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The neuropeptide pigment-dispersing factor (Pdf) is critically involved in the regulation of
circadian rhythms in various insects. The function of Pdf in circadian rhythms has been
best studied in the fruitfly, i.e., Drosophila melanogaster. Drosophila Pdf is produced in
a small subset of circadian clock neurons in the adult brain and functions as a circadian
output signal. Recently, however, Pdf has been shown to play important roles not only in
regulating circadian rhythms but also in innate and learned behaviors in Drosophila. In this
mini-review, we will focus on the current findings that Pdf signaling and Pdf-producing
neurons are essential for consolidating and maintaining long-term memory induced
by the courtship conditioning in Drosophila and discuss the mechanisms of courtship
memory processing through Pdf-producing neurons.

Keywords: pigment-dispersing factor, clock neurons, long-term memory, courtship conditioning, memory
consolidation, memory maintenance, Drosophila

INTRODUCTION

Animals acquire temporary memories through their experience. Under certain conditions, an
acquired memory is consolidated into a stable long-term memory (LTM). Once LTM is established
in the brain, it is maintained until recall. The fruitfly Drosophila melanogaster uses various genetic
techniques that has been used to clarify the molecular mechanisms of learning and memory. Many
memory genes are expressed in the mushroom body (MB), which is considered to be the Drosophila
memory center (Davis, 2005; Griffith and Ejima, 2009). Interestingly, the Drosophila circadian clock
gene period (per) also plays a vital role in memory consolidation to establish LTM, although per is
not expressed in MB neurons (Sakai et al., 2004; Donlea et al., 2009; Chen et al., 2012; Suzuki
et al.,, 2022). Thus, per-expressing clock neurons should also be essential for Drosophila LTM
(Suzuki et al., 2022). However, little is known about how clock neurons modulate LTM formed
and maintained in MB.

In the Drosophila brain, there are about 150 clock neurons (Peschel and Helfrich-Forster, 2011).
They are anatomically divided into seven groups as follows: dorsal neurons 1 (DN1), DN2, and
DN3, large ventral lateral neurons (I-LNvs), small ventral lateral neurons (s-LNvs), 5th small ventral
lateral neurons (5th s-LNvs), and dorsal lateral neurons (LNds) (Peschel and Helfrich-Forster,
2011). Drosophila Pigment-dispersing factor (Pdf) encoding a neuropeptide, which is well conserved
in insect species, is specifically expressed in s-LNvs and 1-LNvs (Renn et al., 1999; Helfrich-Forster,
2005; Peschel and Helfrich-Forster, 2011). Pdf functions in the brain have been well studied in
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Drosophila. Pdf was initially identified as a neuropeptide required
to generate circadian behavioral rhythms (Renn et al., 1999).
Subsequent studies revealed that Pdf plays a vital role in the
circadian network as an intercellular messenger from Pdf-
expressing clock neurons (hereafter referred to as Pdf neurons)
to other clock neurons (Shafer and Yao, 2014; Yoshii et al., 2016).
Thus, Pdf is widely known as a circadian neuromodulator.

Pdf is essential not only for circadian rhythms but also for
other behavioral phenomena. A null mutation of Pdf (Pdf’!)
induces a defective geotaxis, which is restored by Pdf expression
in Pdf neurons (Mertens et al, 2005). Pdf receptor (Pdfr)
mutant flies also show the Pdf%!-like phenotype (Mertens et al.,
2005), indicating that Pdf/Pdfr signaling is essential for the
Drosophila geotaxis. Pdf/Pdfr signaling is also indispensable for
behavioral plasticity. When wild-type males are housed together
with rivals for 5 d before mating, their mating duration is
extended compared with the socially isolated males (Kim et al.,
2012). Pdf/Pdfr signaling is also required for the experience-
dependent extension of mating duration, and this behavioral
plasticity is regulated by centrally expressing Pdf and Pdfr
in a circadian-clock-independent manner (Kim et al, 2012).
Furthermore, Pdf%! flies show a decreased ability to establish
short-term aversive olfactory memory (aversive STM), although
a null mutation of Pdfr, which induces arrhythmic locomotor
activity, has no effect on aversive STM (Flyer-Adams et al., 2020),
suggesting that Pdf signaling has roles different from those in
modifying circadian rhythms.

In this article, we summarize our current knowledge
about the novel functions of Pdf signaling and Pdf
neurons that are identified in Drosophila courtship memory
(Inami et al., 2020, 2021).

