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The role of dopamine in Drosophila melanogaster Meigen, 1830 fitness

under chronic stress
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Abstract. Dopamine is a key link of the neuroendocrine
stress response in insects, Drosophila melanogaster Meigen,
1830 in particular. Since earlier a decrease in the dopamine
level had been found in insects having undergone chronic
stress, we assumed that an artificial increase in the dopa-
mine level can lead to increase insect resistance to chronic
stress. Here we present the results of experimental testing of
this assumption. It turned out that increasing the dopamine
level by feeding D. melanogaster imagoes with its precursor
L-DOPA does not elicit increased viability under acute stress
but impedes it being increased as a result of chronic stress. It
also did not affect D. melanogaster fertility both under normal
conditions and under chronic stress. However, we discovered
that increasing the dopamine level leads to decreased food
consumption in flies under chronic stress. So, the data obtained
allow us to conclude that dopamine takes part in controlling
feeding behavior under chronic stress but does not regulate
longevity and fertility.

Pestome. [lohamun sBIseTCS KIIOYEBBIM 3BEHOM HEH-
POSHIOKPUHHON CTpecc-peakiiuil HaCEKOMBIX, Drosophila
melanogaster Meigen, 1830 B wacTHOCTH. [ToCKONBKY paHee y
HACEKOMBIX, UCTIBITHIBABIINX XPOHUUECKHH CTpecc, ObIIo 00-
Hapy>KEHO CHI)KEHNE YPOBHI T0(aMUHA, MBI IPEITOIOKHIIH,
YTO €r0 HCKYCCTBEHHOE ITOBBIMICHNE MOXKET CIIOCOOCTBOBAThH
OoJTbIIelH YCTOHYMBOCTH HACEKOMBIX K XPOHHYECKOMY CTpec-
cy. B manHo# paboTe mpencTaBIeHBI pPe3yNbTaThl SKCIEPH-
MEHTaJIbHON MPOBEPKH 3TOT0 npeanonoxerus. Oxa3anocs,
YTO MOBBILICHHUE YPOBHS JO(paMUHa MyTEM KOPMJIICHUS IMaro
D. melanogaster ero npemmectseHHIKoM L-IODA He npu-
BOJIUT K MOBBIIIEHNIO BBDKUBAEMOCTH IIPU OCTPOM CTpecce,
3aTO IPEIATCTBYET €€ MOBBIIICHUIO, BBI3BIBAEMOMY XpOHUYE-
ckuM cTpeccoM. OHO Taxke He 0Ka3ajlo BIMSHUS Ha IIOJ0-
BUTOCTh D. melanogaster Kak B HOpPMAJIbHBIX yCIOBUSX, TaK U
IIPU XPOHUIECKOM cTpecce. B To xe Bpems 00HapyKeHO, 4T
MOBBIIIEHUE YPOBHS 10(aMIHA IPUBOIUT K CHHKEHHIO MO-
TpeOICHUS TUIIH Y MYX B YCIIOBHSX XPOHHYECKOTO CTpecca.
Takum oOpa3om, 10aMHH ydacTBYeT B KOHTPOJIE ITUIIIEBOTO
MOBECHHS MPU XPOHHUUECKOM CTPECCE, HO HE PETYNUpyeT
NPOAOJIKUTEIIBHOCTD )KU3HHU U IIJIOJOBUTOCTD.

Introduction

Living beings respond to short-term and long-term
stress differently. The response to acute stress is rather
well-described in insects [Gruntenko, Rauschenbach,
2008]; however, much less is known about the con-
sequences of chronic stress. Dopamine is a key part
of the neuroendocrine stress response in adult insects,
including Drosophila melanogaster Meigen, 1830,
and influences insect survival [Gruntenko et al., 2004;
Ueno et al., 2012; Hanna et al., 2015]. It is known that
at each point in time, dopamine content in D. melano-
gaster is determined by its synthesis/degradation ratio;
the intensity of the synthesis depends on the pool of its
precursor, tyrosine [Wright, 1987]. Tyrosine content,
in turn, depends on the activity of alkaline phospha-
tase (ALP), which converts inert tyrosine conjugate,
tyrosine-O-phosphate, into tyrosine [Wright, 1987];
the main pathway of dopamine inactivation in D. me-
lanogaster is N-acetylation by dopamine-dependent
N-acetyltransferase (DAT) [Dempsey et al., 2014]. So,
changes in the activity of these enzymes of dopamine
metabolism can serve as markers of changes in amine
content. Earlier we showed that daily short-term heat
stress (38 °C, 1 h) caused increased activity of both
enzymes, ALP and DAT [Burdina et al., 2019]. Under
such chronic stress, the following changes in fitness
and metabolism of adult flies were observed: longevity,
fertility, fly weight and lipid content were significantly
decreased; at the same time, carbohydrate content and
survival under acute heat stress were increased compared
to the control group [Gruntenko et al., 2021]. Based on
these data, we decided to try and correct the negative
consequences of chronic stress (38 °C, 1 h daily) on
adult D. melanogaster fitness and metabolism through
experimentally raising their dopamine level by feeding
the with the dopamine precursor, L-DOPA, which, as
shown by us earlier [Bogomolova et al., 2010], causes
an increase in dopamine content.
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Materials and methods

