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Abstract

Background: Pregnant women may be exposed to nicotine if they smoke or use tobacco products, nicotine
replacement therapy, or via e-cigarettes. Prenatal nicotine exposure has been shown to have deleterious effects on
the nervous system in mammals including changes in brain size and in the dopaminergic system. The genetic and
molecular mechanisms for these changes are not well understood. A Drosophila melanogaster model for these
effects of nicotine exposure could contribute to faster identification of genes and molecular pathways underlying
these effects. The purpose of this study was to determine if developmental nicotine exposure affects the nervous
system of Drosophila melanogaster, focusing on changes to brain size and the dopaminergic system at two
developmental stages.

Results: We reared flies on control or nicotine food from egg to 3rd instar larvae or from egg to adult and
determined effectiveness of the nicotine treatment. We used immunohistochemistry to visualize the whole brain
and dopaminergic neurons, using tyrosine hydroxylase as the marker. We measured brain area, tyrosine hydroxylase
fluorescence, and counted the number of dopaminergic neurons in brain clusters.

We detected an increase in larval brain hemisphere area, a decrease in tyrosine hydroxylase fluorescence in adult
central brains, and a decrease in the number of neurons in the PPM3 adult dopaminergic cluster. We tested
involvement of Da7, one of the nicotinic acetylcholine receptor subunits, and found it was involved in eclosion, as
previously described, but not involved in brain size.

Conclusions: We conclude that developmental nicotine exposure in Drosophila melanogaster affects brain size and
the dopaminergic system. Prenatal nicotine exposure in mammals has also been shown to have effects on brain
size and in the dopaminergic system. This study further establishes Drosophila melanogaster as model organism to
study the effects of developmental nicotine exposure. The genetic and molecular tools available for Drosophila
research will allow elucidation of the mechanisms underlying the effects of nicotine exposure during development.
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Background

Tobacco use has been linked to multiple illnesses and
contributes to about seven million deaths each year [1,
2]. According to the 2013 National Survey of Drug Use
and Health, 15.4% of pregnant women reported recent
cigarette use in the United States of America and this
percent has not significantly decreased over the last dec-
ade [3]. This is in light of the fact that smoking during
pregnancy has been shown to be harmful and have mul-
tiple consequences on the offspring, including a decrease
in developmental viability and perturbations in the
neural architecture of the brain, coupled to abnormal
behavioral outcomes later in life [1, 4—12].

Although tobacco has thousands of compounds, nico-
tine has been identified as the addictive substance [13].
Pregnant women may also be exposed to nicotine in
other ways such as e-cigarettes, which are perceived as
safer than tobacco cigarettes, or through nicotine re-
placement therapy, which is a treatment to quit smoking
approved by the Federal Drug Administration and com-
monly offered as a cessation intervention [14—16]. There
is little evidence that e-cigarettes are effective for smok-
ing cessation and it has been shown that e-cigarette ex-
posure during development leads to behavioral changes
in rodents [17, 18].

The effects of developmental nicotine exposure in ro-
dents recapitulate known effects of tobacco exposure in
humans and include lower birth weight, delayed devel-
opment, and alterations of the cholinergic system [4, 5,
7, 19-22]. These effects have also been documented in
Drosophila melanogaster [23]. Prenatal nicotine expos-
ure also leads to structural changes in the nervous
system, including differences in brain size, and other al-
terations to dendrite, spines and specific regions of the
CNS [24-26]. The dopaminergic system, a neurotrans-
mitter system implicated in reward and addiction, is also
affected by prenatal nicotine exposure. Dopamine plays
a role in normal development of the nervous system, in-
cluding development of reward pathways [27]. Prenatal
nicotine exposure in mammals has been shown to
stimulate dopamine release in the fetal forebrain and to
affect dopamine levels and turnover, with either decreases
or increases depending on the specific region of the dopa-
minergic system under study [28-34]. Additional know-
ledge regarding the mechanisms underlying the effects of
developmental exposure to nicotine is needed to uncover
potential targets for novel medical interventions that
could prevent or ameliorate these effects.

Mechanistic research in Drosophila melanogaster
can be done at a faster rate than could be accomplished in
mammalian model systems and can contribute to the elu-
cidation of the mechanisms underlying the effects of devel-
opmental nicotine exposure. There is high conservation in
basic biological, physiological and neurological properties
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between Drosophila melanogaster and mammals. It has
been estimated that between 65 and 75% of human
disease-causing genes have a functional homologue in
Drosophila [35-37].

Drosophila has been successfully used to study
drug-induced behaviors and the mechanisms of action
underlying the responses to acute exposure to ethanol and
cocaine in adult flies [38—40]. Research has also been car-
ried out to identify genes involved in the acute and
chronic response to nicotine in adult flies [41-47]. A
Drosophila model could be used to elucidate the mecha-
nisms underlying developmental nicotine’s effects by prof-
iting from the wide array of molecular and genetic tools
available in Drosophila research [48].

We have recently developed a Drosophila melanoga-
ster model that recapitulates several effects of devel-
opmental nicotine exposure and shows negative
effects of developmental nicotine exposure on normal
development [23]. Flies reared on nicotine food had
decreased survival, developmental delay, and reduced
adult weight with increasing nicotine concentrations.
In addition, developmental nicotine exposure de-
creased adult sensitivity to acute exposure to nicotine
and ethanol.

Here we use this Drosophila model for developmen-
tal nicotine exposure to demonstrate additional effects
of nicotine on the nervous system at two develop-
mental stages: 3rd instar larva and adult. The aim of
this study was to determine whether developmental
nicotine exposure affects brain size or alters the
dopaminergic system in Drosophila melanogaster. Our
data show that developmental nicotine exposure has
effects on brain size, dopamine levels and the number
of neurons in individual dopaminergic clusters that
differ at the larval and adult developmental stages.
These data complement the previous characterization
of developmental nicotine exposure in Drosophila
melanogaster.

Methods

Drosophila strains and culture

The w'*® Berlin (wB) strain used for experiments in this
manuscript was gifted by Dr. Ulrike Heberlein. The
Drosophila nicotinic acetylcholine receptor alpha 7
subunit null strain (Da7"*), EY6, created by imprecise
excision of a P-element insertion, and the precise
P-element excision genetic control strain (Da7VT), EY5,
were a gift by Dr. Amir Fayyazuddin [49]. All fly strains
were raised at 25 °C in water baths to keep humidity and
vapor pressure more stable. These conditions have
yielded homogenous results [23, 50]. Flies were reared
on lab-made food with molasses, cornmeal, and yeast
medium in a light-dark controlled incubator on a
12 h:12 h light:dark cycle set at 65% humidity.
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Developmental exposure to nicotine and nicotinic
acetylcholine receptor blockers

Nicotine was added to melted lab-prepared fly food to a
final concentration of 0.3 mg/ml for experiments with the
wB strain or 0.1 mg/ml for experiments with the EY5/EY6
strains (Sigma-Aldrich, N3876). Nicotinic acetylcholine re-
ceptors blockers, a-bungarotoxin (Tocris, 2133) or meca-
mylamine (Tocris, 2843) were added to either control food
or nicotine food to the following final concentrations
10 nM a-bungarotoxin, 100 nM a-bungarotoxin, 100pM
mecamylamine. Adult wB flies were crossed in vials (10 fe-
males and 4 males per vial for experiments in Figs. 1, 2, 3, 4
and 5; 7 females and 4 males per vial for experiments in
Fig. 6) with the solidified control or nicotine food. The flies
laid eggs for 2 days and then were removed from the vials.
Their progeny was reared on either control or nicotine food
from egg to 3rd instar larvae for larval brain experiments
and from egg to 3—4 days after eclosion for adult brain ex-
periments. Hence, “developmental” nicotine treatment for
adult includes exposure during early life.
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Fig. 1 Developmental nicotine treatment affects survival and
development time. a Schematic showing the experimental
design for the nicotine treatment and for when dissections were
carried out. Flies were reared on control food (black bars) or
food laced with 0.3 mg/ml nicotine (red bars) and the number
of flies eclosed was counted from days 9 to 14 after egg laying
to estimate survival and the time required for 50% of pupae to
eclose (ET50). b The number of eclosed flies by day 14 was
significantly reduced by the nicotine treatment. ¢ The number of
days needed for 50% of the flies to eclose was significantly
increased by the nicotine treatment. b, ¢ Samples size was

n =64 vials counted for control and n=95 vials for nicotine
from 17 independent experiments. Mann-Whitney U-test (a) and
Student’s t-test (b) were used to compare the control versus the
nicotine condition
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Fig. 2 Developmental nicotine treatment increases larval brain
hemisphere area. Flies were raised on control food (black bars)
or food laced with 0.3 mg/ml nicotine (red bars). Larvae were
dissected at the 3rd instar stage of development; adults were
dissected 4 days after eclosion. The brains were stained with
anti-bruchpilot for visualization. a Larval brain hemisphere area
was significantly larger in brains from nicotine-exposed larvae. b
Adult brains had no difference in central brain area between
conditions. Sample size for the larval stage was n=35 brain
hemispheres for control and n =28 brain hemispheres for
nicotine from 6 independent experiments and for adult was

n =24 brains for control and n=21 brains for nicotine from 9
independent experiments. Student's t-test was used to compare

the control versus the nicotine condition

Developmental assays

Flies began to eclose on Day 9 and continued to eclose
up until Day 14, when we dissected them. During this
time, the flies were kept in the vials they eclosed in, con-
taining either nicotine or control food. To assess survival
and eclosion delay, the number of newly eclosed flies
were counted each day at the same time from day 9 to
day 14, by marking empty pupae on the vial walls to in-
dicate when a fly had eclosed. Survival was determined
as the total number of flies that had eclosed by day 14.
Eclosion delay was determined by calculating the ET50,
the time it took for 50% of the total number of flies by
day 14 in a given vial to eclose [50]. For experiments in
Fig. 6, flies took longer to eclose when exposed to nico-
tine, so we extended eclosion data collection to day 16.

