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Abstract

Hormones are critical for the development, maturation, and maintenance of physiological systems;

therefore, understanding their involvement during maturation of the brain is important for the

elucidation of mechanisms by which adults become behaviorally competent. Changes in

exogenous and endogenous factors encountered during sexual maturation can have long lasting

effects in mature adults. In this study, we investigated the role of the gonadotropic hormone,

juvenile hormone (JH), in the modulation of adult behaviors in Drosophila. Here we utilized

methoprene (a synthetic JH analog) and precocene (a JH synthesis inhibitor) to manipulate levels

of JH in sexually immature male and female Drosophila with or without decreased synthesis of

neuronal dopamine (DA). Locomotion and courtship behavior were assayed once the animals had

grown to sexual maturity. The results demonstrate a sexually dimorphic role for JH in the

modulation of these centrally controlled behaviors in mature animals that is dependent on the age

of the animals assayed, and present DA as a candidate neuronal factor that differentially interacts

with JH depending on the sex of the animal. The data also suggest that JH modulates these

behaviors through an indirect mechanism. Since gonadotropic hormones and DA interact in

mammals to affect brain development and later function, our results suggest that this mechanism

for the development of adult behavioral competence may be evolutionarily conserved.
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Introduction

Hormones are important throughout the lifecycle for the development, maturation, and

maintenance of physiological systems (McEwen, 1992). The adolescent developmental
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period is particularly vulnerable to both biological and environmental factors, since

perturbations in nervous system development during this time will affect mature adult

behaviors, such as reproduction (Romeo et al., 2002). Work in mammalian systems has

shown that the actions of steroid hormones during puberty can influence neuron survival,

neurogenesis, neurite outgrowth, synaptogenesis, receptor expression, neurotransmitter

synthesis and neuronal excitability (Romeo, 2003), resulting in persistent changes in

behavioral outcomes.

Several similarities exist between development of the mammalian and Drosophila

neuroendocrine systems (see Hartenstein, 2006 for review). The ring gland is the major

endocrine gland in Drosophila and is the site of synthesis of the hormone juvenile hormone

(JH). While a fly that has just emerged from the pupal case looks like an adult fly, it will not

participate in reproductive behaviors until 48 hours post-eclosion, evidence that the

individual is not yet fully mature (Spieth, 1974); this period can be considered comparable

to the mammalian adolescent stage. During this time, JH is required for the acquisition of

reproductive behaviors. For example, male Caribbean fruit flies treated with JH or its

synthetic analog, methoprene, engage in sexual signaling, release pheromone, and mate at

younger ages, indicating JH controls reproductive maturity and sexual signaling (Teal et al.,

2000). In females, JH is necessary to trigger vitellogenesis for ovarian development

(Handler and Postlethwait, 1977). Previous work has also shown that JH has a direct effect

on the modeling of developing neural circuitry (Malaterre et al., 2003), and studies in

honeybees have demonstrated that JH is important for the neural plasticity required for the

development of mature adult behaviors (Fahrbach and Robinson, 1996). While the roles of

JH in metamorphosis have been investigated, more research is required to elucidate the role

of JH in the adult brain of both males and females (Strambi et al., 1999).

Studies in various insect species have established that JH interacts with dopamine (DA)

(Woodring and Hoffmann, 1994; Sasaki et al., 2012). Past studies have also implied the

existence of direct interactions between DA and JH to effect the organization of neural

circuitry in Drosophila (Gruntenko et al., 2005 and 2007), consistent with observations that

DA also functions to mediate ovarian development, sexual receptivity, and fertility

(Neckameyer, 1996). Elucidation of the mechanisms underlying these neuroendocrine

interactions will facilitate understanding how the actions of hormones can have lasting

effects on neuronal processes.

