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Mechanisms for identifying appropriate mating partners are critical for species propagation. In many species, the male
uses multiple sensory modalities to search for females and to subsequently determine if they are fit and receptive. Males
can also use the information they acquire in this process to change their courtship behavior and reduce courtship of
classes of targets that are inappropriate or unreceptive. In Drosophila, courtship plasticity, in the form of both
nonassociative and associative learning, has been documented—the type of learning depending on the nature of the
trainer. The conditions in which the male is presented with the training target can profoundly alter the cues that he finds
salient and the longevity of the memory that he forms. With the exception of habituation and sensitization, these types
of plasticity have an operant component in that the male must be courting to respond to the behavior-altering cues.
Courtship plasticity is therefore a complex and rich range of behaviors rather than a single entity. Our understanding of
these plastic behaviors has been enhanced by recent advances in our understanding of the circuitry underlying courtship
itself and the identification of chemical cues that drive and modify the behavior. Courtship learning is providing
a window into how animals can use a variety of sensory inputs to modulate a decision making process at many levels.

When confronted with a potential mate, Drosophila melanogaster
males perform a stereotyped courtship ritual. This behavior serves
at least two obvious functions for the male. The first is to prime
conspecific females for copulation. During courtship, the female is
assessing the male’s suitability, and if the song he sings (Burnet
et al. 1971; von Schilcher 1976a) and pheromones he emits
(Grillet et al. 2006; Kurtovic et al. 2007) are correct for her species
and of sufficient quality, her willingness to copulate is increased.
She will slow her locomotion, present her abdomen to the male,
and then spread her wings and genital plates to allow him to
mount (Lasbleiz et al. 2006). A second function of courtship is that
it allows a male to accumulate information about the target
courtship object to assess its suitability and receptiveness. The
male uses auditory, mechanosensory, visual, and chemosensory
signals from the target to make this assessment (for review, see
Villella and Hall 2008; Ejima and Griffith 2009).

Since D. melanogaster males will avidly initiate courtship of
a wide variety of inappropriate and/or unreceptive targets, in-
cluding immature males, sexually immature virgin females, mated
females, and heterospecific females, the information obtained
during courtship is critical to deciding whether to increase the
intensity of his effort or terminate pursuit of the target. In the last
several years, courtship has become a favored model for those
researchers interested in how the nervous system specifies ‘‘in-
nate’’ behaviors. While it is true that a male does not have to be
instructed to produce adequate courtship (Hall 1994; Clyne and
Miesenbock 2008), this apparently stereotyped behavior is far
from static: It can be modified in a dizzying number of ways
by experience. In this paper, we will discuss how information
gathered during courtship can allow males to learn about specific
types of courtship objects and broadly modify future behavioral
responses to a particular class of target.

Courtship behavior engages multiple sensory
systems
Courtship behavior in D. melanogaster toward a female is easily
recognized and quantified; it consists of sub-behaviors that are
performed in an ordered manner (Bastock and Manning 1955;
Hall 1994). Each of these activities provides the male with an
opportunity to obtain sensory information about the target. The
male uses visual cues, olfactory cues, and auditory information to
initiate contact with potential mates (Ejima et al. 2005; Ejima and
Griffith 2008). The invariant order of subsequent behaviors, and
studies in which particular sensory pathways are blocked, suggest
the following model for interaction of the male with the courtship
target. Once the male is in proximity of a female, the first ob-
servable courtship behavior is orientation toward the target.
Orientation and following at close range allows the male to
potentially sense airborne pheromones of low volatility (Ferveur
2005). Once he has located a female, he taps her abdomen with his
foreleg. This could provide a mechanosensory stimulus to the
female, but could also allow the male to sample nonvolatile
cuticular pheromones with chemosensory organs on his foreleg
(Bray and Amrein 2003). Tapping is followed by wing extension
and vibration to produce a courtship song. The structure of the
song is species-specific and allows the female to identify the male
as appropriate (for review, see Tauber and Eberl 2003) in addition
to increasing her receptivity. The song also has autoerotic effects
on the male, increasing his courtship enthusiasm toward other
flies (von Schilcher 1976b; Eberl et al. 1997). After the orientation,
following and singing sub-behaviors are performed for a while—
typically a minute or more—then the male applies his proboscis to
the female’s genitalia, sampling a potentially different set of non-
volatile pheromones with his gustatory sensory system. The male
may then attempt to mount several times before he finally suc-
cessfully copulates. These final steps also could involve mechano-
sensory stimulation of both participants since the genitalia are rife
with mechanosensory bristles (Ejima and Griffith 2008).