Immunostaining

Larval brains and adult male fly brains were dissected in
1X Phosphate-Buffered Saline (PBS) pH 7.4 on day 7
and day 14, respectively. 3rd instar status was ensured
by the distinctive branched spiracles of this stage before



Morris et al. BMC Developmental Biology (2018) 18:13

a b
500 - 350 -
§A45°' £8 300 -
c § 8 400 - 558
£52 350 T § S 250
T2 € gﬁ *
hé-§300' 83-5200-
'o J L
g 229 E2a
o £ £ 200 1 528
f= —_ - aox
Q.22 E owo i
SEE ™ £EE 10
100 A c o
< o< 50 -
50 A
0 4 0
Control Nicotine Control Nicotine
Larva Adult

Fig. 3 Developmental nicotine exposure decreases TH
fluorescence in adult brains. Flies were raised on control food or
food laced with 0.3 mg/ml nicotine. Larvae were dissected at
the 3rd instar stage of development; adults were dissected

4 days after eclosion. The brains were stained with an antibody
against tyrosine hydroxylase (TH). a Corrected TH brain
hemisphere fluorescence, which normalized the staining
fluorescence to background levels, showed that developmental
nicotine exposure had no statistically significant effect on TH
staining in larval brains. b Corrected TH central brain
fluorescence was significantly decreased in adult brains of flies
exposed to nicotine during development. Sample size was n =22
brain hemispheres for control and n=18 brain hemispheres for
nicotine from 5 independent experiments for the larval stage,
and n=10 brains for control and n=17 for nicotine from 5
independent experiments for adult. Mann-Whitney U-test (a) and
Student’s t-test (b) were used to compare the control versus the
nicotine condition

dissection, and not simply by day after egg laying. The
sex of the larval animals used for dissections was not de-
termined. Brains were fixed in 4% paraformaldehyde in
1X PBS for 30 min and then washed 3 times in 1X PBS
for 10 min. The brains were incubated in blocking solu-
tion (5% goat serum in 1X PBS with 0.1% Triton-X100,
PBT) for 2 h at room temperature on a rocker. Then the
brains were incubated with primary antibodies, rabbit
anti-tyrosine hydroxylase (Chemicon AB152, 1:400; [51,
52]) and mouse anti-bruchpilot (nc82, Developmental
Studies Hybridoma Bank, 1:500; [53, 54]) diluted in
blocking solution rocking overnight at 4 °C and washed
3 times in PBT for 30 min the next day. The following
day, the brains were incubated with secondary antibodies
on a rocker, goat anti-rabbit Alexa Fluor 594 (1:500;
Invitrogen, Molecular Probes) and goat anti-mouse
Alexa Fluor 488 (1:500; Invitrogen, Molecular Probes)
diluted in blocking solution for 2 h at room temperature
and washed 2 times in PBT for 20 min, and once more
in PBS and mounted in Fluoromount-G (Southern
Biotech, 0100-01). The immunostaining protocol used

Page 4 of 15

for Fig. 6 was slightly modified as follows: goat serum
block incubation was 60 min, primary antibody incuba-
tion was at 4 °C for two nights without rocking. The sec-
ondary antibody incubation and mounting steps were
the same, but were done 2 days after dissection.

Confocal microscopy

Larval and adult brains were imaged with a laser scan-
ning confocal microscope (Laser Scanning Microscope
710, Zeiss) using a 40X/1.3 DIC objective with oil
immersion. These images were used to determine the
number of neurons in individual dopaminergic clusters
and also for central brain area and tyrosine hydroxylase
(TH) fluorescence for adult brains. Additional images of
larval brains were taken with the 10X/0.3 DIC objective
to obtain images that included both brain hemispheres
and a single background for both hemispheres. These
images were used for larval brain hemisphere area and
TH fluorescence measurements.

Image analysis

Image analysis was done in Fiji Image] 1.51a. Damaged
adult or larval brain hemispheres were excluded from
analysis. Similarly, adult or larval brains in which we
identified antibody penetration problems based on un-
even staining between hemispheres and/or lack of stain-
ing in known clusters in control brains were excluded
from TH positive (TH+) neuronal count and TH fluor-
escence level analysis. TH fluorescence levels were quan-
tified within a region of interest drawn around the adult
central brain or individual larval brain hemispheres.
Total fluorescence of the TH staining within this region
was normalized to background. TH levels are reported
as “Corrected TH fluorescence,” which was determined
by adapting a “corrected total cell fluorescence” proced-
ure previously described [55, 56]. Briefly, integrated
density, area, and mean grey value were measured on re-
gions of interest with the “Measure” plugin of Fiji on
maximum intensity projections with enhanced contrast
by 0.4% so the edges of each brain were clearly visible.
Background TH staining levels were determined on a
rectangular region of interest outside the adult brain or
larval brain. TH fluorescence level for larval brains was
measured within a region of interest drawn around each
hemisphere separately using the polygon selection tool.
For adult brains, a region of interest was drawn around
the central brain, excluding the optic lobes, using the
freehand drawing tool. Brain fluorescence was measured
in arbitrary units. We divided the corrected fluorescence
by 1000, as noted on the Y-axis of the graphs depicting
these results in Fig. 3. Dopaminergic clusters were iden-
tified according to Mao and Davis [52] for adult brains
and Selcho et al. [57] for larval brains. Regions of inter-
est were drawn on a maximum projection image of the
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immunostained, mounted and imaged on a confocal microscope. a-c are maximum projection images of a brain from a larva reared in control
food and show representative images of larval brains used for analysis. a An anti-bruchpilot (BRP) antibody was used as background staining for
the whole brain. b An anti-tyrosine hydroxylase (TH) antibody was used as marker for dopaminergic neurons. ¢ Merged image of the BRP and TH
channels. The scale bar is 50 uM. d-f show the average number of TH+ neurons counted in the DM, DL1 and DL2 dopaminergic clusters from
larvae reared in control food (black bars) or nicotine food (red bars). The number of TH+ neurons was not affected by developmental nicotine
exposure. Sample size was n= 19 brain hemispheres for control and n =15 brain hemispheres for nicotine from n =4 independent experiments.

Student’s t-test was used to compare the control versus the nicotine condition

brain to identify individual clusters. These regions of
interest were saved and used as a frame within which
neurons were counted for each cluster. Counts were done
by eye, going through the confocal stack slowly to resolve
when one neuron started and ended. Neurons were
counted by using the multi-point tool with the smallest
dot size and no labeling selected. Each image contrast was
enhanced 0.001%, in order to see individual neurons. Im-
ages of brains from control or nicotine-exposed flies were
counted blind.

Statistical analyses

Values shown are mean + Standard Error of the Mean
(SEM). The figure legend text reports the number of
samples, the number of independent experiments and
the statistical test used for each data set. Sample size per
experiment is reported as follows: # = number of sam-
ples per condition from n = number of independent ex-
periments. “Sample” for each experiment is defined in
the corresponding figure legend. Statistical comparisons
were carried out in SPSS (version 24). Statistically sig-
nificant differences at a significance level of p < 0.05 was

used to determine differences between the control and
the experimental condition(s). Data were analyzed with
parametric or non-parametric tests depending on the re-
sult of the Levene’s test of equality of variance. If vari-
ances were not significantly different, Student’s t-test
was used to determine differences between control and
the experimental condition. If variances were signifi-
cantly different, Mann-Whitney U-test was used. When
more than two conditions were compared we used the
Kruskal-Wallis non-parametric test followed by pairwise
comparisons adjusted for multiple comparisons. Asterisks
on graphs denote significance levels as follows; one
for p <0.05, two for p <0.01, three for p <0.001.

Results

To determine the effects of nicotine on brain size and
on the development of the dopaminergic system in the
fruit fly brain, we exposed Drosophila melanogaster to
nicotine during development from egg to larva to adult.
We then used immunohistochemistry to visualize the
brain and dopaminergic neurons in the brains of 3rd
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Fig. 5 Developmental nicotine exposure decreases the number of
TH+ neurons in the PPM3 cluster. Flies were reared on control or 0.3
mg/ml nicotine food. Adult brains were dissected, immunostained,
mounted and imaged on a confocal microscope. a, d Schematic of
the approximate position of the adult dopaminergic clusters. a
Anterior clusters shown, d posterior clusters shown. b, ¢ Maximum
projection images of the anterior region of a brain from an adult fly
that was reared in control food. The PAM and PAL dopaminergic
clusters are visible. e, f are maximum projection images of the
posterior region of the same brain. The PPM1, PPM2, PPM3, PPLI,
PPL2ab and PPL2c are visible. ¢, f Anti-tyrosine hydroxylase (TH) was
used as marker for dopaminergic neurons. b, e Anti-bruchpilot (BRP)
was used as background staining for the whole brain. Merged
images of the BRP and TH channels. Scale bar 50 uM. g Average
number of TH+ neurons counted in the PPM3 cluster of flies reared
in control food (black bars) or nicotine food (red bars). h, i
Representative images of the PPM3 cluster from flies reared in
control (h) or nicotine food (i). The number of TH+ neurons in the
PPM3 cluster was reduced in brains from nicotine-exposed flies.
Sample size was n =20 brain hemispheres for control and n=34
brain hemispheres for nicotine from n = 5 independent
experiments. Student's t-test was used to compare the control
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instar larvae and adult fruit flies, quantifying several fea-
tures to determine the effects of developmental nicotine
exposure (Fig. 1a).