GENETIC STUDIES IN DROSOPHILA
COURTSHIP MEMORY

The courtship conditioning paradigm has been used to measure
Drosophila memory (Siegel and Hall, 1979). In this paradigm,
a virgin male and a mated female were placed in a small
chamber. In this situation, the males receive stresses such
as physical rejection and male-courtship-inhibiting cues from
mated females (conditioning). After conditioning, males show
courtship suppression even toward virgin females. Conditioning-
dependent male courtship suppression is based on memory
formation because many memory mutants isolated by olfactory
classical conditioning do not show courtship suppression
(Griffith and Ejima, 2009). Based on the retention time, courtship
memory is classified into at least two phases. When males are
conditioned with mated females for 1h (1h of conditioning),
they establish a short-term memory (STM). Although STM lasts
at least for 8h, it disappears 24h after 1h of conditioning
(Inami et al., 2021). On the other hand, when single males were
conditioned for 7 h (7 h of conditioning), they form LTM, which
lasts for at least 5 d (Sakai et al., 2004, 2012). Since 2004, many
genes related to LTM in Drosophila courtship memory have
been identified (Table 1). Similar to Drosophila aversive olfactory
memory (Margulies et al., 2005; Davis, 2011), it is considered that

MB neurons are responsible for courtship LTM because many
LTM genes identified in MB neurons were found to play essential
roles in consolidating and maintaining courtship LTM (Table 1).
On the other hand, the circadian clock does not affect courtship
LTM because LTM in mutant flies with a defective circadian clock
(e.g., timeless’!, cycle®, and Clock™) is intact (Sakai et al., 2004).

The cAMP signaling pathways and the transcription
factor cAMP response element-binding protein (CREB) are
evolutionarily conserved in the vertebrates and invertebrates,
and they play critical roles in memory consolidation to establish
LTM (Yin and Tully, 1996; Davis, 2005; Kandel, 2012). Thus,
synthesis of newly proteins is essential for memory consolidation
in vertebrates and invertebrates (Kandel, 2012). In Drosophila,
synthesis of newly proteins via CREB-dependent transcription in
MB neurons is indispensable for consolidating and maintaining
LTM induced by olfactory classical conditioning and courtship
conditioning (Yin and Tully, 1996; Sakai et al., 2004; Ishimoto
et al., 2009; Hirano et al., 2016; Inami et al., 2020). In the adult
brain, MB neurons comprise of at least three types (a/f, OL//fS/,
and y), and each type extends into axonal lobes (a/f, o/ B/, and
y lobes) (Davis, 2005; Mabuchi et al., 2016). Although CREB
activity in o' /B neurons do not affect the consolidation and
maintenance of courtship LTM, CREB activity in o/f and y
neurons during courtship conditioning is necessary for LTM,
suggesting that a/B and y neurons play an essential role in
memory consolidation to establish courtship LTM (Inami et al.,
2020). However, CREB activity in only o/f neurons, but not
that in o /8" and y neurons, is necessary for keeping courtship
LTM for more than 2 d (Inami et al,, 2020), indicating that the
early phase of courtship LTM, which lasts for at least 1 d after
conditioning, is formed in o/f and y neurons, whereas the late
phase of courtship LTM, which persists for more than 2 d, is
maintained in only o/ neurons (Figure 1A). Thus, courtship
memory seems to be consolidated within at least 1 day after
conditioning, and the maintenance phase of courtship LTM
appears to begin at least 2 d after the courtship conditioning
(Figure 1A). However, it still remains unclarified exactly when
LTM consolidation ends and how the memory consolidation
phase transitions to the LTM maintenance phase.

LIGHT-DEPENDENT FUNCTIONS OF PDF
NEURONS

Various research studies on Drosophila chronobiology support
the idea that s-LNvs are essential for sustaining circadian
locomotor rhythms in constant darkness (Grima et al., 2004;
Stoleru et al., 2004, 2005; Helfrich-Forster, 2005; Rieger et al.,
2006). Unlike the s-LNvs, I-LNvs mainly contribute to sleep
and arousal regulation (Parisky et al., 2008; Shang et al., 2008;
Sheeba et al., 2008b; Chung et al., 2009; Shimada et al., 2016).
Cryptochrome (Cry), a blue-light-sensitive photopigment, is
expressed in many clock neurons containing s-LNvs and 1-LNvs,
and it acts as a circadian photoreceptor in Drosophila (Stanewsky
et al., 1998; Emery et al., 2000; Yoshii et al., 2016). Similarly,
Rhodopsin 7 (Rh7) also contributes to the light sensitivity
of s-LNvs and 1-LNvs (Ni et al, 2017). Furthermore, Pdf
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TABLE 1 | Genes related to courtship LTM in Drosophila.

