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Abstract 30 

Long-term memory (LTM) is stored as functional modifications of relevant neural circuits in the 31 

brain. A large body of evidence indicates that the initial establishment of such modifications 32 

through the process known as memory consolidation requires learning-dependent 33 

transcriptional activation and de novo protein synthesis. However, it remains poorly understood 34 

how the consolidated memory is maintained for a long period in the brain, despite constant 35 

turnover of molecular substrates. Using the Drosophila courtship conditioning assay of adult 36 

males as a memory paradigm, here, we show that in Drosophila, environmental light plays a 37 

critical role in LTM maintenance. LTM is impaired when flies are kept in constant darkness (DD) 38 

during the memory maintenance phase. Because light activates the brain neurons expressing 39 

the neuropeptide Pigment-dispersing factor (Pdf), we examined the possible involvement of Pdf 40 

neurons in LTM maintenance. Temporal activation of Pdf neurons compensated for the DD-41 

dependent LTM impairment, whereas temporal knockdown of Pdf during the memory 42 

maintenance phase impaired LTM in light–dark cycles. Furthermore, we demonstrated that the 43 

transcription factor cAMP response element-binding protein (CREB) is required in the memory 44 

center, namely, the mushroom bodies (MBs), for LTM maintenance, and Pdf signaling regulates 45 

light-dependent transcription via CREB. Our results demonstrate for the first time that 46 

universally available environmental light plays a critical role in LTM maintenance by activating 47 

the evolutionarily conserved memory modulator CREB in MBs via the Pdf signaling pathway. 48 

 49 

 50 

Significant Statement 51 

Temporary memory can be consolidated into long-term memory (LTM) through de novo protein 52 

synthesis and functional modifications of neuronal circuits in the brain. Once established, LTM 53 

requires continual maintenance so that it is kept for an extended period against molecular 54 

turnover and cellular reorganization that may disrupt memory traces. How is LTM maintained 55 

mechanistically? Despite the critical importance of LTM maintenance, its molecular and cellular 56 

underpinnings remain elusive. This study using Drosophila is significant because it revealed for 57 

the first time in any organism that universally available environmental light plays an essential 58 



 

3 
 

role in LTM maintenance. Interestingly, light does so by activating the evolutionarily conserved 59 

transcription factor cAMP response element-binding protein via peptidergic signaling. 60 



 

4 
 

Introduction 61 
A newly formed memory is initially labile, but under certain circumstances, it is consolidated into a more 62 

stable long-term memory (LTM). Previous studies using various animal species have shown that 63 

activation of specific transcription factors, such as the cAMP response element-binding protein (CREB), 64 

and the corresponding de novo protein synthesis are essential for memory consolidation (Yin and Tully, 65 

1996; Lee et al., 2008; Kandel, 2012). Once consolidated, LTM requires continual maintenance for its 66 

long-term storage and subsequent recall, because memory traces gradually decay owing to molecular 67 

turnover and cellular reorganization. Similar to memory consolidation, transcriptional activation and de 68 

novo protein synthesis are required for LTM maintenance (Bekinschtein et al., 2007; Alberini, 2009; 69 

Majumdar et al., 2012; Fioriti et al., 2015; Hirano et al., 2016). For example, the maintenance of 70 

hippocampal long-term potentiation (LTP) and spatial memory in mice is dependent on the prion-like 71 

translational regulator CPEB3 (Fioriti et al., 2015). Furthermore, transcriptional regulation through CREB 72 

and its coactivator CRTC plays crucial roles in LTM maintenance in the Drosophila memory center, 73 

namely, the mushroom bodies (MBs) (Hirano et al., 2016), suggesting that memory consolidation and 74 

maintenance share some of the same molecular mechanisms (Bekinschtein et al., 2007). 75 

In Drosophila, aversive olfactory memory consists of genetically distinct memory components 76 

(Margulies et al., 2005). One of the components, LTM, lasts more than 1 d, and it is CREB- and de novo 77 

protein synthesis-dependent (Margulies et al., 2005; Davis, 2011; Dubnau and Chiang, 2013). Inhibition 78 

of protein synthesis or induction of a CREB repressor attenuates 1 d memory (Tully et al., 1994; Yin et 79 

al., 1994). On the basis of these findings, it is generally believed that memory consolidation completes 80 

within 1 d after conditioning (Margulies et al., 2005; Davis, 2011). Thus, in Drosophila, the LTM 81 

maintenance phase is conceptually defined on the basis of an empirical justification as the time after LTM 82 

is fully formed and consolidated (from 1 d after conditioning). An obvious and important question is how 83 

transcriptional activation and the following protein synthesis are triggered during the memory 84 

maintenance phase. Unlike transcriptional and translational activations involved in memory 85 

consolidation, those associated with LTM maintenance cannot be directly controlled by stimuli that 86 

induce memory formation, because there is a significant time separation between stimulus-induced 87 

memory formation and the memory maintenance process, and LTM should be continually maintained. 88 