In this study we used pharmacological manipulation of JH in sexually immature adult males

and females to demonstrate that JH affects locomotion and courtship, two centrally

controlled behaviors (Strauss and Heisenberg, 1993 and Ryner et al., 1996). Recently, two

JH receptors have been confirmed (Charles et al., 2011; Abdou et al., 2011): methoprene

tolerant and germ-cell expressed, which work together to facilitate JH signaling. Since these

receptors have only recently been identified, there are not yet well-characterized genetic

reagents to manipulate JH signaling. However, topical administration of methoprene (a JH

analog) or precocene (a JH synthesis inhibitor) has been successfully used to mimic or

inhibit actions of JH, respectively (Landers and Happ, 1980; Wilson et al., 1983; Dubrovsky

et al., 2000; Dubrovsky et al., 2002). Additionally, application of methoprene has been

shown to be able to reverse the effects of precocene (e.g., Gellissen and Wyatt, 1981 and
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Dallai et al., 1997). The long-term effects of JH observed in this study are sexually and

temporally dimorphic, and dependent on the level of neuronal DA. These studies

demonstrate that, in Drosophila, manipulation of gonadotropic hormones in sexually

immature individuals may have persistent effects on centrally controlled mature adult

behaviors, and suggest that, as in mammals, JH may function as a gonadotropic hormone

with a key role in the development of mature brain circuitry.

Materials and Methods

Fly Culture

Flies were maintained in glass pint bottles containing standard agar-cornmeal-yeast food at

25°C on a 12 hour light-dark cycle. Male and female progeny were collected immediately

following eclosion and maintained separately in groups of < 20 under identical conditions

for 3, 5, or 8 days as described for each experiment.

Fly Strains

All stocks were obtained from the Bloomington Stock Center (Indiana University,

Bloomington) unless otherwise noted. w1118 is the parental strain for the Drosophila

tyrosine hydroxylase RNAi transgenic line. pP{w+mW.hs = GawB}elavC155 (elavC155) is a

pan-neuronal Gal4 which drives constitutive expression in post-mitotic neural tissues. CSwu

is a wild-type Canton S strain established in the laboratory of Martin Heisenberg (University

of Wurzburg, Germany) in 1978 and was a gift from Dr. J. Steven de Belle (DART

Neuroscience). w*;UAScytoβ-galactosidase (UAS β-galalactosidase) was a gift from

Enrique Massa (Texas A&M University, Kingsville, TX, USA). The RNAi line for

Drosophila tyrosine hydroxylase (THK) was generated as previously described

(Neckameyer and Bhatt, 2012) and used to decrease dopamine levels, since tyrosine

hydroxylase is the rate limiting step for dopamine synthesis (Neckameyer and Quinn, 1989).

Pharmacological Treatments

Methoprene (methoprene acid) (Sigma Aldrich St. Louis, MO), a synthetic JH analog, was

dissolved in acetone at a concentration of 1 mg/mL. Precocene I (Sigma Aldrich St. Louis,

MO), an anti-juvenoid that inhibits JH synthesis, was diluted in acetone to a concentration of

1 mg/mL. 0.2 µL of either methoprene or precocene was applied to the abdomens of newly

eclosed flies using a Hamilton syringe; animals were also treated in parallel with acetone

alone as a vehicle control. Comparing all methoprene- and precocene-treated animals to

acetone controls helped to account for any behavioral effects of acetone or CO2, which was

used to anesthetize animals during collection and application of pharmacological agents.

Application was completed during collection of newly eclosed flies, which were then

allowed to recover from the CO2 anesthetic, and males and females were maintained

separately in food vials for 3, 5 or 8 days.

Courtship Analysis

On the day of analysis, an experimental male or female fly was aspirated into a well of a 10

position mating chamber wheel (Figure 1) with a sexually mature (5–9 day old) wild-type

(CSwu) fly of the opposite sex. Successful male reproductive behavior was assessed by

Argue et al. Page 3

Horm Behav. Author manuscript; available in PMC 2014 September 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



determining latency to copulation and number of males initiating courtship. Female

receptivity was measured by the latency to copulation and whether or not copulation took

place (Neckameyer, 1998). Pairs were observed in the mating chamber wheel for 30 min,

unless copulation occurred before that time. If the assay went for the full 30 min without

copulation occurring, the female was recorded as non-receptive. If the male did not initiate

courtship within 10 minutes, observation was not continued for that pair, and the male was

recorded as failing to initiate courtship. The courtship behavioral paradigm has been

previously described (Gailey et al., 1986). The data was recorded in real time by 4

individuals blind to the treatment conditions. n = 50 pairs that copulated.