It is surmised that during these detailed steps, both male and
female flies are accumulating and potentially integrating multiple
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different types of sensory information during a sexual encounter
(Markow 1987; Krstic et al. 2009). In the century since curious
scientists started watching the sex life of the fly, many studies have
been aimed at understanding which sensory systems are used to
drive the courtship process itself and the plastic aspects of the
behavior. Perhaps unsurprisingly, not all studies agree on the
relative importance of particular sensory systems. While in some
cases discrepancies have to do with pleiotropy in the effects of
mutations or the expression patterns of transgenes, the specific
differences between studies can often be explained by differences
in the conditions under which the behavioral observation was
carried out (Ejima and Griffith 2008; Krstic et al. 2009). Courtship
does not uniquely depend on a particular sensory input: Elimina-
tion of any individual sensory modality will not eliminate court-
ship (Ejima et al. 2005; Krstic et al. 2009); only close to complete
sensory deprivation reduces courtship to near zero (Gailey et al.
1986), implying that in D. melanogaster the behavior is redun-
dantly driven.

Given that the male can use multiple cues to initiate and
maintain courtship, factors like light conditions and chamber size
can easily affect the salience of particular cues and the hierarchy of
sensory systems engaged. An example is chamber size: Small
chambers might enhance the role of chemical cues that are of
low volatility or could have an influence on arousal state or stress
level. For locomotor activity, even the shape of the chamber can
have an impact on performance (N Donelson and LC Griffith,
unpubl.). Light is equally important. No light, or dim red light,
forces the male to rely on nonvisual cues. It is important to

emphasize that there is no ‘‘right’’ chamber size or light level: Flies
will court under a variety of conditions, but how they do it and
what they are paying attention to and learning from will be
different. This poses a challenge to investigators to interpret their
results from the point of view of what the fly actually experienced.
Meeting this challenge will provide a rich picture of these robust
and robustly plastic behaviors.

In the following sections, and as summarized for female (or
feminized-male) trainers/testers in Tables 1 and 2, we discuss the
major types of plasticity that have been observed in courtship,
with attention to what is known about the sensory cues that are
capable of producing behavioral modifications and, where known,
the neuronal and molecular circuitry that is involved.

Suppression of courtship behavior toward females
after exposure to mated females: Associative learning
The first report of learning related to courtship behavior was the
finding that exposure of mature males to a previously mated
female for 1 h led to a suppression of courtship toward virgin
females that lasted for 2–3 h (Siegel and Hall 1979). This behav-
ioral paradigm, often called ‘‘courtship conditioning’’ or ‘‘condi-
tioned courtship suppression,’’ has become widely used, and the
mechanisms of formation of memory of mated females have been
investigated both at the level of learning theory and at the cellular
and molecular levels.

Is courtship conditioning really learning? The most simple
explanation for Siegel and Hall’s observation is that mated females

Table 1. Summary of learning and memory paradigm conditions and mechanisms

Memory
Chamber size

(cm3)
Lighting

conditions
Responsible gene/brain

regiona References

STM 0.4 on amn Siegel and Hall 1979
STM 0.4 on/off olfC, sbl Tompkins et al. 1983
STM 0.4 on dnc, amn, cab, rut, tur Gailey et al. 1984
STM 0.4 on eag, Sh Cowan and Siegel 1984
STM 0.4 on dnc, amn Ackerman and Siegel 1986
STM 0.2 on Zawistowski 1988
STM 0.15 on CaMKII Griffith et al. 1993
STM 0.15 on/off CaMKII, MB, AL, CC, LP Joiner and Griffith 1997, 1999, 2000
STM 0.15 on PKC Kane et al. 1997
STM 1.45 on PKA O’Dell et al. 1999
STM 0.1 on MB (AL) McBride et al. 1999
STM 0.88 on cd Savvateeva et al. 2000
STM 0.18 on homer Diagana et al. 2002
STM 0.3 on Reif et al. 2002
STM 0.88 on CaMKII Broughton et al. 2003
STM 0.88 on CC, MB Sitnik et al. 2003
STM 0.15 off CaMKII, AL, MB Mehren and Griffith 2004, 2006
STM 0.1 on dfmr1 McBride et al. 2005
STM 3.5 on Siwicki et al. 2005
STM 0.15 off dnc, amn Ejima et al. 2005
STM 40 on Dukas 2005
STM + MTM 0.88 on nemy Kamyshev et al. 1999, 2000, 2002
STM + MTM 0.88 on lat, rut, dnc, amn Bragina and Kamyshev 2003
LTM 8 on MB McBride et al. 1999
LTM 0.88 on per, rut, dnc, DC0, amn Sakai et al. 2004
LTM 8.48 on Notch Presente et al. 2004
LTM food tube on Ganguly-Fitzgerald et al. 2006
LTM food chamber on Orb2 Keleman et al. 2007
LTM food tube on bs Donlea et al. 2009
LTM 0.88 on EcR Ishimoto et al. 2009