However, the molecular and cellular underpinnings of active LTM maintenance, which is transcription- 89 

and translation-dependent, still remain elusive. 90 
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Earth's rotation generates the daily cycle of day and night, and the rhythmic light–dark (LD) cycles 91 

have a significant impact on animal behavior and physiology. In animals, light is not only essential for 92 

acquiring information for image-forming vision in nature but also acts as a powerful modulator of brain 93 

functions such as circadian entrainment, hormone secretion, sleep–wake cycles, mood, and cognitive 94 

functions (Altimus et al., 2008; Vandewalle et al., 2009; Crocker and Sehgal, 2010; LeGates et al., 2012). 95 

Using the diurnal fruitfly Drosophila melanogaster, here, we found that LTM was severely impaired in 96 

flies kept in constant darkness (DD) after memory consolidation. Thus, LTM maintenance is found to be 97 

light-dependent. In Drosophila, light activates photoreceptors in the brain neurons expressing the 98 

Pigment-dispersing factor (Pdf), a neuropeptide, and increases their spontaneous firing rate (Sheeba et al., 99 

2008; Fogle et al., 2011; Ni et al., 2017). Considering the physiological properties of Pdf neurons, it is 100 

possible that those neurons regulate light-dependent LTM maintenance. In this study, we found that the 101 

Pdf neurons play an essential role in light-dependent LTM maintenance. Our results demonstrate for the 102 

first time that environmental light, which is available daily to all animals under normal conditions, plays a 103 

critical role in LTM maintenance by reactivating the evolutionarily conserved memory modulator CREB 104 

via Pdf signaling. 105 

 106 

Materials and Methods 107 
Fly stocks.  All flies were raised on glucose-yeast-cornmeal medium in 12:12 LD cycles at 25.0  0.5 °C 108 

(45–60% relative humidity). Virgin males and females were collected without anesthesia within 8 h after 109 

eclosion. The fly stocks used for this study were as follows: wild-type Canton-S (CS), Pdf
01

 (BL26654), 110 
Pdfr5304(BL33068), Pdf-GAL4 (BL6900), c929 (BL25373), R14F03 (BL48648), R18F07 (BL47876), 111 

R61G12-LexA (BL52685), R41C10 (BL50121), R55D03 (BL47656), R19B03 (BL49830), c305a 112 

(BL30829), nSyb-GAL4 (BL51941), UAS-FLP (BL4539), UAS-Kir2.1::eGFP (BL6596), UAS-TrpA1 113 

(BL26263), UAS-mCD8::GFP (BL5137), UAS-mCherry::NLS (BL38424), UAS-mCD8::RFP 114 

(BL32218), UAS-Pdf RNAi (VDRC4380), UAS-CrebB-B (also known as UAS-dCREB2-b, BL7219), 115 

tub-GAL80ts (BL7017), LexAop2-FLPL (BL55820), LexAop2-mCD8::GFP (BL32203), LexAop-TrpA1 116 

(provided by Dr. Mani Ramaswami), hs-CrebB-B (also known as hs-dCREB2-b) (Yin et al., 1994; Sakai 117 

et al., 2004), UAS-Pdf (provided by Dr. Taishi Yoshii), UAS-luc RNAi (provided by Dr. Kanae Ando), 118 

UAS>STOP>Kir2.1::eGFP (provided by Dr. David J. Anderson), and CRE>mCherry::STOP>luc 119 

(provided by Dr. Jerry C. P. Yin). All lines for behavior experiments except for Pdf
01

, Pdfr5304, UAS-luc 120 
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RNAi, and LexAop2-FLPL were outcrossed for at least five generations to white1118 flies with the CS 121 

genetic background. 122 

 123 

Courtship conditioning assay.  The courtship conditioning assay was carried out as previously 124 

described (Sakai et al., 2004) with some modifications. Unreceptive mated females were prepared as 125 