Locomotor Analysis

Male and female flies were collected, treated, and aged as described above. On the day of

analysis, individual flies were aspirated into a 60mm petri dish marked with a 1 cm2 grid on

the bottom. After a 30 second recovery period, the number of grid lines crossed was

determined for the first two (exploratory locomotion) and last two (basal locomotion)

minutes of a 15 minute observation period as previously described (Neckameyer, 1998;

Neckameyer and Weinstein, 2005; Neckameyer and Matsuo, 2008). Data were recorded in

real time by 8 different individuals blind to the treatment conditions. All individuals were

trained by the same person to obtain consistency. Start times were staggered allowing for

approximately 4 animals to be completed over a 30 minute analysis period, which permitted

time to aspirate animals into the petri dish and record the data. n = 45.

Tyrosine Hydroxylase Enzymatic Activity Assay

Males and females were collected, treated, and aged as previously described. Once animals

reached the desired age, they were quick-frozen in liquid nitrogen. Enzymatic activity of

tyrosine hydroxylase was determined using 150 µg of crude protein extracted from head

tissue as previously described (Neckameyer et al., 2005). n = 3–5 assays with each assay

consisting of an average of 2–4 samples.

Quantification of β-galactosidase

Male and female elavC155/UAS β-galactosidase animals were collected, treated, and aged as

previously described, then quick-frozen in liquid nitrogen. 25µg crude protein prepared from

head tissue was incubated with 50mM potassium phosphate, 1 mM MgCl2, 1mM

chlorophenol red-β-D-galactoparanaside (Sigma-Aldrich St. Louis, MO, USA), pH 7.5 for

45 minutes at 37°C, and absorbance at 574nm was determined. n = 6 for males and females

at each age.

Statistical Analysis

All statistical analyses were performed using SPSS for Windows from IBM Corporation

(Armonk, NY, USA) and represented visually in graphs made using GraphPad Prism

(GraphPad Softward, Inc. La Jolla, CA, USA). For all statistical analysis, a 95% confidence

interval was used.
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Results

Long-Term Neuronal Effects of JH Manipulation

To investigate the effects of JH on the maturing brain, newly eclosed elavC155/w1118 animals

were treated with acetone (to serve as vehicle control), methoprene, or precocene

immediately following eclosion. elavC155/w1118 animals were used for these experiments to

provide an appropriate control for the transgenic lines used in the later experiments.

Following pharmacological manipulation of JH, animals were then aged for 3 (cusp of

sexual maturity), 5 (sexually mature), or 8 (older) days prior to behavioral analysis. Reports

spanning across several species have demonstrated that methoprene can mimic the actions of

JHIII (the most biologically active form of JH) (for example, Berger et al., 1992; Wilson and

Fabian, 1986; Raikhel and Lea, 1990; Ahl and Brown, 1991; Noriega et al., 1997, amongst

others). Additonally, methoprene has been shown to bind to the methoprene tolerant JH

receptor (Miura et al. 2005; Charles et al., 2011). These data have validated the use of both

methoprene and precocene to perturb JH signaling in vivo. However, the relative degree of

saturation of the JH receptor in the adult stage is not known. In addition, since the pool of

available JH in any tissue at a given time is unknown, the extent of reduction in JH synthesis

after precocene treatment cannot be precisely measured (Brendena et al., 2011). However,

both methoprene and precocene were effective in our studies in producing behavioral

changes. The multiple effects of JH manipulation on behavior are summarized in Table 1.

Several parameters of courtship behavior were analyzed based on known roles for JH in

mature sexual signaling and reproductive behaviors. Even though the full mature

pheromonal complement and array of sexual behaviors is attained by 3 days (Wicker and

Jallon, 1995; Cook, 1973; Pitnick et al., 1995), the brains are still maturing and their

responses (i.e. how quickly the female accepts the male or how long it takes for the male to

initiate courtship) may differ from older flies, consistent with our observation that 3 day old

acetone treated control females displayed an increased latency to copulation relative to older

acetone treated females (Figure 2). At both 5 and 8 days, treatment with precocene increased

latency to copulation (p < 0.05 and p < 0.001, respectively), while methoprene had no effect

(Figure 2). No significant difference was observed in initiation of courtship by wild-type

males placed with treated females, or in whether or not copulation occurred (data not

shown).