aThese regions comprise the postulated olfactory learning circuit. Primary sensory neurons enter the AL and synapse on local interneurons and neurons
that project to LP and MB. MBs are comprised of a/a9, b/b9, and g lobe neuropils, each of which have been implicated in different behaviors and/or
different temporal epochs of olfactory learning (for review, see Berry et al. 2008). Connection of this olfactory processing circuitry to the CC, a motor
output locus (Strauss 2002), is postulated to be the effector for changes in behavior.
Studies used female or feminized-male trainers.
(LTM) Long-term memory; (STM) short-term memory; (MB) mushroom bodies; (AL) antennal lobe; (CC) central complex; (LP) lateral protocerebrum.
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produce some sort of antiaphrodisiac compound that directly
switches off courtship; however, several lines of evidence suggest
that this is not the case. First, presentation of an extract of mated
female alone does not produce a change in subsequent courtship
behavior (Tompkins et al. 1983; Ackerman and Siegel 1986; Ejima
et al. 2007). If mated females had an antiaphrodisiac, the com-
pound alone should cause a cessation of all courtship. This finding
also highlights a very salient feature of most of the courtship
learning paradigms: To learn, the male must engage in courtship
behavior toward some target. The ‘‘operant’’ aspect of these par-
adigms is poorly understood, but it is clear that without sufficient
engagement of the mated female during the training phase, there
is no change in behavior (Siegel and Hall 1979). Second, not all
courtship behavior is affected by mated female training. Males are
considered mature from both the behavioral and pheromonal
point of view by 4–5 d after eclosion (Spieth 1974; Jallon 1984).
Mature males will court several different, pheromonally distinct
types of targets (Tompkins et al. 1980; Wicker and Jallon 1995;
Savarit et al. 1999; Ejima et al. 2005): immature males, immature
females, mature female virgins, and mature mated females. Court-
ship conditioning produces a decrease only in courtship of female

targets (Gailey et al. 1984). Third, mutant flies that were isolated
based on their inability to learn to avoid odors paired with shock
are also defective in learning from mated females (see Table 1),
suggesting that higher-order processing is required for this plas-
ticity. Fourth, pairing an extract from a mated female (Tompkins
et al. 1983), a gratuitous aversive substance (quinine) (Ackerman
and Siegel 1986), or an aversive pheromone (cis-vaccenyl acetate,
cVA) (Zawistowski and Richmond 1986; Ejima et al. 2007), with
a virgin female can produce generalized suppression of female
courtship without affecting courtship of immature males. This
argues strongly that a female-specific cue is being associated with
an aversive stimulus, making this plasticity a form of associative
learning.

The change in courtship toward a test female after training
with a mated female is believed to be a measure of associative
memory. In most organisms, the consolidation of memory occurs
via multiple mechanisms that can be distinguished by their
temporal, cellular, and molecular bases (McGaugh 2000; Margulies
et al. 2005). Short-term memory (STM), lasting on the order of
hours, is produced by single training trials or multiple training tri-
als that are not separated in time. STM requires no transcriptional

Table 2. Summary of trainer/tester combinations used in studies in Table 1

Trainer Tester STM MTM LTM

Mated mated Joiner and Griffith 1997, 1999, 2000;
Kane et al. 1997; Savvateeva et al. 2000;
Sitnik et al. 2003; Dukas 2005