To examine if developmental nicotine exposure has an
effect on the dopaminergic system we first confirmed
that the nicotine exposure protocol had been effect-
ive. It should be noted that developmental nicotine
exposure was continuous from egg to 3rd instar lar-
vae, or from egg to 3—4 days after eclosion. Hence,
when we refer to “developmental nicotine exposure”
for adult, this encompasses from embryo to early life.
Developmental nicotine exposure has been previously
shown to decrease survival and increase developmen-
tal time in Drosophila melanogaster [23]. Hence, we
expected that flies with developmental nicotine expos-
ure in our experiments would similarly have a signifi-
cant decrease in the number of flies that survived to
adulthood and exhibit developmental delay compared
to flies grown on medium without nicotine. As antici-
pated, there was a significant effect of nicotine on
survival and developmental delay (Fig. 1b, c). Fewer
flies reached adulthood when reared on a medium
containing nicotine (74.9 + 3.1 eclosed flies in control
vs 20.7 + 1.8 in nicotine; n =64 vials for control and
n =95 vials for nicotine; p<0.001) and took signifi-
cantly longer (11.5 + 0.1 days to 50% eclosion in con-
trol vs 12.5 + 0.1 in nicotine; n > 64 vials; p <0.001)
to reach 50% eclosion (ET50). This indicates that the
developmental nicotine exposure was effective.

Developmental nicotine exposure increases larval brain area
Prenatal nicotine in mice has been shown previously to
decrease newborn brain size, but this difference was no
longer detected by postnatal day 10 [26]. Other studies
have found an effect of prenatal nicotine exposure on
brain size at postnatal day 21 [25]. We aimed to deter-
mine if developmental nicotine exposure can affect brain
size in Drosophila melanogaster at two developmental
stages, 3rd instar larvae and adult. Flies were reared in
control food or nicotine food and collected at either 3rd
instar larvae or 4 days after eclosion for adult flies. The
brains were dissected and immunostained for bruchpilot
(anti-BRP), which marks synaptic active zones through-
out the brain [53, 54], and brain area was measured.
Larval brain hemisphere area was significantly
increased (0.021 + 0.0007 mm?” in control vs 0.028 =+
0.0009 mm? in nicotine; # = 35 brain hemispheres for con-
trol and # = 28 brain hemispheres for nicotine; p < 0.001)
in flies reared on nicotine (Fig. 2a). However, we did not
find statistically significant differences in central brain area
(0.039 + 0.0015 mm” in control vs 0.036 + 0.0012 mm?” in
nicotine; 7 = 24 brains for control and 21 brains for nico-
tine; p =0.194) at the adult stage (Fig. 2b). These results
show that developmental nicotine exposure has an effect
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Fig. 6 Da/ mediates the effect of nicotine on eclosion but not on larval brain size. a, b wB flies were reared on control (black bars) or 0.3 mg/ml
nicotine (red bars) food and the number of eclosed flies was determined. a wB flies were reared in control food or food with nAChRs blockers: 10 nM
(light blue bars) or 100 nM (dark blue bars) a-bungarotoxin (a-B) or 100uM (purple bars) mecamylamine (Mec); these drugs significantly decreased
eclosion. b Blocking nAChRs during developmental nicotine did not revert the effect of nicotine. c-e Da7"" (dark grey bars) or Da7™" (light grey bars)
flies were reared on control or 0.1 mg/ml nicotine food and the number of eclosed flies or brain size was determined. ¢ Da7 mediates the effects of
developmental nicotine exposure on eclosion. d, e Da7 does not regulate larval or adult brain size. a, b w8 flies. Sample size: n = 14 vials, control food;
n=18, 0.3 mg/ml nicotine food; n = 12 vials each for 10 nM or 100 nM a-bungarotoxin, 100pM mecamylamine,100 nM a-bungarotoxin+ 0.3 mg/m
nicotine, 100pM mecamylamine + 0.3 mg/ml nicotine; n =10 vials, 10 nM a-bungarotoxin+ 0.3 mg/ml nicotine; 2 independent experiments for nAChR
blockers, 3 for control and nicotine food. ¢ Sample size: n =12 vials for Da7"" and Da7™, control food: n = 18, Da7"'" nicotine food: n = 16, Da7™"
nicotine food from 3 independent experiments. d Sample size: n = 10 larval brain hemispheres Da7"", control food: n = 10, 0.1/mg/ml nicotine food;
n=6 Da7™", control food; n =11, 0.1 mg/ml nicotine food from 3 independent experiments, except Da7™" in control food, single experiment. e
Sample size: n =6 brains, Da7"" control food; n= 16, 0.1/mg/ml nicotine food; n =7 Da7™", control food; n =4, 0.1 mg/ml nicotine food from 2
independent experiments. a-e Kruskal-Wallis test, followed by pairwise comparisons adjusted for multiple comparisons

on brain size at the larval stage, but not at the adult stage  in mammalian systems used a biochemical approach to

in Drosophila melanogaster. detect changes in dopamine levels, measuring dopamine’s

metabolites in whole brain or in brain region homoge-
Developmental nicotine exposure decreases overall nates. In Drosophila, overall changes in neurotransmitter
tyrosine hydroxylase levels in adult brains but not larval expression after drug exposure have been successfully
brains detected using immunohistochemistry [50, 58]. Hence,

Prenatal nicotine has been shown to alter dopamine levels we used an immunohistochemical approach to deter-
in the mammalian brain [28-32, 34]. Most of these studies  mine if developmental nicotine exposure has an effect
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on dopamine expression in 3rd instar larvae brains or
adult fly brains from flies reared on control or nico-
tine food. We immunostained larval or adult brains
for tyrosine hydroxylase (TH) in lieu of dopamine,
because TH, the rate limiting enzyme for dopamine
synthesis, is a marker for dopaminergic neurons in
Drosophila melanogaster [52, 57]. Integrated density
fluorescence levels were normalized to background,
and reported as corrected TH fluorescence. Whereas
TH levels at the larval stage were modestly elevated
for larvae reared on nicotine (317.92 * 22.94 fluores-
cence in arbitrary units in control vs 392.74 + 36.61
in nicotine; n =18 brain hemispheres for control and
n =22 brain hemispheres; p=0.089) (Fig. 3a), TH
levels were significantly lower in adult central brains
from flies reared on nicotine food (278.24 + 35.31
fluorescence in arbitrary units in control vs 190.75 +
24.88 in nicotine; n =10 brains for control and n =17
brains for nicotine; p<0.05) (Fig. 3b). These data
show that developmental nicotine exposure at the
concentration tested had no statistically significant ef-
fect in overall TH levels at the larval stage, but sig-
nificantly decrease levels at the adult stage.

Developmental nicotine exposure has no effect on the
number of TH+ neurons in larval brains

The above results indicate that developmental nicotine
exposure affects gross brain structure and overall TH ex-
pression at different developmental stages. Next, we ex-
amined changes in dopamine expression at the cellular
level by determining the influence of developmental
nicotine exposure on the number of neurons in individ-
ual dopaminergic nuclei. We counted all TH positive
(TH+) neurons per cluster in larval brain hemispheres
from flies reared on control or nicotine food. Larval
brains were co-stained with an anti-TH antibody to
visualize dopaminergic neurons and an anti-BRP anti-
body as background staining for the whole brain
(Fig. 4a-c). Dopaminergic clusters DM, DL1, and DL2
were identified based on a previous characterization
[57]. The number of neurons per cluster we counted in
images of control brains was comparable to previously
reported numbers for these clusters [57, 59]. Develop-
mental nicotine exposure had no statistically signifi-
cant effect on the number of TH+ neurons in the
DM (11.4 + 0.6 neurons in control vs 12.7 + 1.4 in
nicotine; p =0.4), DL1 (7 £ 0.3 neurons in control vs
7 + 0.6 in nicotine; p=1) or DL2 (6.2 + 0.4 neurons
in control vs 59 *+ 0.3 in nicotine; p=0.6; for DM,
DL1 and DL2 n=19 brain hemispheres for control
and n=15 brain hemispheres for nicotine) clusters
(Fig. 4d-f). These results show that developmental
nicotine exposure did not affect the number of TH+
neurons at the larval stage.
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Developmental nicotine exposure decreases the number
of TH+ neurons in the adult PPM3 cluster

The finding that nicotine exposure decreased overall TH
fluorescence (Fig. 3b) suggests there may be changes in
the number of TH+ neurons at the adult stage. Hence,
we investigated if developmental nicotine exposure had
an effect on the number of TH+ neurons in adult dopa-
minergic clusters. Adult brains were co-stained with an
anti-TH antibody to visualize dopaminergic neurons and
an anti-BRP antibody as background staining (Fig. 5).
Dopaminergic clusters were identified based on a previ-
ous characterization [52]. The number of neurons we
detected in brains from flies reared on control food were
similar to what has been shown previously [52]. First, we
quantified if developmental nicotine exposure changed
the number of TH+ cells in the anterior dopaminergic
clusters, PAM (Fig. 5a-c, 88.7 + 3.3 neurons in control
vs 84 + 3.9 in nicotine; p = 0.5) and PAL (Fig. 5a-c, 4.9 +
0.2 neurons in control vs 4.8 + 0.2 in nicotine; p = 0.9).
Our results show that there was no significant difference
in the number of TH+ neurons in the anterior dopamin-
ergic clusters between control and nicotine-treated
brains. Next, we determined the effect of developmental
nicotine exposure on the posterior dopaminergic
clusters. We found that the number of TH+ neurons
was not significantly different in nicotine-exposed flies
in the PPM1 (Fig. 5d-f, 1.5 + 0.2 neurons in control vs 1.7 +
0.2 in nicotine; p = 0.4), PPM2 (Fig. 5d-f, 7.5 > 0.6 neurons in
control vs 6.6 > 0.3; p=02), PPL1 (Fig. 5d-f, 99 + 03
neurons in control vs 8.3 + 0.6 in nicotine; p = 0.2), PPL2ab
(Fig. 5d-f, 5.3 + 0.5 neurons in control vs 5 + 0.3 in nicotine;
p=0.7), and PPL2c clusters (Fig. 5d-f, 1.6 + 0.2 neurons in
control vs 1.7 + 0.1 in nicotine; p =0.5). However, we de-
tected a significant decrease in the number of TH+ neurons
in the PPM3 cluster (Fig. 5d-i, 7 + 0.6 neurons in control vs
3.2 + 0.5 in nicotine; p < 0.001; 7 = 20 brain hemispheres for
control and 7 =34 brain hemispheres for nicotine for each
of the adult dopaminergic clusters). These results show that
developmental nicotine exposure had a cluster-specific effect
in the adult dopaminergic system of the Drosophila brain.