When treated males were paired with wild-type females, there was not an obvious decrease

in latency to copulation with increasing age as there was with females (Figure 3). 3 day old

males treated with precocene displayed a decreased latency to copulation (p < 0.05), and

treatment with methoprene caused an increased latency to copulation in 8 day old males (p <

0.01) (Figure 3). The lack of an age effect on latency to copulation could suggest that males

attain sexual maturity earlier than females; however, other observations were consistent with

our belief that the brain of 3 day old animals is not yet fully sexually mature. For example, 3

day old males are capable of initiating courtship, but the percentage increases with

increasing age and more robust sexual maturity (Figure 4A), possibly suggesting

strengthening of synaptic connections with age. Early treatment with methoprene assayed at

day 5 and with prococene assayed at day 8 resulted in fewer males initiating courtship (p <
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0.05 and p < 0.001, respectively); which correlated with changes in latency to copulation

that were observed in females, suggesting that precocene treatment delayed sexual

maturation. There were also differences in whether or not copulation ultimately occurred for

the treated males that did initiate courtship (Figure 4B). Additionally, wild-type females

appeared to be more receptive to older males. In this case, the actions of precocene

significantly increased the percentage of females successfully copulating with 3 day old

males (p < 0.05), indicating that the effects of precocene on sexual maturation are complex.

Locomotor behavior was also assessed, since this is a neuronally controlled behavior

unrelated to gonadal development. Behavior was assessed during the first two (exploratory)

and last two (basal) minutes of a 15 minute observation period; as for most species, there is

decreased locomotion after adaptation to a novel environment (Liu et al., 2007; Neckameyer

and Matsuo, 2008). There was an overall trend towards decreasing locomotion with

increasing age for both exploratory and basal locomotion for acetone treated females (Figure

5). For exploratory locomotion, the only age at which there was a significant change in

response to JH manipulation was at 5 days: methoprene decreased (p < 0.001) and precocene

increased exploratory locomotion (p < 0.01) (Figure 5A). Methoprene caused a decrease in

basal locomotion in 3 and 5 day old females (p < 0.05), but precocene had no effect (Figure

5B). The observed result that JH maniupulation had different effects on exploratory and

basal locomotion suggests that these two locomotor behaviors are not regulated by identical

circuits.

Acetone treated males assayed for exploratory locomotion displayed an overall trend of

decreased locomotion with increasing age, while basal locomotion was unchanged; for both,

males displayed decreased locomotion relative to females (Figure 6). At all ages, precocene

treated males increased their exploratory locomotion from that of age-matched acetone

treated males (p < 0.001 for all, Figure 6A).

Effects of JH Manipulation in Animals with Altered Neuronal Dopamine Synthesis

To identify whether there were interactions between JH and neuronal DA, a tyrosine

hydroxylase RNAi (THK) was used to reduce tyrosine hydroxylase (TH) levels (and thus

DA synthesis) within post-mitotic neurons. This transgenic line has been used successfully

to decrease DA synthesis in Drosophila larvae and adults (Neckameyer and Bhatt, 2012;

Argue and Neckameyer, 2013a and b). The transgene was targeted specifically to the brain

using the pan-neuronal driver elavC155, and TH enzymatic activity was assayed in head

tissue from 3, 5, and 8 day old control (elavC155/w1118) and elavC155/THK animals (Figure

7A). However, TH activity was only decreased in 3 day old elavC155/THK fly heads (p <

0.05). At 5 days, elavC155/THK displayed similar activity as the controls, and by 8 days,

elavC155/THK actually showed slightly higher activity than the controls, but the variance

was too great for this increase to reach statistical significance. Because TH activity was

decreased at 3 days, and has previously been shown to decrease activity when similarly

targeted to the larval brain (Neckameyer and Bhatt, 2012), we hypothesized that differences

in expression of elavC155- Gal4 at ages 5 and 8 days may have been responsible for these

results. This apparent decrease in expression of the elavC155 Gal4 driver with increasing age

was quantified by crossing this line with one carrying a UAS-β-galactosidase reporter and
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assaying β-galactosidase activity (measured by absorbance at 547mm) in head tissue from 3,

5 and 8 day old males and females (Figure 7B,C). Activity was significantly decreased in 5

and 8 day old females (p < 0.001, Figure 7B) and in 8 day old males (p < 0.05, Figure 7C).