Kamyshev et al. 1999,
2000, 2002; Bragina
and Kamyshev 2003

Keleman et al. 2007

mated-immobile Ejima et al. 2005; Kamyshev et al.
1999, 2000, 2002

virgin Kane et al. 1997; O’Dell et al. 1999;
McBride et al. 1999, 2005; Reif et al. 2002;
Dukas 2005

McBride et al. 1999;
Presente et al. 2004

virgin-immobile Siegel and Hall 1979; Tompkins et al. 1983;
Gailey et al. 1984; Cowan and Siegel 1984;
Zawistowski 1988; Griffith et al. 1993;
Joiner and Griffith 1997, 1999, 2000;
Diagana et al. 2002; Mehren and Griffith 2004,
2006; Siwicki et al. 2005; Ejima et al. 2005;
Kamyshev et al. 1999, 2000, 2002; Bragina
and Kamyshev 2003

Sakai et al. 2004;
Ishimoto et al. 2009

feminized male Siwicki et al. 2005

immature
virgin-immobile

Ejima et al. 2005

Immature virgin mated Dukas 2005

mated-immobile Ejima et al. 2005

virgin Dukas 2005

virgin-immobile Ejima et al. 2005

immature
virgin-immobile

Ejima et al. 2005

Virgin-immobile mated-immobile Ejima et al. 2005

virgin-immobile Ejima et al. 2005

immature
virgin-immobile

Ejima et al. 2005

Immature
virgin + odor

virgin-immobile Tompkins et al. 1983; Ackerman and Siegel 1986;
Zawistowski 1988; Ejima et al. 2005

male + odor Broughton et al. 2003

Feminized male virgin Ganguly-Fitzgerald et al. 2006;
Donlea et al. 2009

(STM) Short-term memory; (MTM) medium-term memory; (LTM) long-term memory.
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or translational changes in the cell. Long-term memory (LTM) is
produced when multiple trials are separated by some rest period
and requires transcription. In Siegel and Hall’s description of
courtship conditioning, memory only lasted for a couple hours,
suggesting that it would fall into the category of STM. Training in
this initial study was carried out in a small (0.4 cm3) chamber
where the male would be in almost constant contact with the
mated female. Manipulation of the training conditions by in-
creasing the size of the chamber (which allows the male to
occasionally ‘‘escape’’ the mated female, creating a rest period,
see Table 1) or by periodically removing the mated female has been
shown to generate a memory that can last up to 8 d (McBride et al.
1999). The percentage of time spent in courtship is lower in large
chambers (e.g., 5-cm food tubes), and training therefore needs
to be carried out for a longer total time in these paradigms than in
the STM paradigm. This reinforces the idea that there needs to be
some minimum amount of courtship of the mated female to
facilitate learning. Interestingly, generation of LTM also appears to
be enhanced by the presence of food (McBride et al. 1999),
suggesting that food may alter the salience of one or more of the
cues.

Another feature of this behavior is that the conditioned
stimulus, the cue that the male is learning to ignore after his
aversive experience with the mated female, is one that is common
to all females. In the STM assay, the male can learn to avoid both
mature and immature females as well as mated females (Ejima
et al. 2005), and in the LTM assay, the male can learn to avoid both
virgin (McBride et al. 1999; Sakai and Kidokoro 2002; Presente
et al. 2004; Ishimoto et al. 2009) and mated (Keleman et al. 2007)
females. The cue or cues that are being associated do not involve
visual stimuli since memory formation does not require light or
intact male visual pathways (Joiner and Griffith 2000). Female
behavior is also dispensable since the testing can be done with
decapitated or immobilized targets for either STM (Siegel and Hall
1979; Ejima et al. 2005) or LTM (Sakai et al. 2004; Ishimoto et al.
2009). These findings suggest that chemical cues are the principal
conditioned stimuli.

But while males learn to suppress courtship of all females, the
choice of what type of female to use as a tester can affect the
apparent strength of memory revealed by the test. Using a mated
female tester provides the conditioned stimulus, but it also pro-
vides the unconditioned stimulus. The increased magnitude of
suppression seen with mated female testers is likely the result of
‘‘retraining’’ or ‘‘relearning’’ (Gailey et al. 1991; Kamyshev et al.
1999). In psychological terms, the male is exhibiting a phenome-
non known as ‘‘savings’’ from the first training session, which
allows him to express suppression at a stronger and more consis-
tent level. This can be useful technically where the memory
produced is weak, as in LTM assays (Keleman et al. 2007).