Role of nicotinic receptors on the effects of
developmental nicotine exposure

To explore if some of the effects of developmental nico-
tine exposure described above were mediated by nico-
tinic acetylcholine receptors (nAChRs), we blocked these
receptors in parallel with developmental nicotine expos-
ure. We focused on the effect of nicotine on eclosion
and larval brain area. If nicotine acted via nAChRs, we
would expect to see a decrease in the effects of the
nicotine treatment. We first took a pharmacological
approach, using 100 M mecamylamine, a non-specific
blocker of nAChRs that has been used previously to
block nAChRs in Drosophila melanogaster [60, 61].
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However, the mecamylamine treatment was greatly detri-
mental to flies even without nicotine. wB flies had a 70%
decrease in the number of eclosed flies, which was signifi-
cantly different from control (Fig. 6a; 69.6 + 6.4, n=14
vials for control; 20.5 + 2, n =12 vials for mecamylamine,
p<0.001). As expected, wB flies exposed to 0.3 mg/ml
nicotine food had decreased number of eclosed flies.
Addition of 0.3 mg/ml nicotine to the mecamylamine
food resulted in no survival (Fig. 6b; 8.4 + 2.3 eclosed
flies, n=18 vials for nicotine, p=0.001; 0.0 + O
eclosed flies, n=12 vials for mecamylamine + nico-
tine; p < 0.001).

Given that mecamylamine had non-nicotine related ef-
fects on eclosion, we tested a more specific nAChR
blocker, a-bungarotoxin, which binds to receptors that
likely include the Da5 and Da7 subunits that have been
shown to form heteromeric channels [62, 63]. Da5, Da7,
and Da6 have the highest similarity to vertebrate a7
subunits of nAChRs [64]. Moreover, an a-bungarotoxin
sensitive nAChR has been shown to mediate the effects of
nicotine on the startle response of adult flies [46]. We found
that the two concentrations tested of a-bungarotoxin, 10 nM
and 100 nM, were detrimental to wB flies when added to
control food, causing a 50 and 70% decrease in the number
of eclosed flies, respectively (Fig. 6a; 69.6 + 6.4 eclosed flies,
n =14 vials for control; 34.9 + 7.3 eclosed flies, n =12 vials
for 10 nM a-bungarotoxin, p = 0.021; 20.5 + 4.1 eclosed flies,
n=12 vials for 100 nM a-bungarotoxin, p<0.001). In
addition, a-bungarotoxin (10 nM or 100 nM) with
0.3 mg/ml nicotine decreased eclosion to a similar
extent as nicotine alone when compared to control
(Fig. 6b, 69.6 + 6.4 eclosed flies, n =14 vials for con-
trol; 8.4 + 2.3 eclosed flies, n =18 vials for 0.3/mg/ml
nicotine, p =0.001; 2.1 eclosed flies + 1.3, n =10 vials
for 10 mM a-bungarotoxin + nicotine, p < 0.001; 64 + 1.7
eclosed flies, n = 12 vials for 100 mM a-bungarotoxin + nico-
tine, p = 0.016).

Since even the low concentration of a-bungarotoxin
had deleterious effects on eclosion when added to con-
trol food, we switched to a genetic approach, testing
whether effects of developmental nicotine would be
reverted in a null Da7 mutant. We chose Da?7, because
it was previously shown to mediate the effect of develop-
mental nicotine exposure on survival and development
time [23]. We used the previously characterized strains
EY6, the Da7 mutant (Da7™") and its genetic control,
EY5 (Da7¥T) [49]. These strains are more sensitive to
nicotine than wB, so we performed experiments
exposing these fly strains to 0.1 mg/ml nicotine in the
food, as previously used [23]. As had been shown before,
Da7™" flies were highly affected by the nicotine treat-
ment (Fig. 6¢, 105.1 + 13.3 eclosed flies, n = 12 vials for
Da7¥T control food; 7.3 + 1.3 eclosed flies, n = 18 vials
for Da7¥" nicotine food, p <0.001), while the Da7™"
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flies were not significantly affected by nicotine at the
0.1 mg/ml concentration (Fig. 6¢, 61.3 £ 5.6 eclosed flies,
n =12 vials for Da7™" control food; 51.9 + 3.3 eclosed
flies, n = 16 vials for Da7™" nicotine food, p = 1). These
results support a role for Da7 in mediating the effects of
developmental nicotine exposure on survival, measured
as the number of eclosed flies and replicate previous
findings [23].

Next, we asked if Da7 mediated the effect of develop-
mental nicotine exposure on brain size. We reared
Da7¥" and Da7™" flies on control or 0.1 mg/ml nico-
tine food and dissected their brains at either the 3rd in-
star larval stage or the adult stage and measured larval
brain hemisphere area or adult central brain area. We
did not find statistically significant differences in larval
brain hemisphere size between the Da7™ " strain and the
Da7™" strain when reared in control food (Fig. 6d,
0.014 + 0.0003 mm? area, # = 10 brain hemispheres for
Da7¥" control food; 0.012 + 0.0005 mm® area, n=6
brain hemispheres for Da7™" control food, p =0.138).
The size of Da7"" larval brain hemispheres was not sig-
nificantly affected by the nicotine treatment (Fig. 6d,
0.014 + 0.0003 mm? area, # = 10 brain hemispheres for
Da7¥" control food; 0.014 + 0.0003 mm?* area, 7 =16
brain hemispheres for Da7"" nicotine food, p =1.0).
Surprisingly, the brain hemispheres from Da7™" flies
reared on nicotine food were larger than those from
Da7™" flies reared on control food (Fig. 6d, 0.012 +
0.0005 mm?® area, #=6 brain hemispheres for Da7™"
control food; 0.018 + 0.002 mm? area, 7 = 8 brain hemi-
spheres for Da7™" nicotine food, p = 0.005). We did not
detect any differences in central brain size either be-
tween Da7™ ' and Da7™" flies reared in control food, or
with the nicotine treatment (Fig. 6e, 0.032 + 0.0005 mm?
area, =6 brain hemispheres for Da7" " control food;
0.032 + 0.002 mm? area, # =10 brain hemispheres for
Da7¥" nicotine food; 0.035 + 0.0009 mm® area, =7
brain hemispheres for Da7™"‘ control food; 0.039 +
0.003 mm® area, #=4 brain hemispheres for Da7™"
nicotine food).

These results confirm previous findings that Da7 me-
diates the effect of developmental nicotine exposure on
survival. Our findings suggest that Da7 is not involved
in regulating normal brain size at neither the 3rd instar
larva nor the adult stages. These results also suggest that
activation of nAChRs that do not contain Da7 subunits
by developmental nicotine play a role in regulating larval
brain size.

Discussion

Our results demonstrate that Drosophila melanogaster
can be a model organism for the study of a variety of ef-
fects of developmental nicotine exposure. While prior
work showed a nicotine-induced decrease in survival,
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delayed development and decreased sensitivity to acute
nicotine and ethanol exposure by adulthood [23], here
we demonstrate gross structural changes in the nervous
system and cellular effects following developmental ex-
posure to nicotine. Specifically, we found that develop-
mental nicotine exposure caused an increase in brain
hemisphere area of larval brains without affecting brain
size in adults. Nicotine also caused a decrease in TH
staining fluorescence at the adult stage, but no changes
at the larval stage. In addition, nicotine caused a de-
crease in the number of TH+ neurons in one adult
dopaminergic cluster, PPM3, without significantly chan-
ging any other adult nuclei or any of the larval dopamin-
ergic clusters. Lastly, we validate a role for Da7 in
promoting decreased survival during nicotine exposure
and identified a possible role for non-Da7 containing
nAChRs in mediating the effect of developmental nico-
tine on larval brain size.

Effect of prenatal nicotine exposure on brain size

Here we show that developmental nicotine exposure in-
creased brain area in larval brains by 30%, but this dif-
ference did not persist to adulthood in Drosophila
melanogaster (Fig. 2). There is precedent for an increase
in brain size as the outcome of prenatal nicotine expos-
ure in Long Evans rats at postnatal day 21 [25].
However, this effect differed in females versus males.
While there was an increase in brain size for females, a
decrease was observed in males [25]. This was the only
stage tested, so it is not known whether this effect was
present earlier in development and persisted, nor
whether this effect would have disappeared at later
stages. The present study did not distinguish between
female and male larvae. It would be interesting to deter-
mine whether developmental nicotine exposure has dif-
ferent effects in females versus males in a follow up
investigation.