“trainers” 1 d before they were used for courtship conditioning. In this conditioning, a virgin CS female 126 

and a male (3–6 d old) were placed in an acrylic courtship chamber (15 mm in diameter × 3 mm in depth) 127 

for copulation. For LTM, a 3–5-d-old male was placed with a mated female (4–7 d old) in a conditioning 128 

chamber (15 mm in diameter × 5 mm in depth) containing food for 7 h either with (conditioned) or 129 

without (naïve) a single premated female (7 h conditioning). If males remated with mated females during 130 

conditioning, we discarded such males after conditioning. After 7 h conditioning, only flies showing 131 

courtship behaviors toward the mated female but not copulating successfully were transferred to a glass 132 

tube with food (12 mm in diameter × 75 mm in depth) and kept in isolation for 1, 2, or 5 d until the test. 133 

The test was performed using a freeze-killed virgin female in a test chamber (15 mm in diameter × 3 mm 134 

in depth). All procedures in the experiments were carried out at 25 ± 1.0 °C (45–60% relative humidity) 135 

except for the temperature shift experiments. Courtship index (CI) was used for quantifying male 136 

courtship behaviors of individual flies and was calculated manually. CI is defined as the percentage of 137 

time spent in performing courtship behaviors during a given observation period (10 min). We first 138 

measured CI in conditioned and naïve males (CIConditioned and CINaïve, respectively), and then mean CINaïve 139 

and mean CIConditioned were calculated. To quantify courtship memory as previously reported (Lee et al., 140 

2017), memory index (MI) was calculated using the following formula: MI = (mean CINaïve - mean 141 

CIConditioned) / mean CINaïve.  142 

 143 

Lighting conditions in courtship conditioning.  When courtship conditioning was performed in a dark 144 

place, conditioning chambers were placed in a temperature-regulated (25.0  0.5 °C) light-tight incubator 145 
(MIR-254, Sanyo Electric Co., Ltd.). To check whether mating occurs during conditioning, we observed 146 

the flies for 10 s every 30 min by opening the incubator door. To determine whether lighting conditions 147 

affect memory maintenance, conditioned and naïve flies were kept in a light-tight incubator (MIR-254, 148 

Sanyo Electric Co., Ltd.) for 1, 2, or 4 d after 7 h conditioning.  149 

 150 
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Temporal activation of Pdf neurons.  The temperature-sensitive cation channel TrpA1 was used to 151 

activate Pdf neurons (Hamada et al., 2008). For the activation of Pdf neurons for 2 d during DD (d 2 and 152 

d 3 after 7 h conditioning), Pdf-GAL4/UAS-TrpA1 flies were kept at 30 °C for 8 h within each subjective 153 

day [circadian time (CT) 0–8] or night (CT 12–20). However, DD-dependent LTM impairment was not 154 

improved. Since it is possible that the activation of Pdf neurons under this condition is insufficient for 155 

LTM maintenance, the flies were kept at 34 °C for 8 h within each subjective day (CT 0–8) or night (CT 156 

12–20). UAS-TrpA1/+ and Pdf-GAL4/+ flies were used as the control. 157 

 158 

Temporal gene expression using TARGET system.  The tub-GAL80ts transgene used in the TARGET 159 

system (McGuire et al., 2003) encodes a ubiquitously expressed, temperature-sensitive GAL4 repressor 160 

that is active at the permissive temperature (PT, 25 °C) but not at the restrictive temperature (RT, 30 or 161 

32 °C). By using UAS-Pdf RNAi or UAS-Pdfr RNAi combined with the TARGET system, we knocked 162 

down Pdf or Pdfr in GAL4-positive neurons at RT (30 °C), but not at PT. In these experiments, we shifted 163 

PT to RT and vice versa during three experimental phases: 24 h before the end of conditioning, 48–72 h 164 

after conditioning, and 24 h before the initiation of the test. Furthermore, to drive the expression of a 165 

UAS-CrebB-B construct in MBs during a specific temporal phase, the TARGET system was also used. In 166 

CrebB-B experiments, we shifted PT to RT (30 °C) and vice versa during the two experimental phases: 10 167 

h before the end of conditioning and 48–72 h after conditioning. To drive the expression of a UAS-Kir2.1 168 

construct in Pdf neurons during the memory maintenance phase using the TARGET system, flies were 169 

kept at RT (32 °C) for 48–72 h after conditioning. Subsequently, they were kept at PT. 170 