The nature of the general female conditioned stimulus
chemical cue was investigated by Siwicki and colleagues (2005)
using courtship targets with altered cuticular hydrocarbon pro-
files. They identified 9-pentacosene as a compound that is cor-
related with learning and is sufficient to act as a conditioned stim-
ulus (Siwicki et al. 2005). They found the presence of 7-tricosene
and 5-heptacosene also correlated with learning, although more
weakly. All of these hydrocarbons are present on both mature and
immature virgins, although mature females have significantly
higher levels than immature virgins (Ejima et al. 2005). These mul-
tiple correlations suggest that males are capable of using a variety
of chemical cues as conditioned stimuli, although perhaps in-
dividual compounds may have different efficacies in particular
contexts.

The nature of the endogenous aversive cue, or unconditioned
stimulus, has also been investigated, and has been controversial.
Mated females can acquire cuticular hydrocarbons passively from

mating partners, and these can inhibit courtship (Scott et al.
1988). One such antiaphrodisiac is 7-tricosene (Lacaille et al.
2007), which can even be transferred to virgins that have been
courted but not copulated (Ejima et al. 2007). These surface
hydrocarbons, however, have a limited lifetime on the mated
female, perhaps because they are groomed off. Females isolated for
24 h after mating no longer have 7-tricosene on their cuticle, but
they can still be used to train males to suppress courtship (Ejima
et al. 2007). The likely reason for this is that mated females also
receive a variety of substances from males in ejaculate that are
retained in their reproductive tracts for longer periods. One such
compound is cVA. This lipid is made predominantly in males
(Butterworth 1969) and, when presented with a virgin female, is
sufficient to produce generalized courtship suppression (Ejima
et al. 2007). To date, cVA is best-characterized as a compound
shown to be capable of acting as an unconditioned stimulus, but
there are other long-lasting chemicals transferred from males that
can also fulfill that role (Yew et al. 2009).

As for other forms of learning in Drosophila, genetic and
cellular mechanisms have been explored for courtship condition-
ing. In the first description of courtship conditioning, it was
shown that memory stability was reduced in amnesiac males
(Siegel and Hall 1979), indicating that this form of memory was
mechanistically similar to odor/shock associative learning and
likely involved a cAMP signal transduction pathway (for review,
see Tully et al. 1994). STM formation was also impaired in other
mutants (dunce, rutabaga, and the poorly characterized mutants
cabbage and turnip) that had been isolated based on defects in
odor/shock conditioning (Gailey et al. 1984). Memory duration
was affected by mutations in PKA-RI, the regulatory subunit for the
cAMP-dependent protein kinase (PKA) (O’Dell et al. 1999). Sub-
sequently, a variety of other learning, ion channel, and brain
morphology mutants have been tested and found to be defective
for STM (see Table 1). Dominant transgenic strategies have
implicated protein kinase C (Kane et al. 1997) and Ca2+/calmod-
ulin-dependent protein kinase II (CaMKII) (Griffith et al. 1993) in
STM. LTM has been shown to require ecdysone (Ishimoto et al.
2009) and Notch (Presente et al. 2004) signaling and the CPEB
protein Orb2 (Keleman et al. 2007).

The circuitry underlying male courtship behavior per se has
been heavily studied in the last several years and is intimately tied
to expression of a male-specific form of the putative transcription
factor fruitless (Manoli et al. 2005; Stockinger et al. 2005). The
anatomical substrates of courtship learning have been investigated
using both targeted manipulations of specific signal transduction
pathways and targeted ablations of populations of neurons. Joiner
and Griffith (1999) used the GAL4/UAS system (described in Duffy
2002) to drive expression of an inhibitor of CaMKII to map the
anatomical requirement for this kinase in STM of courtship
suppression. This protein kinase is an important player in many
aspects of neuronal function and may have a particular role in
memory formation because of its ability to become independent of
its normal regulators following brief activation (Griffith 2004).