Gene Function Related brain neurons References

CrebB Transcription factor - Sakai et al., 2004
MBs (/B &y lobes) Inami et al., 2020

period Circadian clock gene Clock neurons Sakai et al., 2004
Clock neurons Donlea et al., 2009
LNds Suzuki et al., 2022

Notch Transcription factor MBs Presente et al., 2004

Orb2 Drosophila homolog for CPEB MBs Keleman et al., 2007
MBs (y lobes) Kruttner et al., 2015

blistered Drosophila homolog for serum response Clock neurons Donlea et al., 2009

Dominant temperature sensitive 3
Ecdysone receptor
Histone deacetylase 1

small conductance calcium-activated
potassium channel

painless

Histone deacetylase 4

factor (SRF)

Ecdysone synthetic pathway
Ecdysone receptor

Histone deacetylase
Potassium channel

TRP channnel
Histone deacetylase

Ishimoto et al., 2009

Pigment-dispersing factor Neuropeptide

Pdf receptor Neuropeptide receptor
apterous Transcription factor
Chip Cofactor of Apterous

Resistant to dieldrin GABA\ receptor

Ecadysis triggering hormone Master hormone in ecdysis

ETHR Ecdysis triggering hormone receptor

MBs Ishimoto et al., 2009
MBs Fitzsimons and Scott, 2011
PNs Abou Tayoun et al., 2012
MBs & IPCs Sakai et al., 2012

MBs Fitzsimons et al., 2013
I-LNvs Inami et al., 2020

- Inami et al., 2020

MBs (a/B lobes) & I-LNvs Inami et al., 2021

MBs (a/B lobes) Inami et al., 2021

I-LNvs Inami et al., 2021

- Lee and Adams, 2021
MBs (y lobes) Lee and Adams, 2021

MBs, mushroom bodies; LNds, dorsal lateral clock neurons; I-LNvs, large ventral lateral clock neurons,; PN, olfactory projection neurons; IPCs, insulin-producing cells.

neurons can sense environmental light directly via the circadian
photoreceptors Cry and Rh7 (Sheeba et al., 2008a; Fogle et al,,
2011; Ni et al,, 2017) or indirectly via one of the light-sensing
organs, the Hofbauer-Buchner (H-B) eyelets (Yoshii et al., 2016;
Lietal., 2018). Thus, it is considered that the I-LNvs induce light-
dependent Pdf secretion, which regulates light-mediated arousal
in Drosophila (Shang et al., 2008; Sheeba et al., 2008b).

The rhythmic light-dark (LD) cycles on the Earth significantly
affect animal behavior and physiology (Inami et al., 2020). In
animals, light is not only essential for acquiring information
for image-forming vision in nature but also acts as a potent
modulator of brain functions such as circadian entrainment,
hormone secretion, sleep-wake cycles, mood, and cognitive
functions (Vandewalle et al., 2009; Crocker et al., 2016; Fernandez
et al.,, 2018; Inami et al,, 2020). We have recently found that
environmental light affects courtship LTM maintenance, but not
memory consolidation (Inami et al., 2020). Regardless of whether
flies are conditioned in light or darkness, 5-d memory after
courtship conditioning is detected. Thus, courtship memory is
consolidated into LTM regardless of the presence or absence
of light. Unlike memory consolidation, when flies are kept in
constant darkness (DD) after the courtship conditioning and
before the test, their LTM disappears. Furthermore, DD for 2 d
after the conditioning is sufficient to impair LTM. Thus, light is
essential for LTM maintenance. Although the amount of daytime
sleep in DD is slightly but significantly smaller than that in LD,

the decreased sleep amount has no effect on LTM maintenance
(Inami et al., 2020). Furthermore, Pdf expression is also critical
for the maintenance of courtship LTM (Inami et al, 2020).
Temporal activation of Pdf neurons compensates for the DD-
inducible LTM impairment. In contrast, I-LNv-specific electrical
silencing using the inwardly rectifying Kir2.1 channel impairs
LTM maintenance in LD (Inami et al., 2020). Considering these
findings, it is most likely that light-inducible Pdf secretion
from 1-LNvs regulates the light-dependent maintenance of
courtship LTM.