DROSOPHILA MELANOGASTER STRAIN
AND HEAT STRESS MODES

Flies of the wild type Drosophila melanogaster strain
Canton S were maintained on a standard medium (agar-
agar, 7 gL —1; corn grits, 50 gL.—1; dry yeast, 18 gL.—1;
sugar, 40 gl.—1) at 25 °C under a 12:12h light:dark cycle,
and the adults were synchronized at eclosion (flies were
collected every 3—4h). Starting from the second day,
experimental groups were exposed to mild heat stress
(38 °C, 1h) daily. The control groups were maintained
at 25 °C. In the fertility and longevity experiments,
flies were maintained at 25 °C until the end of their
reproduction period or life. In all the other experiments,
flies were analyzed at two weeks of age. In the fertility
experiments, flies were transferred to a fresh medium
daily, and in all other experiments, three times a week.

L-DOPA FEEDING

Dopamine content was modified by feeding the flies
with the dopamine precursor L-dihydroxyphenylalanine
(L-DOPA, «Sigmay), which resulted in a twofold rise in
dopamine level [Bogomolova et al., 2010]. In experiments
on fertility and longevity, 1-day-old flies were placed in
test tubes (five females and five males per test tube) with a
yeast-free nutrient medium, to which a solution containing
2 % yeast and 1 % L-DOPA was added (control flies did
not receive L-DOPA). Flies were maintained under these
conditions until the end of the reproduction period or the
end of their life, respectively. In all other experiments,
feeding with L-DOPA was carried out in a similar way,
but was limited to the last two days of the experiment;
before that, flies were kept on a standard nutrient medium.

FECUNDITY AND LONGEVITY ANALYSIS

For fecundity analysis, five newly eclosed females
and five males were placed into a vial (10 vials per

control
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group) and were transferred to vials with fresh medium
daily. Fecundity is presented as number of offspring
per female per 24 h. For longevity analysis, five newly
eclosed females and five males were placed into a vial
(10 vials per group) and were transferred to vials with
fresh medium three times a week.

CAPILLARY FEEDING ASSAY

Changes in feeding were evaluated using the method
of Ja et al. [Ja et al., 2007] modified by Williams et al.
[Williams et al., 2014]. Five 12-day-old females of each
group were placed ina 10 cm x 2 cm (height x diameter)
vial containing 1 % agarose (5 cm high) which provided
humidity for the flies during the experiment. A capillary
glass tube (Narishige, Japan) was filled with 15 pl of
liquid food, which contained 5 % sucrose and 5 % yeast
extract, and was stuck into a vial stopper. The initial
food level in the capillary tube was marked and 0.1 pl of
mineral oil was used to prevent random evaporating. The
vials (16 for each group) were kept in a 25 °C incubator
for 24 h, and then the final food level in the capillary
tube was marked to determine total food intake per day.
A «blank» vial without flies was used to detect the rate
of food evaporation. The average feed consumption of
a fly was calculated by dividing the total food intake by
the number of flies in the vial, minus the «blank» value.

STATISTICAL ANALYSIS

The data on fertility (number of progeny per female
per day) were analyzed via two-way mixed-design
ANOVA (with day after eclosion as the within-subjects
factor and stress as the between-subjects factor). The
data on feed consumption, longevity and survival under
acute heat stress were analyzed via one-way ANOVA
(with stress as the between-subjects factor). Dann’s
stepwise post hoc test was used to compare group means
in ANOVA. The results were considered significant at
probability level < 0.05.
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Fig. 1. The effect of chronic stress (38 °C, 1 h, daily), L-DOPA feeding and the combination of these two factors on D. melanogaster fertility. Each
value is an average of 10 tests. Means + SEM. The asterisk indicates significant differences between L-DOPA-fed and control flies during the first day of

oviposition. Three asterisks, p < 0.001, Dann’s stepwise post-hoc test.