Other studies have also reported decreases in brain
size in mice [26]. However, there are variations in the
stage or stages of development when the decrease in
brain size was observed. For example, one study showed
that prenatal nicotine exposure in mice decreased brain
weight and brain length at birth. However, these differ-
ences did not persist and were no longer detected at
postnatal days 10, 20, or 50 [26]. A different study in
Sprague-Dawley rats showed reductions in weight for
specific brain regions (midbrain/brainstem, cortex, and
cerebellum) after prenatal nicotine exposure that could
be detected over several postnatal time points, but were
no longer detected by the 5th week of postnatal develop-
ment [65]. Our data coincides with these studies in that
we show that brain size is affected by developmental nico-
tine exposure at early stages of development, but this dif-
ference is no longer detected later in development. The
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differences in the specific developmental stage at which
developmental nicotine exposure had an effect on brain
size, the duration of this effect, and whether the effect ob-
served was an increase or decrease in brain size may be
due to variations in nicotine exposure protocol, nicotine
dose, strain or species differences, or stage of development
tested. Despite these disparities in specific outcome, it can
be concluded that developmental nicotine exposure affects
brain size early in development in multiple species.

The molecular mechanisms underlying the changes in
brain size are not well understood. Slotkin et al., (1987)
proposed that the decrease in brain region weight they
showed is part of an overall delay in development caused
by prenatal nicotine exposure, which is resolved given
enough time for the pups to catch up [65]. However, the
molecular mechanisms for this developmental delay are
not well known. Studies focusing on changes at the
cellular level have identified changes in cellular compos-
ition after prenatal nicotine exposure, with an increase
in glia and a decrease in neuronal area coupled to an in-
crease in neuronal density [24, 66]. These results point
towards a mechanism involving regulation of cell differ-
entiation and proliferation.

Effect of prenatal nicotine exposure on dopamine levels

Our results show that TH levels were decreased by devel-
opmental nicotine exposure in Drosophila melanogaster
in adult flies. No difference was found at the 3rd instar lar-
val stage (Fig. 3). These results are consistent with studies
that have found a correlation between prenatal nicotine
exposure and decreases in dopamine levels. However, pre-
vious studies have shown disparities in the effects of pre-
natal nicotine exposure on dopamine levels depending on
the region of the brain studied and the developmental
stages studied. One study found a reduction in dopamine
content in rat cerebral cortex after prenatal nicotine ex-
posure that was largest after birth and dissipated by wean-
ing [28]. This study did not include fetal stages. Another
study measured dopamine levels after prenatal nicotine
exposure and reported no change in dopamine levels in
rat forebrain at gestational day 18, an increase in dopa-
mine levels by postnatal day 15, and no difference by
10 weeks of age [29]. A different study found no change in
dopamine levels in frontal cortex after prenatal nicotine
exposure at postnatal day 22 [30]. However, this study
showed changes in dopamine levels in other brain regions
including the striatum, nucleus accumbens, VTA, and
substantia nigra that either decreased or increased de-
pending on the nicotine concentration tested and whether
or not the pups had developed hyperactivity after prenatal
nicotine exposure [30]. Contrasting these results, another
study found no differences in dopamine levels in the
striatum nor hypothalamus, but decreased dopamine
levels in neocortex, and midbrain-postmedulla in brains
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from young-adult rats euthanized at 8-9 weeks of age
[31]. A more recent study in mice showed an increase in
baseline dopamine levels in frontal cortex, but no differ-
ence in the striatum at postnatal day 42 after prenatal
nicotine exposure [32]. Also in mice, a couple studies by a
different group reported decreased dopamine levels in
prefrontal cortex of mice at postnatal days 28 and 56 by
HPLC and extended these results by measuring baseline
dopamine levels by microdialysis in mice at postnatal days
56 to 63 [33, 34]. As the studies referenced above show,
the exact effects of developmental nicotine exposure re-
ported in the literature vary, possibly because of differ-
ences in the mode of nicotine exposure, strains and
species differences, the developmental stage or stages
tested, and the brain region analyzed. However, our results
coincide with these studies in the fact that developmental
nicotine exposure has been shown to affect dopamine
levels in the brain.

The mechanisms underlying the effect of developmen-
tal nicotine exposure in dopamine levels are not well
understood. Alkam et al. [34] showed a decrease in TH+
varicosities in prefrontal cortex, which they associate
with decreased dopamine levels measured by microdialy-
sis. These results suggest that the decrease in dopamine
levels could be due to the changes in dopamine expres-
sion at the cellular level, either changing the number of
TH+ varicosities per neuron or changing the number of
TH+ dopaminergic neurons. However, these quantifica-
tions were not reported [34].

Taken together these studies suggest the effect of pre-
natal nicotine exposure on dopamine levels reflects
changes at the cellular level that either affect the number
of cells that express dopamine or the number of neur-
onal varicosities they have. Future research could focus
on identifying how nicotine regulates dopaminergic
neuron proliferation, specification and differentiation.

Effect of prenatal nicotine exposure on the number of
TH+ neurons

The present study quantified the number of TH+ neurons
in brains from flies reared on control food or nicotine
food and found a decrease in the number of TH+ neurons
in one adult cluster, PPM3, 4 days after eclosion, which is
early adulthood for Drosophila melanogaster.

Few mammalian studies have quantified changes in
the number of dopaminergic neurons after prenatal
nicotine exposure. One study quantified the number of
TH+ cells in the substantia nigra and VTA of adult rat
brains after prenatal nicotine exposure and found no ef-
fect at postnatal days 75 or 82 [67]. Alkam et al. [34],
referenced in the previous section, did not count the
number of TH+ neurons, but focused instead on the
number of TH+ axonal varicosities of midbrain dopa-
minergic neurons after prenatal nicotine exposure in
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mice brains at postnatal day 44. They counted fewer TH
+ varicosities in prefrontal cortex and the nucleus ac-
cumbens, but no changes in the striatum after prenatal
nicotine exposure. The decrease in axonal varicosities
may have reflected a decrease in TH+ neurons, but this
was not investigated.

Other studies have shown changes in the number of
dopaminergic neurons in rats after prenatal or
perinatal exposure to other compounds, such as glu-
cocorticoids [68, 69]. These studies suggest that the
number of dopaminergic neurons is highly plastic.
Additionally, the notion of dopaminergic neurons as a
plastic population has been shown before in the
context of research on activity-dependent neurotrans-
mitter specification. Several studies have reported
changes in the numbers of dopaminergic neurons that
are activity-dependent [70-72].

In Drosophila melanogaster, we found no effect of pre-
natal nicotine exposure at the larval stage. However, one
adult dopaminergic cluster, PPM3, was affected by pre-
natal nicotine exposure. PPM3 is a protocerebral poster-
ior medial dopaminergic cluster with main neuropil
projections going to a structure in the Drosophila brain
called the central complex [52]. The central complex is a
neuropil involved in locomotion, memory for visual ob-
jects, sleep, startle-induced arousal, wakefulness, and ag-
gression [73-79]. Of these behaviors, dopamine, and
specifically neurons of the PPM3 cluster have been in-
volved in ethanol-induced locomotion, wakefulness, and
aggression [73, 74, 79]. The PPM3 cluster has been
shown to have fewer TH+ neurons in Drosophila models
of Parkinson’s disease [80, 81]. However, there have been
discrepancies in reports showing changes in dopaminergic
neurons in Drosophila Parkinson’s disease models [82].
Navarro et al. [82] did not find statistically significant
changes in the number of dopaminergic cells, but found
significant decreases in dopamine levels, assessed via a
GFP reporter under the control of the TH-promoter.
Kong et al. [73] also show evidence that the PPM3 cluster
has a role in a drug-induced behavior, ethanol-induced
locomotion, making this cluster a good candidate for
mediating behavioral effects of developmental nicotine
exposure. Taken together, these studies suggest that
dopaminergic neurons, including the PPM3 cluster, in
Drosophila are a plastic population.

We did not determine whether the decrease in PPM3
neurons observed with developmental nicotine exposure
resulted from loss of TH or loss of the neurons in the
PPM3 cluster region. There could be two different
mechanisms at play 1) neurotoxicity, resulting in cell
death, which would resemble a Parkinson model, or 2)
neurotransmitter plasticity, in which the neurons would
switch neurotransmitter expression to a different one.
There is evidence that dopaminergic neurons can up or
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downregulate TH expression within specific dopamin-
ergic clusters after chronic activation [72]. It has also
been shown that dopaminergic neurons co-express other
neurotransmitters, such as NPY and GABA [70, 71].
Activity-dependent neurotransmitter switching is a well-
documented phenomenon [83, 84]. It will be interesting
to determine which mechanism underlies the decrease
in PPM3 TH+ neurons after developmental nicotine
exposure.

Involvement of nAChRs on the developmental nicotine
effects on eclosion and brain size
Acetylcholine is the main fast neurotransmitter in in-
sects and Drosophila has 10 genes coding for nAChR
subunits [64, 85—87]. Nicotine acts on nAChRs, which
are linked to cell proliferation, differentiation, matur-
ation and survival in nervous system development [88].
We blocked nAChRs to determine their possible role in
the effects of developmental nicotine exposure, but block-
ing nAChRs with the unselective blocker mecamylamine
or with the more selective blocker a-bungarotoxin
resulted in significant decreases in survival (Fig. 6a).
Moreover, blocking nAChRs during developmental
nicotine exposure affected eclosion at the same level as
the nicotine treatment alone (Fig. 6b). However, we no-
ticed a 70% decrease in eclosion between 100 nM
a-bungarotoxin on its own and 100 nM a-bungarotoxin
with nicotine, compared to 94% decrease in eclosion be-
tween 10 nM a-bungarotoxin on its own and 10 nM
a-bungarotoxin with nicotine. This suggests that the
higher a-bungarotoxin dose slightly ameliorated the effect
of developmental nicotine exposure on eclosion, which
could indicate that nAChRs blocked by a-bungarotoxin
mediate the effects of nicotine on eclosion.
a-bungarotoxin has been shown to bind to the Da5
subunit, which can form heteromeric channels with
Da7 subunits [62, 63]. In Drosophila, Da7 was previ-
ously shown to be involved in the effect on survival
and developmental delay caused by developmental
nicotine exposure [23]. Our results match those
findings, as there was no difference in eclosion be-
tween Da7™" flies reared in control or nicotine food
(Fig. 6¢). Hence, Da7 is needed for the decreased sur-
vival upon developmental nicotine exposure displayed
by flies with wildtype Da?.