A null mutation of Pdf does not affect 1-d memory, whereas
it impairs 2-d memory or 5-d memory (Inami et al, 2020).
These findings support the idea that Pdf release is required
for only the maintenance of LTM. If LTM maintenance is
light-dependent in Drosophila, is CREB activity in MB neurons
also light-dependent during the memory maintenance phase?
A bioluminescent reporter assay revealed that CREB-dependent
transcription in o/p neurons is also light-dependent, but that in
oc//B/ and y neurons is not (Inami et al., 2020). These findings also
support the idea that courtship LTM is maintained in o/f neurons
in a light-dependent manner.

A null mutation of Pdfr also impairs 5-d memory and
markedly attenuates a light-dependent increase in the CREB
activity in o/p neurons (Inami et al., 2020). Similarly, flies that are
kept in DD for 2 d also do not show a light-dependent increase
in CREB activity in a/B neurons (Inami et al., 2020). Thus, it
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FIGURE 1 | Molecular and cellular basis of courtship memory in Drosophila. (A) Schematic diagram of courtship memory processing and genes regulating
consolidation and maintenance of courtship LTM. ap, apterous; Rdl, Resistant to dieldrin; Chi, Chip; Pdf, Pigment-dispersing factor. (B) Pdf-independent LTM
consolidation. Synaptic transmission from Pdf-positive I-LNvs modulates the consolidation of courtship LTM. (C) Pdf-dependent LTM maintenance. Pdf release driven
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is considered that environmental light triggers CREB-dependent
transcription in o/f neurons via Pdf/Pdfr signaling, and this
system is essential for the maintenance of courtship LTM.

The circadian clock drives the rhythmic expression of
hundreds of genes in MB neurons, including Pka-CI, which
encodes a regulatory subunit of cAMP-dependent protein kinase
A (PKA) (Almeida et al., 2021). Since CREB phosphorylated by
PKA is transcriptionally active (Kandel, 2012), the circadian clock
may also regulate CREB activity in MB neurons in DD. However,
since CREB activity in MB neurons in LD is markedly higher than
thatin DD (Inami et al., 2020), the effect of light on CREB activity
may outweigh that of the circadian clock.

EXCITABILITY OF PDF NEURONS IS
ESSENTIAL FOR COURTSHIP MEMORY
CONSOLIDATION

The LIM homeodomain protein Apterous (Ap), which acts
as a transcription factor, is well conserved in vertebrates and
invertebrates (Hobert and Westphal, 2000). Ap and its cofactor
Chip (Chi) are essential for the neuro developmental events
(Lundgren etal., 1995; O’Keefe et al., 1998; van Meyel et al., 2000).
However, Ap continues to be expressed in the brain neurons
including MB o/f neurons, s-LNvs, and 1-LNvs (Shimada et al,,
2016; Inami et al., 2021). We have recently found that Ap and Chi
in MB o/p neurons are indispensable for maintaining courtship
LTM (Figure 1A) (Inami et al., 2021). Since Ap/Chi regulates
the transcription of Ap target genes (Hobert and Westphal,
2000; Inami et al., 2021), Ap/Chi in MB o/p neurons should be
necessary for providing proteins required to maintain courtship
LTM (Inami et al., 2021). As was observed in Ap/Chi, CREB-
dependent transcription in MB o/f neurons is also essential
for the maintenance of courtship LTM. Thus, courtship LTM is
likely maintained in MB o/p neurons from the second day after
conditioning, and proteins required for maintaining LTM for
more than 2 d should be provided via transcriptions by CREB
and Ap/Chi. However, the molecular interactions between CREB
and Ap/Chi still remain unclarified.

Unlike Ap in MB o/f neurons, Ap in I-LNvs, but not
in s-LNvs, is essential for memory consolidation to establish
courtship LTM in a Chi-independent manner (Inami et al,
2021) (Figure 1B). In addition, Ap in 1-LNvs plays a vital role
in preventing over-responses to the inhibitory neurotransmitter
GABA. The induction of the Drosophila ionotropic GABA,
receptor on the Pdf neurons compensates for the impaired
memory consolidation in ap null mutant flies (Inami et al., 2021).
These findings indicate that the excitability of Pdf neurons plays
a crucial role in memory consolidation to establish LTM.

