-DOPA at a dose
which did not itself affect this behavior (Table 1). The
behavior effect of aMT was also associated with a
decreased brain dopamine concentration (Table 2). Other
catecholamines were not identifiable in confirmation of
Neckameyer (1996). The above results were reinforced by
the finding that a pale conditional mutant showed reduced
locomotor activity at its restrictive temperature, an effect
which also could be prevented by coadministration of L-
DOPA (Fig. 3). Taken together, these results indicate that
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Fig. 3. Effects of L-DOPA on spontaneous locomotor activity in
homozygous ple® flies. Homozygous ple" mutants maintained at their
permissive temperature (18 °C) and control flies of similar age were placed
on media containing 3 mM L-DOPA at 25 °C for 72 h. They were then
transferred to 29 °C (restrictive temperature) for 72 h and then assayed for
spontaneous locomotor activity after 24 h at 25 °C. Bars indicate the means
and standard errors for the number of flies indicate in parenthesis. Asterisk
indicates a significant difference (p <0.05) from corresponding control flies
using group Student’s “¢” test.
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oMT and reserpine produce depressant effects on locomo-
tor activity in Drosophila by decreasing dopamine release
in the brain.

However, the lowest doses of both «MT and reserpine in
the above dose response studies, which did not alter
locomotor activity, were effective in reducing locomotor
activity in adults treated with them throughout development,
but then fed drug-free food for 7 days prior to testing (Fig.
4). Thus, treatment of parents with doses of reserpine and
oMT which did not alter their behavior did alter the
behavior of their progeny.

In a subsequent study, adult flies were treated with 0.1
mM aMT for 10 days and discarded. Their progeny, all of
which survived (Pendleton et al., 1996), were placed on
untreated media for 7 days to allow the flies to clear the drug
from their system and were then assayed for brain tyrosine
hydroxylase by Western blotting. The results (Fig. 5, Table
3) indicated that these progeny expressed significantly
higher (p<0.05) levels of brain TH than did the progeny
of untreated parents. Moreover, the total brain protein
content did not differ significantly between the two groups
(data not shown) suggesting that this effect on TH was
specific. The Western blots also showed through the use of
protein ladders that the molecular weight in all tissue
samples was approximately 60 kDa, indicative of the neural
form of the enzyme. The isoform of TH in the hypoderm
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Fig. 4. Spontaneous locomotor activity of drug treated progeny. Adult flies
were treated for 7 days at 25 °C and discarded. Progeny were assayed for
locomotor activity after 5 days. Bars indicate the means and standard errors
for the number of flies indicated in parenthesis. Asterisks show significant
differences from the control using ANOVA and group Student’s “¢” test. A
reserpine progeny group was also raised on control media and assayed.
There was no difference from control.
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Fig. 5. Brain TH levels in progeny of flies treated with aMT. Parents in the
experimental group were placed on food containing 0.1 mM oMT at 25 °C
for 10 days. The control group received no drug. The parents were then
discarded and the progeny transferred to normal food for 7 days,
decapitated and the heads analyzed for TH. Each of 5 samples contained
200 heads. Bars indicate the mean and standard error for each group. The
asterisk indicates that the TH level in the progeny of the aMT treated
parental group was significantly (p<0.05) higher than in the non-treated
controls using paired Student’s “¢” test.

(epidermis) which forms the cuticle is 80 kDa (Friggi-Grelin
et al., 2003).

4. Discussion

It is well established that tyrosine hydroxylase is required
for development in Drosophila. This enzyme is coded for
by pale, a single copy gene located on the third chromo-
some. Null mutant alleles of this gene are lethal to embryos
when homozygous or when hemizygous over a small
deficiency (Jurgens et al., 1984; Neckameyer and White,

Table 3
Tyrosine hydroxylase levels in Drosophila heads
Experiment (Pg/Head)
Control Experimental
1 43 47
2 73 176
3 75 110
4 68 108
5 54 102

Paired analysis: Student’s “¢” value is 2.86; p <0.05. Experimental details
and averages are described in Methods and Fig. 5.
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1993). A temperature sensitive conditional mutant of pale
(ple”") recently reported by us is also lethal at its restrictive
temperature (Pendleton et al., 2002). These genetic findings
are reinforced by pharmacological studies indicating that
inhibition of TH by aMT (Pendleton et al., 1996) or iodo-
tyrosine (Neckameyer, 1996) also inhibits embryogenesis as
well as larval development. These effects are preventable by
L-DOPA coadministration.

Our data also show that treatment of flies during
development with low dosages of aMT result in increased
levels of brain TH when they emerge as adults. Such flies
are also behaviorally more sensitive to drugs which deplete
catecholamines either by affecting their biosynthesis (a«MT)
or storage in nerve terminals (reserpine). Similar results
have been reported in chicken eggs (Lydiard et al., 1975;
Lydiard and Sparber, 1974) where the administration of
oMT or reserpine is followed by postnatal increases in the
TH levels in 28-day-old progeny and is associated with
behavioral alterations in response to certain drugs (Lydiard
and Sparber, 1977).

These results suggest that inhibiting catecholamine
synthesis or their neuronal retention in embryos may alter
adult behavior by enhancing the levels and activity of TH
leading to increased catecholamine turnover. This effect on
neuronal plasticity may have implications in the patho-
genesis and/or treatment of CNS disorders such as
schizophrenia, which is considered to be the result of
hyperactivity of dopaminergic neurons in mesolimbic areas
of the human brain (Carlsson, 2001; Woods, 1998; Thome
et al., 1998).
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