Next, we tested if Da7 mediated the effect of develop-
mental nicotine on brain size. Our results suggest that
Da7 is not involved in regulating normal brain size,
given than flies without a functional copy of the gene,
Da7™", had larval or adult brains with similar size to
the brains from the genetic control strain Da7T (Fig. 64, e).
We did not see an effect of developmental nicotine at the
0.1 mg/ml concentration in the Da7™ * strain. The lack of ef-
fect of developmental nicotine on Da7"" larval brains may
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be explained by the differences in nicotine dose used in each
set of experiments or on genetic background between wB
flies and the Da7 strains. For example, larval brain hemi-
sphere size of wB and Da7"" was considerably different
(0.021 mm? vs 0.014 mm>?, respectively). It should be noted
that Da7"'" flies are very sensitive to nicotine exposure, with
a 93% decrease in eclosion on nicotine food. Thus, treatment
survivors may be immune to some of the effects of develop-
mental nicotine treatment through de novo mutations.
However, Da7™" had about a 50% increase in larval brain
hemisphere area after developmental nicotine exposure, sug-
gesting that Da7 is not necessary for the nicotine-induced in-
crease in larval brain size. It follows that nicotine activation
of other nAChRs that do not contain Da7 might be sufficient
to convey the signal to increase larval brain size. It would be
interesting to determine the specific contributions of differ-
ent nAChRs in future investigations.

Conclusions

Nicotine abuse is a major health problem worldwide and
despite widespread knowledge of the consequences of
smoking many women continue smoking during
pregnancy or are exposed to nicotine via nicotine re-
placement therapy or e-cigarette use. Current research is
addressing the developmental changes induced by nico-
tine at the genetic, molecular and cellular levels, and
how those changes result in long-term behavioral
consequences.

We have shown that developmental nicotine exposure
in Drosophila melanogaster affects the dopaminergic
system. These effects were detected at a nicotine
concentration that in flies has been shown to affect nor-
mal development and to decrease their sensitivity to
acute exposure to nicotine and ethanol by adulthood.
Overall, we found changes in brain area, TH levels and
number of TH+ neurons that were stage-specific and
cluster-specific. Developmental nicotine exposure in-
creased 3rd instar larval brain hemisphere area, de-
creased overall TH levels in adult brains, and decreased
the number of TH+ neurons in the PPM3 adult dopa-
minergic cluster. We also confirmed previous results
that Da7 mediated the effects of developmental nicotine
on survival, while it does not seem to play a role in nor-
mal brain size. Our results suggest non-Da7 receptors
mediate the effect of nicotine in larval brain size.

These changes in the dopaminergic system could have
consequences in behaviors mediated by this neurotrans-
mitter system, such as reward and drug responses.
Additionally, alterations to specific dopaminergic nuclei
have been reported in the mammalian brain after
prenatal nicotine exposure, albeit the underlying mecha-
nisms for these alterations are not known. There is
conservation at the genetic and molecular level in devel-
opmental processes from Drosophila to higher order
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organisms. Developmental studies in mammals take a
longer time and are more costly than developmental
studies in fruit flies. A Drosophila model for develop-
mental nicotine exposure will be most valuable for con-
tributing to elucidate genes and signaling pathways that
lead to the effects of nicotine that have been described.
Drosophila is a powerful model organism to study the
effects of drugs. Given the specific effects of develop-
mental nicotine exposure we have characterized on the
dopaminergic system further research in the underlying
genetic, cellular, and molecular mechanisms for develop-
mental nicotine exposure in Drosophila will offer a tract-
able option for faster and complimentary discovery to
what has been achieved using other model systems.

Abbreviations

Das5: Drosophila nicotinic acetylcholine receptor alpha 5 subunit;

Daé: Drosophila nicotinic acetylcholine receptor alpha 6 subunit;

Da7: Drosophila nicotinic acetylcholine receptor alpha 7 subunit;

Da7™" Drosophila alpha 7 mutant strain, EY6; Da7*'": Drosophila alpha 7
genetic control strain, EY5; BRP: Bruchpilot; DIC: Differential interference
contrast; DL1: Dorso Lateral 1 larval dopaminergic cluster; DL2: Dorso Lateral
2 larval dopaminergic cluster; DM: Dorso Medial larval dopaminergic cluster;
ET50: Time to 50% eclosion; nAChR: Nicotinic acetylcholine receptor;

PAL: Protocerebral Anterior Lateral; PAM: Protocerebral Anterior Medial;

PBS: Phosphate-Buffered Saline; PBT: PBS with 0.1% Triton-X100;

PPL1: Protocerebral Posterior Lateral 1 dopaminergic cluster;

PPL2ab: Protocerebral Posterior Lateral 2ab dopaminergic clusters;

PPL2c: Protocerebral Posterior Lateral 2c dopaminergic cluster;

PPM1: Protocerebral Posterior Medial 1 dopaminergic cluster;

PPM2: Protocerebral Posterior Medial 2 dopaminergic cluster;

PPM3: Protocerebral Posterior Medial 3 dopaminergic cluster; SEM: Standard
Error of the Mean; TH: Tyrosine hydroxylase; TH+: TH positive; wB: w''’®
Berlin

Acknowledgements

We thank T. Weissman-Unni and S. Torigoe for comments on this manuscript.
We also thank N. Brockway for training and supervision of the confocal
microscope used in this study.

Funding

This work was supported by Start-Up funds from Lewis & Clark College to
N.AV.U. and grants from the Murdock Charitable Trust (2014368:JAT:02/26/15
to NAAV.U and D.V; 2014267:MNL:2/26/2015 to N.AV.U).

Availability of data and materials

All data included in this manuscript is available on Figshare: https.//figshare.com/
5/87197dfbadafa2b6f40c. The raw images of brains for this project can be
obtained by request to the PI.

Authors’ contributions

NAVU and MM conceived experiments. MM, AS, ML, HP, performed and
analyzed most of the experiments. EL helped with several experiments, and
performed a few experiments, she also helped with experiment design, data
analysis, and manuscript and figure editing. DV, performed and analyzed
early experiments and contributed substantially to manuscript editing. MM
wrote the initial draft of this manuscript. NAVU analyzed data, and wrote the
final version of the manuscript with input from MM, AS, ML, HP, DV and EL.
NAVU supervised the study. All authors read and approved the final
manuscript.

Ethics approval and consent to participate

Drosophila melanogaster is not currently regulated by the Institutional Animal
Care and Use Committee (IACUQ) of Lewis & Clark College, and hence
approval was not seeked. Disposal of Drosophila melanogaster is supervised
by the Institutional Biosafety Committee at Lewis & Clark College and this
project was carried out according to the approved protocol (IBC-14-01).

Page 13 of 15

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'School of Medicine, University of Washington, Seattle, USA. 2Biochemistry,
Cell and Molecular Biology Program, Lewis & Clark College, Portland, USA.
3Biology Department, Lewis & Clark College, Portland, USA. *“Madison High
School, Portland Public Schools, Portland, USA.

Received: 21 November 2017 Accepted: 21 May 2018
Published online: 14 June 2018

References

1. US. Department of Health and Human Services. The health consequences
of smoking: 50 years of progress. A report of the surgeon general. US.
Department of Health and Human Services, Centers for Disease Control and
PRevention, National Center for Chronic Disease Prevention and Health
Promotion, Office on Smoking and Health; 2014. https.//www.
surgeongeneral.gov/library/reports/50-years-of-progress/full-report.pdf.

2. World Health Organization. Tobacco: Fact sheet. 2017. http://www.wpro.
who.int/mediacentre/factsheets/fs_201203_tobacco/en/.

3. Center for Behavioral Health Statistics and Quiality, Substance Abuse and
Mental Health Services Administration, U.S. Department of Health and
Human Services, RTI International. Substance and Mental Health Services
Administration, Results from the 2013 National Survey on Drug Use and
Health: Summary of National Findings. Substance Abuse and Mental Health
Services Administration; 2014. https://store.samhsa.gov/product/Results-
from-the-2013-National-Survey-on-Drug-Use-and-Health-Summary-of-
National-Findings/SMA14-4863.

4. Slotkin TA. Cholinergic systems in brain development and disruption by
neurotoxicants: nicotine, environmental tobacco smoke, organophosphates.
Toxicol Appl Pharmacol. 2004;198:132-51.

5. Pauly JR, Slotkin TA. Maternal tobacco smoking, nicotine replacement and
neurobehavioural development. Acta Paediatr. 2008,97:1331-7.

6. Cornelius MD, Day NL. Developmental consequences of prenatal tobacco
exposure. Curr Opin Neurol. 2009;22:121-5.

7. Dwyer JB, McQuown SC, Leslie FM. The dynamic effects of nicotine on the
developing brain. Pharmacol Ther. 2009;122:125-39.

8. Smith Andrew M, Dwoskin Linda P, Pauly James R. Early exposure to
nicotine during critical periods of brain development: mechanisms and
consequences. J Pediatr Biochem. 2010;1:125-41.

9. Espy KA, Fang H, Johnson C, Stopp C, Wiebe SA, Respass J. Prenatal tobacco
exposure: developmental outcomes in the neonatal period. Dev Psychol.
2011,47:153-69.

10.  Bublitz MH, Stroud LR. Maternal smoking during pregnancy and offspring
brain structure and function: review and agenda for future research.
Nicotine Tob Res Off J Soc Res Nicotine Tob. 2012;14:388-97.