SYNAPTIC TRANSMISSION FROM PDF
NEURONS IS NECESSARY FOR
CONSOLIDATION OF COURTSHIP LTM

Drosophila shibire (shi) encodes Dynamin regulating synaptic
vesicle recycling (Vanderbliek and Meyerowitz, 1991). Induction
of the temperature-sensitive shi allele (shi**!) can inhibit synaptic

transmission in a temperature-dependent manner (Kitamoto,
2001; Suzuki et al., 2022). Although Shi®! functions as normal
Dynamin at the permissive temperature, it is dysfunctional at
the restrictive temperature. Thus, the targeted expression of
shi*! can spatially and temporally inhibit synaptic transmission
through a temperature shift (Kasuya et al., 2009). Disruption
of synaptic transmission in PDF neurons using shi®! impairs
memory consolidation. However, it does not affect LTM
maintenance or recall. These findings indicate that synaptic
transmission in Pdf neurons mainly contributes to memory
consolidation (Figure 1B) (Inami et al, 2021). Why does
disruption of synaptic transmission in Pdf neurons impair
memory consolidation, although the Pdf neuropeptide does
not affect memory consolidation? We previously reported that
disruption of synaptic transmission in Pdf neurons using shi'!
has little impact on locomotor activity rhythms (Mabuchi et al,,
2016). This finding suggests that disruption of the Dynamin
function cannot inhibit Pdf release. Thus, it is likely that
neurotransmitters other than Pdf released from Pdf neurons are
involved in the consolidation of courtship LTM.

DISCUSSION

The current research studies using Drosophila courtship
conditioning reveal that Pdf neurons have two distinct
functions and modify two different memory processes.
First, dynamin-dependent neurotransmission from Pdf
neurons during courtship conditioning is essential for memory
consolidation to establish courtship LTM (Figure 1B). Since
Pdf neuropeptide release seems to be dynamin-independent,
other neurotransmitters such as the classical neurotransmitters
should be released from Pdf neurons. However, it remains
unknown whether neurotransmission from Pdf neurons is
driven in a conditioning-dependent manner or endogenously
occurs in Pdf neurons. Since, to the best of our knowledge,
there is no direct evidence that I-LNvs synaptically project to
MB /B or y neurons directly, intercellular communication
from 1-LNvs to MB o/f and/or y neurons via interneurons
may play a crucial role in the establishment of courtship LTM
(Figure 1B). Second, the light-dependent release of the Pdf
neuropeptide from 1-LNvs plays a critical role in the courtship
LTM maintenance (Figure 1C). Environmental light induces
Pdf release and activates the transcription factor CREB in MB
a/B neurons. Moreover, the light dependent CREB activation
in MB o/p neurons occurs via Pdfr. Chronobiological research
studies using Pdfr-GAL4 lines or an anti-Pdfr antibody did not
indicate Pdfr expression in MB neurons (Mertens et al., 2005;
Im and Taghert, 2010). In contrast, RNA sequencing analysis has
revealed that Pdfr is expressed in MB neurons (Crocker et al.,
2016). Furthermore, Flyer-Adams et al. have recently shown
using a LexA knock-in fly strain, Pdfr-2A-LexA that Pdfr is
expressed in at least one of the MB neurons (Flyer-Adams et al.,
2020). Although it remains to be clarified whether activated Pdfr
directly or indirectly increases CREB activity in MB o/f neurons,
the light-dependent Pdf/Pdfr/CREB pathway is found to be
essential for courtship LTM maintenance (Inami et al., 2020).
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In Drosophila, the LTM maintenance phase has been
defined conceptually as the time after LTM is fully formed
and consolidated, and it is generally believed that memory
consolidation is completed within 1 d after conditioning (Davis,
2005; Margulies et al., 2005; Inami et al, 2021). The recent
LTM research studies using Drosophila courtship conditioning
identified interesting mutants or transgenic flies with intact
1-d memory but are defective 2-d memory (Inami et al,
2020, 2021). This finding indicates that there are genetically
manipulated flies that can consolidate LTM but cannot maintain
it. Furthermore, the recent studies showed the vital roles of Pdf
neurons in modulating LTM processes in a Pdf-dependent or
Pdf-independent manner (Inami et al., 2020, 2021). Considering
these findings, the consolidation and maintenance phases in
the courtship LTM seem to be molecularly and cellularly
separate (Figure 1A). Although it will be necessary to determine
whether this model can be extended to other memory paradigms
in Drosophila, the clock neuron network and the memory
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