Using a collection of 18 lines, Joiner and Griffith (1999)
found that mushroom bodies, lateral protocerebrum, and parts of
the central complex all had roles in CaMKII-dependent memory
formation under red lights, a condition under which the behavior
is primarily driven by chemosensory cues. Lines that expressed in
mushroom body g-lobes appeared to have the strongest defects in
memory. The defects in many of these brain regions were de-
pendent on light conditions (Joiner and Griffith 2000). Defects in
memory could be compensated for by allowing the male to have
visual input during the training period (Joiner and Griffith 1997).
These data indicate that males are capable of using separate
molecular and possibly anatomical circuits for memory formation,
depending on the available sensory input.
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This role for mushroom bodies is reminiscent of findings with
odor/shock learning and is consistent with the known enrichment
of ‘‘learning’’ gene expression in this neuropil (Davis 2005).
McBride et al. (1999) explicitly investigated the need for mushroom
bodies in STM by using chemical ablation. This study found that
mushroom bodies were required for 30- and 60-min recall but not
for immediate memory formation. Hydroxyurea ablation can also
occasionally reduce antennal lobes, and in these animals, 30- but
not 60-min memory was impaired. LTM (1–8 d after training) was
eliminated by mushroom body ablation. In aggregate, these results
suggested that memory is processed in several temporally distinct
waves, with mushroom bodies being the final repository of LTM.

Immediate suppression of courtship toward mated
females: Nonassociative plasticity?
As first conceived, the courtship conditioning assay consisted of
two parts: an initial exposure to a mated female that delivered
both conditioned and unconditioned stimuli, during which the
male learned to associate the two cues, and a memory test with
a female that presented only the conditioned stimulus. Observa-
tions of courtship activity during the training period showed that,
while males court mated females with less vigor than they do
virgins (Gailey et al. 1984), a comparison of courtship levels at the
beginning and end of training revealed a time-dependent decrease
in average courtship levels (Siegel and Hall 1979). The immediate
suppression of courtship during training depends on CaMKII
(Griffith et al. 1993), the ether-à-go-go potassium channel (Griffith
et al. 1994), and protein kinase C (Kane et al. 1997).

The simplest mechanistic explanation for suppression of
courtship during training is that the decrease in courtship was
a real-time reflection of memory formation, i.e., learning. A logical
extension of this idea is that memory formation should depend on
the decrease in courtship during training. This supposition was
shown to be untrue in two early studies of the molecular basis of
mated female learning (Joiner and Griffith 1997; Kane et al. 1997),
in which manipulation of signal transduction pathways could
totally eliminate the decrease in courtship during training but left
memory formation intact. A resolution to this conundrum was
suggested by circuit mapping experiments using the CaMKII
inhibitor peptide. In these studies, investigators found that the
behavior during training was anatomically dissociable from mem-
ory, i.e., GAL4 lines that disrupted behavior during training did
not necessarily disrupt memory (Joiner and Griffith 1999). These
data indicated that the change in behavior during training was
independent of associative memory formation.

In the case of fast courtship suppression, the brain region
most strongly requiring CaMKII activity was the antennal lobe.
Suppression during training was decreased by inhibition of
CaMKII activity in cells that innervated the antennal lobes (Joiner
and Griffith 1999) and was enhanced by expression of constitu-
tively active CaMKII in cholinergic antennal lobe inputs (Mehren
and Griffith 2004, 2006). These cells could be either projection
neurons (which connect the antennal lobe to the mushroom
bodies and lateral protocerebrum) or excitatory local neurons,
both of which are cholinergic in the insect and downstream from
olfactory receptor neurons. Plasticity in these neurons probably
reflects integration of olfactory cues, and these neurons have to be
connected into basic courtship circuitry. The results of these
studies are also consistent with the global idea that for all types
of olfactory memory there is an initial antennal lobe plasticity that
is then consolidated into a mushroom body memory (Berry et al.
2008), but also suggest that there may be multiple independent
forms of early plasticity.

The relevant upstream olfactory neurons are likely to be
responsive to endogenous fly odors or pheromones. Only four Or

gene products respond to fly odors: Or47b and Or88a, which
respond to both male and female odors, and Or65a and Or67d,
which respond to cVA (van der Goes van Naters and Carlson
2007). The response to the mated female can be mimicked by
presenting the odor of cVA with a virgin female. Both Or65a
(Ejima et al. 2007) and Or67d (Kurtovic et al. 2007) have been
shown to be important for mediating courtship inhibitory effects
of cVA. The large amount of work in recent years on the basic
circuitry of courtship should help unravel the cellular mechanisms
of this plasticity.