 171 

Electrical silencing of large ventral lateral clock neurons.  Pdf neurons form two clusters, small lateral 172 

ventral neurons (s-LNvs) and large lateral ventral neurons (l-LNvs). To assay whether l-LNv-specific 173 

electrical silencing affects LTM, two binary gene expression systems (GAL4/UAS and LexA/LexAop) 174 

combined with Flippase (FLP/FRT) were used. The specific target gene is expressed in GAL4- and LexA-175 

coexpressing neurons using this system. R61G12-LexA and R14F03-GAL4 lines were used in the 176 

experiments. 177 

 178 

Real-time quantitative reverse transcription PCR (qRT-PCR).  A PicoPure RNA Isolation Kit 179 

(KIT0204, Thermo Fisher Scientific) was used for collecting total RNA from three whole brains in each 180 
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genotype. cDNA was synthesized by the reverse transcription reaction using a QuantiTect Reverse 181 

Transcription Kit (#205311, QIAGEN). qRT-PCR was carried out using the THUNDERBIRD SYBR 182 

qPCR Mix (QPS-201, TOYOBO) and a Chromo 4 detector (CFB-3240, MJ Research). The primer 183 

sequences (custom-made by Eurofins Genomics) used for qRT-PCR were as follows: Pdf-Forward, 5’-184 

ATCGGGATCTCCTCGACTGG-3’; Pdf-Reverse, 5’-ATGGGCCCAAGGAGTTCTCG-3’; Pdfr-185 

Forward, 5’- CGTCTCATGCAGCAGATGGG-3’; Pdfr-Reverse, 5’-TAAGGGCGAACAGGGAGAGG -186 

3’; rp49-Forward, 5’-AAGATCGTGAAGAAGCGCAC-3’; rp49-Reverse, 5’-187 

TGTGCACCAGGAACTTCTTG-3’. The expression level of each mRNA was normalized to that of rp49 188 

mRNA. The average of the normalized mRNA expression levels in control flies was calculated using data 189 

from 5–6 independent assays.  190 

 191 

Luciferase assay.  To test whether light or Pdfr activation promotes CrebB activity in MBs, the 192 

Luciferase (Luc) reporter was used (Tanenhaus et al., 2012). Luc should be expressed in MBs in the 193 

combination of CRE>mCherry::STOP>luc reporter, MB-GAL4, and UAS-FLP. Three MB-GAL4 lines 194 

(R41C10, R55D03, and R19B03) were used in these experiments. In vitro Luc activity was measured 195 

using a Luciferase Assay System (E1501, Promega). Three adult male heads were collected into a 1.5 ml 196 

Eppendorf tube and homogenized in 50 μl of Glo Lysis Buffer (E266A, Promega) at Zeitgeber time (ZT) 197 

0–2. After centrifugation, 10 μl of the resulting supernatant and 50 μl of Luciferin solution were used to 198 

analyze Luc activity. The luminescence of each sample was measured using a luminometer (GloMax 199 

20/20, Promega) and normalized to total protein concentration using a Protein Assay Kit (#5000006, Bio-200 

Rad). The UAS-FLP transgene used in this study displayed leaky expression of Luc [211–279 relative 201 

luminescence unit (RLU)/μg]. Thus, first, in the control naïve flies (UAS-202 

FLP/CRE>mCherry::STOP>luc), the mean normalized luminescence (mean Lcontrol) was calculated. 203 

CrebB activity index (CAI) (RLU/μg) was defined as the difference between the “mean Lcontrol” and the 204 

measured luminescence in each sample in each genotype, and finally, we calculated the mean CAI. To 205 

examine whether the induction of CrebB-B inhibits CrebB activity, we used UAS-FLP/hs-CrebB-B; 206 

CRE>mCherry::STOP>luc/R19B03 flies. For the heat-shock treatment, 3–4-d-old male flies were 207 

grouped into 20 flies per food vial. The flies were heat-shocked at 32 °C for 3 d. Luc activity was 208 

measured immediately after the heat-shock treatment at ZT 0–2. To examine whether the activation of Pdf 209 

neurons increases CrebB activity in the MBs, we used UAS-FLP/R61G12-LexA; 210 
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CRE>mCherry::STOP>luc LexAop-TrpA1/R41C10 flies. For the activation of Pdf neurons by TrpA1, the 211 

3–5-d-old male flies were grouped into 20 flies per food vial. The flies were heat-shocked at 32 °C for 2 d 212 

during DD (the second and third days after transfer). Luc activity was measured at ZT 0–2 after the flies 213 

were returned to the normal LD cycle. 214 

 215 

Immunohistochemistry.  Immunohistochemistry was performed as previously described (Shimada et al., 216 

2016). For Pdf staining, brains were stained with a mouse anti-Pdf antibody (PDF C7-s, Developmental 217 