All further analyses were therefore limited to 3 day old animals, since the elavC155 driver

was still strongly expressed at that age in both sexes.

To investigate the effect of early manipulation of JH in flies with decreased neuronal DA

synthesis, newly eclosed elavC155/w1118 and elavC155/THK animals were treated with

methoprene or precocene, then aged for 3 days prior to behavioral analysis. Table 2

summarizes behavioral parameters in which there was a significant difference in the

response to JH manipulation in animals with reduced neuronal DA synthesis compared to

control animals. Specific differences are shown graphically for those behaviors in which

there was a significant interaction between the level of neuronal DA synthesis and JH

treatment. For courtship, acetone treated elavC155/THK males displayed a significant

difference in their initiation of courtship (Figure 8A). Acetone treated elavC155/THK males

were not as likely to initiate courtship compared to acetone treated elavC155/w1118 males.

Both methoprene (p < 0.01) and precocene (p < 0.001) treatment resulted in increased

numbers of elavC155/THK males initiating courtship; however, these increases resulted in

only a partial rescue of the impaired phenotype. Methoprene and precocene treatment in

elavC155/w1118 males decreased the number of wild-type females willing to copulate, but

maintained (methoprene) or increased the number copulating (precocene, p < 0.001) when

applied to elavC155/THK males (Figure 8B). These results suggested that both DA and JH

are important for the development of the neural circuitry mediating courtship behaviors.

elavC155/THK females and males assayed for latency to copulation following treatment with

methoprene or precocene displayed no significant interactions between genotype and

treatment when compared to sex-matched elavC155/w1118 animals (data not shown). For

females, there were also no differences in the wild-type males’ initiation of courtship with

the female, or in whether or not copulation occurred if courtship was initiated (data not

shown).

For locomotion, there was no significant difference in either exploratory (Figure 9A) or

basal (Figure 9C) locomotion for females, regardless of treatment. Acetone treated

elavC155/THK males assayed for exploratory locomotion displayed increased locomotion

compared to acetone treated controls (Figure 9B), and increased their exploratory

locomotion when treated with precocene; however, the elavC155/THK males’ already

elevated locomotion was not altered by this treatment (p < 0.05). The different results

observed following precocene treatment in elavC155/w1118 or elavC155/THK males are

consistent with an interaction between DA and JH in development of these circuits. Acetone

treated elavC155/THK males assayed for basal locomotion displayed increased locomotion

compared to acetone treated controls (Figure 9D). When treated with methoprene,

elavC155/THK males increased their locomotion, whereas methoprene treated control males

did not significantly alter theirs (p < 0.01). These results also suggest an interaction between

JH and DA, and reveal a sexual dimorphism in this interaction, since no effect was observed

in females.
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Discussion

Our results show that manipulation of JH immediately following eclosion affected central

behaviors in the sexually mature adult, indicating that this time is critical for development

and plasticity. Numerous research studies and observations of human behavior have

demonstrated that adolescence, a developmental period in which mammals undergo the

transition to become a sexually mature adult, is particularly vulnerable (reviewed in

Somerville et al., 2010). For example, testosterone in adolescent males has been shown to

regulate axon diameter, resulting in changes in neurotransmission and cell metabolism

(reviewed in Paus, 2010). Similarly, estrogens have been shown to regulate myelination,

neuronal survival (reviewed in Arevalo et al., 2010), and neuronal excitability (reviewed in

Smith, 1994). We hypothesized that manipulation of JH during the sensitive developmental

window immediately after eclosion would alter interactions with factors that mediate mature

behaviors, as opposed to JH acting directly to influence a given behavior. Therefore, it was

expected that the observed results would demonstrate variability rather than a persistent

increase or decrease in a given behavioral measure. An indirect mechanism of action is

further supported by the relatively short half-lives of both methoprene and precocene and the

fact that we observed behavioral effects 8 days post-treatment (Schooley et al., 1975;