Suppression of courtship behavior after exposure to
virgin females: Associative learning
For many years it was believed that suppression of courtship of
female Drosophila could only be produced by exposure to mated
females. In their original description of the behavior, Siegel and
Hall (1979) did a control training session with mature virgins and
saw no learning. In this experiment, however, 20/24 males cop-
ulated with the virgin trainer. Subsequent work has shown that
copulation blocks the ability of males to learn to suppress court-
ship (Ejima et al. 2005), suggesting that this control did not
address the specificity issue. In the following years, investigators
moved toward using a control training session with an immature
virgin (first done by Tompkins et al. [1983]). Immature virgins are
highly attractive, but like mated females, actively reject male
advances. Training with an immature virgin did not produce any
memory when males were tested using an anesthetized mature
virgin as a courtship target. This procedure was followed exactly by
many other researchers, and the conclusion that was drawn by the
field was that exposure to ‘‘a virgin female’’ did not affect sub-
sequent courtship.

It turns out that the situation is not so simple. Exposure of
males to virgin females (of any age) does indeed fail to induce the
generalized suppression of female courtship that training with
a mated female does. What was not appreciated at the time,
however, was that males could use age-dependent differences in
pheromonal profile to learn to avoid females of a specific age.
Ejima et al. (2005) found that training males with either a mature
or an immature virgin could, in fact, cause modification of male
courtship behavior: Males would avoid courtship of that age class
of female but would readily court either older or younger females.

The memory formed was associative, and age-specific volatile
cuticular compounds served as the conditioned stimuli. Pairing
hexane extracts of virgins of a particular age with a courtship
object was sufficient to create a memory of the encounter as long
as the male did not copulate with the courtship object. Copulation
was shown to prevent memory formation, indicating that the
aversive experience of not copulating after courtship was acting as
the unconditioned stimulus. Formation and stability of memory
in this paradigm was, like with mated female training, sensitive to
mutations in either dunce or amnesiac (Ejima et al. 2005). While
the initial experiments demonstrating this type of memory were
done in a manner that resulted in formation of STM only (small
chambers, single training trial), LTM can also be seen 24 h after
spaced training with a decapitated mature virgin (3 3 1 h in tubes
with food) (N Donelson and LC Griffith, unpubl.).

Suppression of young male courtship: Habituation
Naı̈ve mature males will initiate vigorous courtship and even
attempt to copulate with immature (less than 1 d old) males (Cook
and Cook 1975; Jallon and Hotta 1979; Tompkins et al. 1980). The
intensity of courtship of young males wanes over time, decreasing
to about half its initial level within 30 min (Gailey et al. 1982).
Males exposed to young males in this way will have greatly reduced
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courtship of a subsequently presented immature male. This after-
effect lasts for several hours and is specific; courtship of females is
unaffected (Gailey et al. 1982). Conversely, exposure to mated
females, which induces a general suppression of courtship toward
all types of females, does not affect courtship of young males
(Gailey et al. 1984). While courtship of young males is clearly
‘‘nonproductive’’ with regard to procreation, plasticity in this
behavior was postulated (Zawistowski and Richmond 1985) and
demonstrated (Gailey et al. 1985) to confer a fitness advantage in
subsequent mating with females in the presence of young males.

Courtship suppression after exposure to young males is
believed to be a form of habituation, since it can be produced
simply by exposure of mature males to immature male substances.
A chamber that has previously housed young males (Gailey et al.
1982), filters containing synthetic young male hydrocarbons
(Vaias et al. 1993), or filters containing a hexane extract of young
male cuticle (Ejima et al. 2005) can cause a decrease in the
courtship of a subsequently presented immature male. Another
piece of evidence that this type of learning is habituation is that it
can be reversed by a strong, unrelated stimulus such as vortexing
the males after training, whereas changes in behavior that are
associative, such as learning to avoid virgins of a certain age, are
not disrupted (Ejima et al. 2005).