Puc. 1. BaustHue XpoHuyeckoro crpecca (38 °C, 1 wac, exepnesHo), xopmachusi L-AO®PA u koMbuHaimu aTuX AByX GaKTOPOB HA IIAOAOBUTOCTH
D. melanogaster. Aannbie npeacTaBacHH Kak cpeaHee sHadcHne + SEM, n=10. 3Bé30uKa — AOCTOBCPHBIC PASAMHHS MCKAY MyXaMH, OAYYaBIIMMU
L-AO®A, 1 KOHTPOABHBIMHU B TEYEHHE TIEPBOTO AHS OTKAAAKH siuLl. Tpu 3Béspoukw, p < 0,001, post-hoc Tect Aanna.
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Figs 2-3. The effect of chronic stress (38 °C, 1 h, daily), L-DOPA feeding and the combination of these two factors on the longevity
of D. melanogaster females (A) and males (B). 4350 flies per group; means + SEM. The asterisk indicates significant differences between stressed and

unstressed groups. Three asterisks, p < 0.001, Dann’s stepwise post—hoc test.

Puc.2-3. Bausue xponneckoro crpecca (38°C, 1 wac, exesnento), kopmaerns L-AO PA n komEuHaIHu 9THX ABYX $aKTOPOB Ha IIPOAOATKHTEABHOCTD
skusHH camok (A) u camuos (B) D. melanogaster. Aannbie npeacTaBacHb! Kak cpeatee snadenue + SEM, n =43-50. 3pésp0uka — AOCTOBEpHBIC pasAHdHs
MEXAY IPYIIIaMH, IOABEPIaBLUIMMHCS M HE OABEPraBIIMMUCs cTpeccy. Tpu 3Béspoukn, p < 0,001, post-hoc Tect AanHa.

Results and discussion

DOPAMINE AND CHRONIC STRESS EFFECTS
ON D. MELANOGASTER FERTILITY

In order to find out if dopamine could rescue Dro-
sophila melanogaster fitness under chronic stress, we
have studied the fertility level of wild type flies of the
Canton S strain under the effect of two factors and
their combination: chronic stress (38 °C, 1 h daily) and
L-DOPA feeding leading to the dopamine level increase
(Fig. 1). We found out that the dopamine level increase
resulted in fertility being increased on the first day of
oviposition only (L-DOPA—F 130" 45832.00,p<0.001,
ANOVA). In the following days, regardless of L-DOPA
treatment, chronic stress led to a stable decrease in fertility
(L-DOPA-F L1719 3.89,p=0.08, stress _F(l,mo): 31.78,
p < 0.001, A(NOVA). Thus, dopamine failed to rescue
D. melanogaster fertility under chronic stress.

As to the fertility increase in the L-DOPA-fed flies
on the first day, we believe that it is associated with the
stimulating effect of dopamine on the juvenile hormone
(JH) level, which was shown previously for young
D. melanogaster females [Gruntenko, Rauschenbach,
2008], and the JH level increase being necessary for
the start of oogenesis [Soller et al., 1999]. At the
same time, in mature and actively reproducing flies,
dopamine has the opposite effect on JH [Gruntenko,
Rauschenbach, 2008], but, apparently, being long-
term, this effect is compensated by mechanisms
maintaining hormonal homeostasis and does not
significantly influence fertility in either the stressed
or non-stressed group of flies.

DOPAMINE AND CHRONIC STRESS EFFECTS
ON D. MELANOGASTER LONGEVITY

Another significant life trait, lifespan, was next to
be studied. We have estimated the longevity of Canton

S flies of both sexes under (i) chronic stress (38 °C,
1 h daily), (ii) L-DOPA feeding and (iii) combination
of these two factors (Figs. 2, 3). Chronic stress caused
a strong decrease in the longevity of both females
(Figs 2-3) and males (Figs 2, 4), regardless of L-DOPA
feeding (p < 1107, Dann’s stepwise post-hoc test).
However, the increase in dopamine level did not seem
to have any effect on either male or female lifespan. So,
dopamine appears not to be involved in the lifespan regu-
lation both under normal and chronic stress conditions.

It should also be noted that although dopamine is a
well-known participant of the neuroendocrine response
to acute stress, its pharmacological increase failed to
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Fig. 4. The effect of chronic stress (38 °C, 1 h, daily), L-DOPA
feeding and the combination of these two factors on D. melanogaster
survival under acute heat stress (38 °C, 4 h). Each value is an average of
30 tests. Means + SEM. The asterisk indicates significant differences of
«stress»-group from all other groups. Three asterisks, p < 0.001, Dann’s
stepwise post-hoc test.

Puc. 4. Bausuue xponnueckoro crpecca (38 °C, 1 4, exeaHeBHO),
kopmacHust L-AO DA 1 koM6uHaL i aTHX AByX GaKTOPOB Ha BbKUBACMOCTD
D. melanogaster npu octpom Teraosom crpecce (38 °C, 4 1). Aannsie
[PEACTAaBACHBI Kak cpeaHee 3HadeHne + SEM, n=30. 3Béspouxa —
AOCTOBEPHBIE OTAMMHSI TPYIIIBI «CTPECC» OT BCEX OCTAABHBIX IPymL Tpu
3Bé3pouky, p < 0,001, post-hoc Tect AanHa.
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Fig. 5. The effect of chronic stress (38 °C, 1 h, daily), L-DOPA feed-

ing and the combination of these two factors on food consumption in
D. melanogaster females. Each value is an average of 16 tests. Means + SEM.
The asterisk indicates significant differences of « L-DOPA & stress» group
from control and «L-DOPA>» groups. Two asterisks, p < 0.01, Dann’s
stepwise post—hoc test.