McCaffery and McDowell, 2006). For example, treatment of females with precocene

increased latency to copulation 5 and 8 days post-eclosion, yet displayed no effect 3 days

post-eclosion. Interestingly, in males, precocene treatment decreased latency to copulation at

the cusp of sexual maturity (3 days post-eclosion), yet the effect did not persist in older

animals, which showed an increased latency to copulation in response to early methoprene

treatment. The observation that a decrease in JH levels shortly after eclosion resulted in

improved performance at 3 days, but depressed performance of the same behavior at 8 days,

suggests differences in the brain milieu in 3 day old compared to 8 day old animals,

implying a differential susceptibility to the changes that occurred as a result of the early JH

manipulation. When male initiation of courtship was assessed, there were no observed

effects until 8 days post-eclosion, in which precocene treated males displayed increased

initiation of courtship. Observation of the number of females that failed to copulate with a

male that had received hormonal manipulation showed an effect at 3 days post-eclosion,

with females copulating more often with precocene-treated males. While seemingly small

differences in latency to copulation and rates of initiation and successful copulation may

have little impact in a laboratory mating chamber, they could have a much larger impact in

nature where females can easily escape from an undesirable mate (Ewing and Ewing 1984,

Gromko and Markow, 1993) and where changes in mate selection can have consequences on

the fitness of the population. Therefore, the observed changes in courtship behavior

following manipulation of JH could, in some cases, be considered failures in the acquisition

of sexual competency.

It is possible that the effects on courtship behavior could be related to effects of JH

manipulation on ovarian development or pheromone synthesis. The role for JH in ovarian

development has been well established (Handler and Postlethwait, 1977), and while it is

feasible that our manipulations of JH altered ovarian development, we do not believe that

feedback between the ovaries and brain regions necessary for normal courtship behavior
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were primarily responsible for the observed changes in latency to copulation. Decreased

synthesis of neuronal DA resulted in changes in courtship behaviors; however, this

manipulation does not affect ovarian development (unpublished observations), suggesting

that these effects must be occurring centrally. JH is also known to be involved in pheromone

synthesis (Liu et al., 2008). Immature flies contain long-chain hydrocarbons that disappear

and are replaced with shorter-chain hydrocarbons by 3 days post-eclosion (Wicker and

Jallon, 1995). When JH levels are reduced, males have reduced levels of aggregation

pheromone and females have reduced levels of courtship pheromone (Liu et al., 2008). We

would have expected that changes in pheromone synthesis would either be consistent

amongst the different age groups, or, if there were an immediate effect, it would have

disappeared 8 days after the treatment. The observed variations in courtship behaviors

amongst the different age groups suggests that while pheromone synthesis could contribute

to the alterations in behavior, it was not the only factor responsible for these changes.

While effects on latency to copulation could be attributed to changes locomotion, the

summary of the behavioral effects (Table I) clearly demonstrates that there was no

correlation between courtship behaviors and locomotion. The only apparent instance of a

correlation was observed in females treated with precocene and assayed for exploratory

locomotion. These females displayed an increase in locomotion, which could correlate with

increased latency to copulation. However, we observed increased latency to copulation at 8

days without a corresponding change in locomotion, and the decreases seen for exploratory

locomotion at 5 days and for basal locomotion at 3 and 5 days in response to treatment with

methoprene did not correspond to changes in copulation. Similarly, males treated with

precocene increased their exploratory locomotion at all three ages, yet there were no

corresponding changes in copulation. Therefore, the changes we observed for locomotor

behaviors were distinct from those for reproduction, and lend further support to our

hypothesis that JH has diverse actions on multiple behavioral circuits. In support of this,

numerous studies have demonstrated that gonadotropic hormones in mammals can alter

neuronal synaptic transmission. One of the first events during the onset of puberty in

mammals is an increase in gonadotropic releasing hormone (GnRH), resulting in increases

in gonadotropin and leutinizing hormone, followed by increased gonadal hormones (Styne,

1994). Treating hippocampal slices with luteinizing hormone-releasing hormone resulted in

changes in electrophysiological properties, suggesting that gonadotropic hormones can act

as neurotransmitters or neuromodulators (Wong et al., 1990). Other studies demonstrated

that treatment of hippocampal slices with GnRH resulted in dose-dependent changes in

estradiol synthesis and spine synapse density, demonstrating synaptic changes in response to

gonadotropic hormones (Prange-Kiel et al., 2008).