The neuronal circuitry underlying this form of plasticity has
not been extensively examined. Habituation is often thought of as
occurring in very peripheral parts of a sensory circuit, but the
suppression of courtship to young males can be blocked by
manipulation of more central structures, e.g., by chemical ablation
of the mushroom bodies or depletion of the neuromodulators
dopamine (Neckameyer 1998) and octopamine (O’Dell 1994).
Mutation of the amnesiac gene, which encodes a putative neuro-
peptide that is expressed in a subset of neurons innervating the
mushroom body, causes the memory of experience with a young
male to decay more quickly (Gailey et al. 1982), further implicat-
ing mushroom bodies in this behavior. Mutations in other genes,
notably dunce and rutabaga (Gailey et al. 1982), and normal aging
(Neckameyer et al. 2000) also block this habituation. These studies
suggest that while the response to young males is nonassociative,
it is not due purely to peripheral sensory neuron desensitization.

Enhancement of courtship behavior after exposure
to females: Sensitization?
Most plasticity studied with respect to male courtship behavior
has involved situations that induce a male to decrease his court-
ship activity. In contrast, for females, enhancement of sexual
receptivity has been shown to occur. This increase is caused by
a sensitization process called ‘‘acoustic priming’’ (Kyriacou and
Hall 1984; Griffith et al. 1993). Interestingly, males may also show
a form of priming, based on olfactory rather than auditory input.
In a study by Dukas (2005), exposure of a male to either a mated
female or to an immature virgin increased courtship of a sub-
sequently presented mature virgin. On the face of it, this study
would seem to indicate that males do not learn to suppress
courtship after experiencing mated females, but an examination
of the experimental conditions suggests a different and more
interesting explanation. Dukas used, for both training and testing,
a 40-mL food vial. While affording a ‘‘more natural’’ and more
open arena, a chamber this large reduces absolute courtship levels,
especially of mated females. Indeed, Dukas reported courtship
indices (percent time spent in courtship) with mated females of
about 7% for naı̈ve males. In most learning experiments done in
our laboratory, this would be considered below the level necessary
for effective training (we find that a courtship index of <10%
during training does not produce memory; also see Table 1 as well
as Siegel and Hall [1979]). This is likely because cVA, the un-

conditioned stimulus, is of relatively low volatility, and the male
needs to spend time close to the mated female to be adequately
exposed.

So why does being in a big vial with females cause an increase
in subsequent courtship? One possibility is that there are other
chemical compounds on females (mature-mated and immature)
that cause a sensitization of the response to stimulatory phero-
mone. In the big chamber these compounds would have to be
sensed at a distance, since the level of courtship of the mated
female is low. This could occur either with compounds that are
deposited on the vial by the female and sensed by the male using
gustatory receptors or with compounds that have a higher vola-
tility than cVA and can be sensed at a distance. Preliminary data
from our laboratory (S Pashkovski and LC Griffith, unpubl.)
suggest the latter may be the case, since activation of neurons
that express the ‘‘fly odor’’ receptors Or47b and Or88a with
channelrhodopsin (Zhang et al. 2007) in the absence of a courtship
object can enhance subsequent courtship of virgins. The identifi-
cation of the mechanism of this type of sensitization will provide
another interesting and ethologically relevant form of courtship
plasticity.

Summary and future directions
The study of reproductive behavior is endlessly fascinating. The
colorful and sometimes strange variety of strategies that species
adopt to propagate can provide hours of entertainment to the
casual observer and years of entertainment for the behavioral
biologist. While each species has behaviors that are effective for its
selective reproduction, these behaviors are not fixed action
patterns. It is advantageous for an individual animal to be able
to adapt to specific sets of environmental conditions or sensory
inputs and optimize its reproductive success. As biologists we
often seek to reduce the complexity of a behavior by constraining
conditions and inputs, and this is useful for teasing apart partic-
ular mechanisms. While obtaining an understanding of part of
a behavior is satisfying, the temptation to think that this part of
the behavior is going to be central to what the animal is doing or
thinking under all conditions must be avoided. Behavior is above
all context-dependent.

In Drosophila melanogaster we have a relatively deep un-
derstanding of some of the molecular basics of how courtship
circuitry is set up. At the behavioral level, however, the apparent
simplicity of our understanding breaks down. Male flies can learn
to modify their behavior using inputs from all their sensory
systems, and they can learn from their own performance: They
can form associative memories; they can habituate; they can
sensitize. All of these processes can be in play at the same time,
making a mechanistic understanding of a particular event chal-
lenging without considering it from a systems point of view. The
richness and depth of plasticity in courtship behavior may provide
an opportunity to begin to think about this kind of complexity at
a different level.
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