Puc. 5. Bansnue xponudeckoro crpecca (38 °C, 1 4, exxeAHEBHO),
xopmacHus L- AO DA 1 xomOuHaLN STHX ABYX $aKTOPOB HAIOTPEOACHHE
nuuy camxamu D. melanogaster. AaHHBIC IPEACTABACHBI KaK CPeAHee
sHaserne + SEM, n=16. 3Bésp0uKka — AOCTOBEPHBIC PASAHYMS MEKAY
rpynmnoit «L-AO®A u crpecc», KOHTPOABHON IPYIIION M TPYHIION
«L-AODA». Ase 3Béspouxn, p < 0,01, post-hoc Tect Aanna.

prevent fertility and longevity loss occurring in D. me-
lanogaster under chronic stress.

DOPAMINE AND CHRONIC STRESS EFFECTS
ON D. MELANOGASTER SURVIVAL UNDER ACUTE
HEAT STRESS

It was shown earlier that moderate stress can increase
the resistance to acute heat stress in D. melanogaster
[Khazaeli et al., 1997; LeBourg et al., 2001; Hercus
et al., 2003]; we also observed this effect following
heat exposure (38 °C, 1 h), repeated daily for 2 weeks
[Burdina et al., 2019]. An increase in the activity of the
dopamine metabolism enzymes, ALP and DAT, was
also found following such chronic stress [Burdina et
al., 2019], which allows us to assume that the latter de-
creases dopamine level in flies. This assumption agrees
well with the fact that D. melanogaster and D. virilis
females with increased dopamine content have lower
resistance to acute heat stress [Hirashima et al., 2000;
Gruntenko et al., 2004]. Here we confirmed that chronic
stress (38 °C, 1 h, daily, two weeks) increased survival
under acute heat stress (38 °C, 4 h) in D. melanogas-
ter females of wild type strain Canton S (p < 6,310,
Dann’s stepwise post-hoc test; Fig. 4). On the other hand,
L-DOPA feeding (resulting in an increase in dopamine
level [Bogomolova et al., 2010]) in females exposed to
chronic stress levels out their survival under acute heat
stress to that of unstressed groups, which corresponds
to the data on negative correlation of dopamine content
and acute heat stress resistance [Hirashima et al., 2000;
Gruntenko et al., 2004]. However, no decrease in sur-
vival was observed under acute stress in the L-DOPA-fed
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group, which was not exposed to chronic stress. One of
possible explanations for this fact could be an age-related
decline in D. melanogaster stress resistance, demon-
strated earlier [Belyi et al., 2020]. The authors exposed
flies to various types of stress (starvation and infection
with a pathogenic fungus) at different ages and found a
strong negative correlation between age and stress resis-
tance. So, it cannot be ruled out that the survival under
acute heat stress in two-weeks-old flies is decreased and
additional dopamine can’t lower it any further.

DOPAMINE AND CHRONIC STRESS EFFECTS
ON D. MELANOGASTER FEEDING BEHAVIOR

One more advantageous life trait studied here is
feeding behavior, estimated using a capillary feeding
assay [Ja et al., 2007; Williams et al., 2014]. Food
consumption was compared between four groups of the
two-weeks-old D. melanogaster females: exposed to
chronic stress (38 °C, 1 h daily); L-DOPA feeding during
two days prior experiment; chronic stress and two-day
L-DOPA feeding; control (Fig. 5).

It is notable that neither chronic stress itself nor L-
DOPA feeding itself affected food consumption but the
combination of these two factors resulted in its decrease
(p <0.01, Dann’s stepwise post-hoc test). It seems that
internal energy resources are not sufficient to cope with
such a double load.

Living beings respond to short-term and long-
term stress differently. Some hide and wait out the
danger, while others flee or fight. We previously found
that acute and chronic stresses have different effects
on dopamine level and survival in D. melanogaster
imagoes, reflecting different survival strategies used
by living organisms under various stresses. Here we
showed that a pharmacological increase in dopamine
level during chronic stress resulted in changes in feeding
behavior, which, together with our previous data on the
dopamine ability to reduce glucose and trehalose levels,
may indicate that energy metabolism is also affected.
It is possible that dopamine is the trigger that switches
an insect’s survival strategy under various adverse
conditions.
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