Previous studies have suggested DA can interact with JH (Gruntenko et al., 2005 and 2007),

but these studies did not specifically compare changes occurring with age in both males and

females. Our data suggests the interaction between DA and JH is sexually dimorphic. For

male initiation of courtship, a decrease in neuronal DA synthesis resulted in an increase in

male initiation of courtship. Both decreased and increased JH levels in these males resulted

in fewer males initiating courtship. One potential explanation could be that inappropriate JH

levels (whether too much or too little) activate a compensatory mechanism to normalize DA

levels or DA signaling. It is important to note that in this scenario JH does not necessarily
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interact directly with DA, but rather is involved in the modulation of DA levels. It is also

possible that JH regulates another signaling molecule that can compensate in the regulation

of specific behaviors when there are insufficient levels of DA. We also saw that a decrease

in neuronal DA synthesis in males increased success with females in terms of the number of

pairs that successfully copulated. While treatment with methoprene had no effect on this

aspect of courtship behavior, treatment with precocene increased the number of females that

failed to copulate with the treated males. For male exploratory locomotion the decrease in

neuronal dopamine ablated the increase in locomotion that was seen in control animals

following early treatment with precocene. For basal locomotion treatment with methoprene

further increased the already elevated locomotion in the males with decreased neuronal DA

synthesis.

While none of the behaviors assayed at 3 days post-eclosion revealed an interaction between

JH and DA in females, we feel confident that evidence of an interaction would have been

observed at other ages. However, this and the initial data showing the effects of early

manipulation of JH in sexually mature individuals, do illustrate sex differences in its actions.

Although males and females were not compared directly in order to focus more specifically

on the effects of JH, it is clear from the data summary in Table 1 that there is actually only

one instance (exploratory locomotion observed 5 days post-eclosion in response to early

treatment with precocene) in which both sexes had a similar response to the treatment. In

every other case, males and females had distinct responses to the manipulations of JH. It will

be important, as we move forward in elucidating factors that interact with JH and its targets,

to investigate how these components differ across different ages and the sexes to ultimately

produce appropriate mature adult behavior.

Conclusions

Our studies have revealed a sexually and temporally dimorphic role for JH in the modulation

of sexually mature, centrally controlled behaviors in Drosophila. We have presented DA as

a neuronal factor that can interact with JH in a complex mechanism in which the two

potentially modulate levels of one another; this interaction is also sexually dimorphic.

Similar mechanisms have been demonstrated in mammalian species, suggesting that this

role for gonadotropic hormones and their neuronal interactions in the modulation of

centrally controlled behaviors may be evolutionarily conserved across species. Further

research elucidating the specific nature of the interaction between DA and JH and

identification of other factors that interact with JH will be useful for understanding the

acquisition of sexually mature behavior and the role of gonadotropic hormones in this

process.
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Highlights

• early life manipulation of juvenile hormone alters adult behavior

• effects of early life juvenile hormone manipulation are sexually dimorphic

• effects of juvenile hormone manipulation depend on neuronal dopamine levels

• elavC155 Gal4 expression decreases with increasing age

• some actions of juvenile hormone are similar to mammalian gonadotropic

hormones
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Figure 1.
Image of a 10 position mating chamber wheel used for courtship analysis. Each chamber of

the wheel is 1cm (diameter) by 0.5cm (height).
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Figure 2.
Early manipulation of JH alters latency to copulation in females in a temporally-dimorphic

manner. Females were collected and treated with acetone, methoprene, or precocene

immediately following eclosion and then aged for 3, 5, or 8 days prior to being paired with a

wild-type male for courtship analysis. Animals were observed until copulation occurred or

for 30 minutes. n = 50 animals that copulated for each population. One-Way ANOVA, * p <

0.05, *** p < 0.001.
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Figure 3.
Early manipulation of JH alters latency to copulation in males in an age-specific manner.