11. Himes SK, Stroud LR, Scheidweiler KB, Niaura RS, Huestis MA. Prenatal
tobacco exposure, biomarkers for tobacco in meconium, and neonatal
growth outcomes. J Pediatr. 2013;162:970-5.

12. Ross EJ, Graham DL, Money KM, Stanwood GD. Developmental
consequences of fetal exposure to drugs: what we know and what we still
must learn. Neuropsychopharmacol Off Publ Am Coll
Neuropsychopharmacol. 2015;40:61-87.

13.  Center for Helath Promotion and Education. Office on Smoking and Health.
United States Publich Health Services. Office of the Surgeon General. The
health consequences of smoking: nicotine addiction: a report of the
surgeon general. Rockville: U.S. Department of Health and Human Services,
Public Health Service, Center for Disease Control, Center for Health
Promotion and Education, Office on Smoking and Health; 1988.

14.  Kapaya M, Tong V, Ding H. Nicotine replacement therapy and other
interventions for pregnant smokers: pregnancy risk assessment monitoring
system, 2009-2010. Prev Med. 2015;78:92-100.

15. Oncken C, Ricci KA, Kuo C-L, Dornelas E, Kranzler HR, Sankey HZ. Correlates
of electronic cigarettes use before and during pregnancy. Nicotine Tob Res
Off J Soc Res Nicotine Tob. 2017;19:585-90.


https://figshare.com/s/87197dfba4afa2b6f40c
https://figshare.com/s/87197dfba4afa2b6f40c
https://www.surgeongeneral.gov/library/reports/50-years-of-progress/full-report.pdf
https://www.surgeongeneral.gov/library/reports/50-years-of-progress/full-report.pdf
http://www.wpro.who.int/mediacentre/factsheets/fs_201203_tobacco/en/
http://www.wpro.who.int/mediacentre/factsheets/fs_201203_tobacco/en/
https://store.samhsa.gov/product/Results-from-the-2013-National-Survey-on-Drug-Use-and-Health-Summary-of-National-Findings/SMA14-4863
https://store.samhsa.gov/product/Results-from-the-2013-National-Survey-on-Drug-Use-and-Health-Summary-of-National-Findings/SMA14-4863
https://store.samhsa.gov/product/Results-from-the-2013-National-Survey-on-Drug-Use-and-Health-Summary-of-National-Findings/SMA14-4863

Morris et al. BMC Developmental Biology (2018) 18:13

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Wagner NJ, Camerota M, Propper C. Prevalence and perceptions of electronic
cigarette use during pregnancy. Matern Child Health J. 2017,21:1655-61.
Smith D, Aherrera A, Lopez A, Neptune E, Winickoff JP, Klein JD, et al.
Adult behavior in male mice exposed to E-cigarette nicotine vapors
during late prenatal and early postnatal life. PLoS One. 2015;10:
e0137953.

El Dib R, Suzumura EA, Akl EA, Gomaa H, Agarwal A, Chang VY, et al.
Electronic nicotine delivery systems and/or electronic non-nicotine delivery
systems for tobacco smoking cessation or reduction: a systematic review
and meta-analysis. BMJ Open. 2017;7:e012680.

Slotkin TA. If nicotine is a developmental neurotoxicant in animal studies,
dare we recommend nicotine replacement therapy in pregnant women
and adolescents? Neurotoxicol Teratol. 2008;30:1-19.

Changeux J-P. Nicotine addiction and nicotinic receptors: lessons from
genetically modified mice. Nat Rev Neurosci. 2010;11:389-401.

Schneider T, llott N, Brolese G, Bizarro L, Asherson PJE, Stolerman IP.
Prenatal exposure to nicotine impairs performance of the 5-choice serial
reaction time task in adult rats. Neuropsychopharmacol Off Publ Am Coll
Neuropsychopharmacol. 2011,36:1114-25.

Melroy-Greif WE, Stitzel JA, Ehringer MA. Nicotinic acetylcholine receptors:
upregulation, age-related effects and associations with drug use. Genes
Brain Behav. 2016;15:89-107.

Velazquez-Ulloa NA. A Drosophila model for developmental nicotine
exposure. PLoS One. 2017;12:¢0177710.

Roy TS, Sabherwal U. Effects of gestational nicotine exposure on
hippocampal morphology. Neurotoxicol Teratol. 1998;20:465-73.
Muhammad A, Mychasiuk R, Nakahashi A, Hossain SR, Gibb R, Kolb B.
Prenatal nicotine exposure alters neuroanatomical organization of the
developing brain. Synapse. 2012;66:950-4.

Santiago SE, Huffman KJ. Postnatal effects of prenatal nicotine exposure on
body weight, brain size and cortical connectivity in mice. Neurosci Res.
2012;73:282-91.

Money KM, Stanwood GD. Developmental origins of brain disorders: roles
for dopamine. Front Cell Neurosci. 2013;7:260.

Navarro HA, Seidler FJ, Whitmore WL, Slotkin TA. Prenatal exposure to
nicotine via maternal infusions: effects on development of catecholamine
systems. J Pharmacol Exp Ther. 1988;244:940-4.

Ribary U, Lichtensteiger W. Effects of acute and chronic prenatal nicotine
treatment on central catecholamine systems of male and female rat fetuses
and offspring. J Pharmacol Exp Ther. 1989;248:786-92.

Richardson SA, Tizabi Y. Hyperactivity in the offspring of nicotine-treated
rats: role of the mesolimbic and nigrostriatal dopaminergic pathways.
Pharmacol Biochem Behav. 1994;47:331-7.

Muneoka K, Nakatsu T, Fuji J, Ogawa T, Takigawa M. Prenatal administration
of nicotine results in dopaminergic alterations in the neocortex.
Neurotoxicol Teratol. 1999;21:603-9.

Zhu J, Zhang X, Xu Y, Spencer TJ, Biederman J, Bhide PG. Prenatal nicotine
exposure mouse model showing hyperactivity, reduced cingulate cortex
volume, reduced dopamine turnover, and responsiveness to oral
methylphenidate treatment. J Neurosci. 2012;32:9410-8.

Alkam T, Kim H-C, Mamiya T, Yamada K, Hiramatsu M, Nabeshima T.
Evaluation of cognitive behaviors in young offspring of C57BL/6J mice after
gestational nicotine exposure during different time-windows.
Psychopharmacology. 2013;230:451-63.

Alkam T, Mamiya T, Kimura N, Yoshida A, Kihara D, Tsunoda Y, et al. Prenatal
nicotine exposure decreases the release of dopamine in the medial frontal
cortex and induces atomoxetine-responsive neurobehavioral deficits in
mice. Psychopharmacology. 2017,234:1853-69.

Reiter LT, Potocki L, Chien S, Gribskov M, Bier E. A systematic analysis of
human disease-associated gene sequences in Drosophila melanogaster.
Genome Res. 2001;11:1114-25.

Chien S, Reiter LT, Bier E, Gribskov M. Homophila: human disease gene
cognates in Drosophila. Nucleic Acids Res. 2002;30:149-51.

Yamamoto S, Jaiswal M, Charng W-L, Gambin T, Karaca E, Mirzaa G, et al. A
Drosophila genetic resource of mutants to study mechanisms underlying
human genetic diseases. Cell. 2014;159:200-14.

Moore MS, DeZazzo J, Luk AY, Tully T, Singh CM, Heberlein U. Ethanol
intoxication in Drosophila: genetic and pharmacological evidence for
regulation by the cAMP signaling pathway. Cell. 1998;93:997-1007.

Wolf FW, Heberlein U. Invertebrate models of drug abuse. J Neurobiol. 2003;
54:161-78.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 14 of 15

Kaun KR, Devineni AV, Heberlein U. Drosophila melanogaster as a model to
study drug addiction. Hum Genet. 2012;131:959-75.

Bainton RJ, Tsai LT, Singh CM, Moore MS, Neckameyer WS, Heberlein U.
Dopamine modulates acute responses to cocaine, nicotine and ethanol in
Drosophila. Curr Biol. 2000;10:187-94.

Hou J, Kuromi H, Fukasawa Y, Ueno K, Sakai T, Kidokoro Y. Repetitive
exposures to nicotine induce a hyper-responsiveness via the cCAMP/PKA/
CREB signal pathway inDrosophila. J Neurobiol. 2004;60:249-61.

Rothenfluh A, Threlkeld RJ, Bainton RJ, Tsai LT-Y, Lasek AW, Heberlein U.
Distinct behavioral responses to ethanol are regulated by alternate
RhoGAP18B isoforms. Cell. 2006;127:199-211.

King I, Tsai LT-Y, Pflanz R, Voigt A, Lee S, Jackle H, et al. Drosophila tao
controls mushroom body development and ethanol-stimulated behavior
through par-1. J Neurosci. 2011;31:1139-48.

Ren J, Sun J, Zhang Y, Liu T, Ren Q, Li Y, et al. Down-regulation of
Decapping protein 2 mediates chronic nicotine exposure-induced
locomotor hyperactivity in Drosophila. PLoS One. 2012;7:¢52521.
Fuenzalida-Uribe N, Meza RC, Hoffmann HA, Varas R, Campusano JM.
nAChR-induced octopamine release mediates the effect of nicotine on
a startle response in Drosophila melanogaster. J Neurochem. 2013;125:
281-90.

Sanchez-Diaz |, Rosales-Bravo F, Reyes-Taboada JL, Covarrubias AA, Narvaez-
Padilla V, Reynaud E. The Esg gene is involved in nicotine sensitivity in
Drosophila melanogaster. PLoS One. 2015;10:20133956.

Venken KJT, Bellen HJ. Chemical mutagens, transposons, and transgenes to
interrogate gene function in Drosophila melanogaster. Methods. 2014,68:
15-28.