Males were collected and treated with acetone, methoprene, or precocene immediately

following eclosion and then aged for 3, 5, or 8 days prior to being paired with a wild-type

female for courtship analysis. Animals were observed until copulation occurred or for 30

minutes. n = 50 animals that copulated for each population. One-Way ANOVA, * p < 0.05,

** p < 0.01.
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Figure 4.
Early manipulation of JH in males alters male initiation of courtship and female receptivity

in a temporally dimorphic manner. Males were collected and treated with acetone,

methoprene, or precocene immediately following eclosion and then aged for 3, 5, or 8 days

prior to being paired with a wild-type female for courtship analysis. (A) The number of

males that failed to initiate courtship within 10 minutes was determined. (B) The number of

females that failed to copulate after 30 minutes was determined. n = 50 animals that

copulated for each population, Chi-square with 50 animals copulating and the number
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corresponding to how many failed to either initiate (A) or copulate (B) with acetone

treatment used as the expected values, * p < 0.05, ** p < 0.001.
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Figure 5.
Early manipulation of JH alters female locomotion in an age-dependent manner. Females

were collected and treated with acetone, methoprene, or precocene immediately following

eclosion and then aged for 3, 5, or 8 days prior to being assayed for (A) exploratory and (B)

basal locomotion, which refers to the first and last 2 minutes of a 15 minute observation

period, respectively. n = 45 animals for each population. One-Way ANOVA, * p < 0.05, **

p < 0.01, *** p < 0.001.
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Figure 6.
Early manipulation of JH alters male locomotion in a temporally-dimorphic manner. Males

were collected and treated with acetone, methoprene, or precocene immediately following

eclosion and then aged for 3, 5, or 8 days prior to being assayed for (A) exploratory and (B)

basal locomotion, which refers to the first and last 2 minutes of a 15 minute observation

period, respectively. n = 45 animals for each population. One-Way ANOVA, *** p < 0.001.
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Figure 7.
(A) TH enzymatic activity in head tissue from control and TH-knockdown animals.

Tyrosine hydroxlase activity was measured from crude protein extracted from head tissues

from control (elavC155/w1118) and elavC155/THK (tyrosine hydroxylase RNAi) males and at

3, 5 and 8 days post-eclosion. elavC155/THK females and males are shown as gray boxes and

triangles, respectively, and elavC155/w1118 females and males are shown as black boxes and

triangles, respectively. A 2-way ANOVA comparing Genotype X Age was not significant

for females or males. Bonferroni post tests did reveal a significant difference between the

two genotypes at 3 days of age for both sexes (p < 0.05, n = 3–5 assays with each assay

consisting of an average of 2–4 samples).

(B and C) elavC155 expression decreases with increasing age in both males and females.

A574 was determined from crude protein extract from head tissue following a 45 minute

incubation in 1mM chlorophenol red-β-D_galactoparanaside. B, females; C, males. n = 6,

One-Way ANOVA, * p < 0.05, *** p < 0.001.
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Figure 8.
Early manipulation with JH in males with reduced neuronal DA levels affects the male’s

ability to initiate courtship and female receptivity. elavC155/w1118 and elavC155/THK males

were collected and treated with acetone, methoprene, or precocene immediately following

eclosion, then aged for 3 days prior to analysis of courtship with a wild-type female. (A) The

number of males that failed to initiate courtship within 10 minutes was determined. (B) The

number of females that failed to copulate after 30 minutes was determined. n = 50 pairs that

copulated for each population. Chi-square using the ratio of the number of acetone to either
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methoprene or precocene treated elavC155/w1118 animals that failed to either initiate (A) or

copulate (B) as expected values, ** p < 0.01, *** p < 0.001.
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Figure 9.
Early manipulation with JH in females and males with reduced neuronal DA levels affects

locomotion. elavC155/THK (A and C) females and (B and D) males were collected and

treated with acetone, methoprene, or precocene immediately following eclosion, then aged

for 3 days prior to analysis of (A and B) exploratory and basal (C and D) locomotion. n =

45, 2-way Two-Way ANOVA (Genotype X Treatment) with Bonferroni posttest, * p < 0.05,

** p < 0.01.
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