Fayyazuddin A, Zaheer MA, Hiesinger PR, Bellen HJ. The nicotinic
acetylcholine receptor Dalpha7 is required for an escape behavior in
Drosophila. PLoS Biol. 2006;4:¢63.

McClure KD, French RL, Heberlein U. A Drosophila model for fetal alcohol
syndrome disorders: role for the insulin pathway. Dis Model Mech. 2011;4:335-46.
Whitworth AJ, Theodore DA, Greene JC, Benes H, Wes PD, Pallanck LJ.
Increased glutathione S-transferase activity rescues dopaminergic neuron
loss in a Drosophila model of Parkinson'’s disease. Proc Natl Acad Sci U S A.
2005;102:8024-9.

Mao Z, Davis RL. Eight different types of dopaminergic neurons
innervate the Drosophila mushroom body Neuropil: anatomical

and physiological heterogeneity. Front Neural Circuits. 2009;3:5.
https://doi.org/10.3389/neuro.04.005.2009.

Kittel RJ, Wichmann C, Rasse TM, Fouquet W, Schmidt M, Schmid A, et al.
Bruchpilot promotes active zone assembly, Ca2+ channel clustering, and
vesicle release. Science. 2006;312:1051-4.

Wagh DA, Rasse TM, Asan E, Hofbauer A, Schwenkert |, Dirrbeck H, et al.
Bruchpilot, a protein with homology to ELKS/CAST, is required for structural
integrity and function of synaptic active zones in Drosophila. Neuron. 2006;
49:833-44.

Burgess A, Vigneron S, Brioudes E, Labbé J-C, Lorca T, Castro A. Loss of human
Greatwall results in G2 arrest and multiple mitotic defects due to deregulation
of the cyclin B-Cdc2/PP2A balance. Proc Natl Acad Sci. 2010;107:12564-9.
McCloy RA, Rogers S, Caldon CE, Lorca T, Castro A, Burgess A. Partial
inhibition of Cdk1 in G , phase overrides the SAC and decouples mitotic
events. Cell Cycle. 2014;13:1400-12.

Selcho M, Pauls D, Han K-A, Stocker RF, Thum AS. The role of dopamine in
Drosophila larval classical olfactory conditioning. PLoS One. 2009;4:e5897.
Shohat-Ophir G, Kaun KR, Azanchi R, Mohammed H, Heberlein U. Sexual
deprivation increases ethanol intake in Drosophila. Science. 2012;335:1351-5.
Budnik V, White K. Catecholamine-containing neurons in Drosophila
melanogaster: distribution and development. J Comp Neurol. 1988,268:400-13.
Huang J, Zhang W, Qiao W, Hu A, Wang Z. Functional connectivity and
selective odor responses of excitatory local interneurons in Drosophila
antennal lobe. Neuron. 2010;67:1021-33.

Tachibana S+, Touhara K, Ejima A. Modification of male courtship motivation
by olfactory habituation via the GABAA receptor in Drosophila
melanogaster. PLoS One. 2015;10:e0135186.

Wu P, Ma D, Pierzchala M, Wu J, Yang L-C, Mai X, et al. The Drosophila
acetylcholine receptor subunit D 5 is part of an -Bungarotoxin binding
acetylcholine receptor. J Biol Chem. 2005;280:20987-9%4.

Lansdell SJ, Collins T, Goodchild J, Millar NS. The Drosophila nicotinic
acetylcholine receptor subunits Da5 and Da7 form functional homomeric
and heteromeric ion channels. BMC Neurosci. 2012;13:73.


https://doi.org/10.3389/neuro.04.005.2009

Morris et al. BMC Developmental Biology (2018) 18:13

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Jones AK, Brown LA, Sattelle DB. Insect nicotinic acetylcholine receptor
gene families: from genetic model organism to vector, pest and beneficial
species. Invertebr Neurosci. 2007,7:67-73.

Slotkin TA, Cho H, Whitmore WL. Effects of prenatal nicotine exposure on
neuronal development: selective actions on central and peripheral
catecholaminergic pathways. Brain Res Bull. 1987,18:601-11.

Roy TS, Seidler FJ, Slotkin TA. Prenatal nicotine exposure evokes alterations
of cell structure in Hippocampus and somatosensory cortex. J Pharmacol
Exp Ther. 2002;300:124-33.

Omelchenko N, Roy P, Balcita-Pedicino JJ, Poloyac S, Sesack SR. Impact of
prenatal nicotine on the structure of midbrain dopamine regions in the rat.
Brain Struct Funct. 2016;221:1939-53.

McArthur S, McHale E, Gillies GE. The size and distribution of midbrain
dopaminergic populations are permanently altered by perinatal
glucocorticoid exposure in a sex- region- and time-specific manner.
Neuropsychopharmacology. 2006,32:1462-76.

McArthur S, McHale E, Gillies GE. The size and distribution of midbrain
dopaminergic populations are permanently altered by perinatal
glucocorticoid exposure in a sex- region- and time-specific manner.
Neuropsychopharmacology. 2007;32:1462-76.

Aumann TD. Environment- and activity-dependent dopamine
neurotransmitter plasticity in the adult substantia nigra. J Chem Neuroanat.
2016;73:21-32.

Dulcis D, Spitzer NC. lllumination controls differentiation of dopamine
neurons regulating behaviour. Nature. 2008;456:195-201.

Velazquez-Ulloa NA, Spitzer NC, Dulcis D. Contexts for dopamine
specification by calcium spike activity in the CNS. J Neurosci. 2011;31:78-88.
Kong EC, Woo K, Li H, Lebestky T, Mayer N, Sniffen MR, et al. A pair of
dopamine neurons target the D1-like dopamine receptor DopR in the
central complex to promote ethanol-stimulated locomotion in Drosophila.
PLoS One. 2010;5:€9954.

Ueno T, Tomita J, Tanimoto H, Endo K, Ito K, Kume S, et al. Identification of
a dopamine pathway that regulates sleep and arousal in Drosophila. Nat
Neurosci. 2012;15:1516-23.

Strauss R. The central complex and the genetic dissection of locomotor
behaviour. Curr Opin Neurobiol. 2002;12:633-8.

Lebestky T, Chang J-SC, Dankert H, Zelnik L, Kim Y-C, Han K-A, et al. Two
different forms of arousal in Drosophila are oppositely regulated by the
dopamine D1 receptor ortholog DopR via distinct neural circuits. Neuron.
2009;64:522-36.

Donlea JM, Thimgan MS, Suzuki Y, Gottschalk L, Shaw PJ. Inducing sleep by
remote control facilitates memory consolidation in Drosophila. Science.
2011;332:1571-6.

Liu C, Placais P-Y, Yamagata N, Pfeiffer BD, Aso Y, Friedrich AB, et al. A
subset of dopamine neurons signals reward for odour memory in
Drosophila. Nature. 2012;488:512-6.

Alekseyenko OV, Chan Y-B, Li R, Kravitz EA. Single dopaminergic neurons that
modulate aggression in Drosophila. Proc Natl Acad Sci U S A. 2013;110:6151-6.
Wang D, Qian L, Xiong H, Liu J, Neckameyer WS, Oldham S, et al.
Antioxidants protect PINK1-dependent dopaminergic neurons in Drosophila.
Proc Natl Acad Sci U S A. 2006;103:13520-5.

Zhu Z-J, Wu K-C, Yung W-H, Qian Z-M, Ke Y. Differential interaction between
iron and mutant alpha-synuclein causes distinctive Parkinsonian phenotypes
in Drosophila. Biochim Biophys Acta. 2016;1862:518-25.

Navarro JA, HeBner S, Yenisetti SC, Bayersdorfer F, Zhang L, Voigt A, et al.
Analysis of dopaminergic neuronal dysfunction in genetic and toxin-
induced models of Parkinson’s disease in Drosophila. J Neurochem. 2014;
131:369-82.

Spitzer NC. Activity-dependent neurotransmitter respecification. Nat Rev
Neurosci. 2012;13:94-106.

Spitzer NC. Neurotransmitter switching? No surprise. Neuron. 2015;86:1131-44.
Lee D, O'Dowd DK. Fast excitatory synaptic transmission mediated by
nicotinic acetylcholine receptors in Drosophila neurons. J Neurosci.
1999;19:5311-21.

Yasuyama K, Salvaterra PM. Localization of choline acetyltransferase-expressing
neurons inDrosophila nervous system. Microsc Res Tech. 1999;45:65-79.
Sattelle DB, Jones AK, Sattelle BM, Matsuda K, Reenan R, Biggin PC. Edit, cut
and paste in the nicotinic acetylcholine receptor gene family ofDrosophila
melanogaster. BioEssays. 2005;27:366-76.

Abreu-Villaga Y, Filgueiras CC, Manhaes AC. Developmental aspects of the
cholinergic system. Behav Brain Res. 2011;221:367-78.

Page 15 of 15

Ready to submit your research? Choose BMC and benefit from:

o fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Drosophila strains and culture
	Developmental exposure to nicotine and nicotinic acetylcholine receptor blockers
	Developmental assays
	Immunostaining
	Confocal microscopy
	Image analysis
	Statistical analyses

	Results
	Developmental nicotine exposure increases larval brain area
	Developmental nicotine exposure decreases overall tyrosine hydroxylase levels in adult brains but not larval brains
	Developmental nicotine exposure has no effect on the number of TH+ neurons in larval brains
	Developmental nicotine exposure decreases the number of TH+ neurons in the adult PPM3 cluster
	Role of nicotinic receptors on the effects of developmental nicotine exposure

	Discussion
	Effect of prenatal nicotine exposure on brain size
	Effect of prenatal nicotine exposure on dopamine levels
	Effect of prenatal nicotine exposure on the number of TH+ neurons
	Involvement of nAChRs on the developmental nicotine effects on eclosion and brain size

	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Competing interests
	Publisher’s Note
	Author details
	References