Studies Hybridoma Bank at the University of Iowa, 1:200) followed by Alexa Fluor 488 anti-mouse IgG 218 

or Alexa Fluor 568 anti-mouse IgG (A11001 and A11004, Thermo Fisher Scientific) as the secondary 219 

antibody (1:1000). For GFP staining, brains were stained with a rabbit anti-GFP antibody (A11122, 220 

Thermo Fisher Scientific, 1:200), followed by Alexa Fluor 488 anti-rabbit IgG (A11008, Thermo Fisher 221 

Scientific, 1:1000) as the secondary antibody. Fluorescence signals were observed under a confocal 222 

microscope [C2+ (Nikon) or LSM710 (Zeiss)]. 223 

 224 

Quantitative analysis of Pdf immunoreactivity in l-LNvs.  To examine whether temporal knockdown of 225 

Pdf in l-LNvs by the TARGET system inhibits Pdf immunoreactivity, Pdf-GAL4/UAS-Pdf RNAi; +/tub-226 

GAL80ts flies were used. Pdf-GAL4/+; +/tub-GAL80ts flies were used as the control. After eclosion, all 227 

flies were kept for 3–6 d at PT, and then the temperature was shifted to RT at ZT 8. After 24 h, the 228 

temperature was shifted again to PT. Subsequently, we dissected the brains for antibody staining 1 h after 229 

the temperature shift to PT (ZT 9). A confocal image stack of the brain hemisphere containing l-LNvs was 230 

Z-projected into several sequential sections. Z-sections were collected at 1 μm intervals. The signal 231 

intensity indicating Pdf immunoreactivity was quantified in a manually set region of interest of the cell 232 

body in each l-LNv using the NIS elements Ar (Nikon). 233 

 234 

Sleep analysis.  Single male flies (2–3 d old) were introduced into glass tubes (3 mm in diameter × 75 235 

mm in length) containing fly food, and the glass tubes were set in a MB5 MultiBeam Activity Monitor 236 

(Trikinetics) to monitor the locomotor activity of individual flies. In this system, 17 independent infrared 237 

beams per glass tube were used to detect fly movement. When a fly repositions from one beam to the 238 

next, it was counted as one beam-crossing. Flies were acclimated in the glass tubes for 3 d in LD cycles at 239 

25 °C before measuring sleep amount. Locomotor activity data were collected at 1-min intervals for 5 d 240 
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and analyzed with a Microsoft Excel-based program as previously described (Kume et al., 2005). Sleep 241 

was defined as behavioral inactivity for 5 min or more (Huber et al., 2004). Total sleep amount during the 242 

day or night was analyzed as previously described (Shimada et al., 2016).  243 

To deprive flies of sleep, a MB5 MultiBeam Activity Monitor with glass tubes each containing one 244 

naïve or conditioned fly was horizontally shaken using a shaker (NJ-022NS, Nissin). The shaker was 245 

placed inside a temperature-regulated incubator (MIR-254, Sanyo Electric Co., Ltd.). The shaking speed 246 

was set to 200 rpm. On d 2 and d 3 after 7 h conditioning, the MB5 MultiBeam Activity Monitor was 247 

shaken for 20 s per 3 min during only the daytime. All experiments were carried out in 12:12 LD cycles at 248 

25.0  0.5 °C. 249 
 250 

Experimental design and statistical analyses.  All the statistical analyses were performed using IBM 251 

SPSS Statistics 22 (IBM Japan, Ltd.) or BellCurve for Excel (Social Survey Research Information Co., 252 

Ltd.) except for the comparisons of MI. In all statistical analyses except for the comparisons of MI, the 253 

Kolmogorov–Smirnov test was used to determine whether the data are normally distributed. In the 254 

statistical analysis of CI, when the data were not distributed normally, we carried out the log 255 

transformation of the data. When the basic data or transformed data were normally distributed, Student’s 256 

t-test was used for comparisons. When the basic data and transformed data were not distributed normally, 257 

we used the Mann–Whitney U test for comparisons. In the statistical analysis of MI, the permutation test 258 

with 10000 random permutations was used (H0, the difference between experimental and control groups 259 

is 0). The free statistical package R was used for these tests (Koemans et al., 2017). In qRT-PCR, the 260 

mean (± SEM) ratio was calculated using data from 4–6 independent assays. Since the log-transformed 261 

data were normally distributed, one-way ANOVA followed by post-hoc analysis using Scheffe’s test was 262 

used. In theLuciferase assay, when the basic data were distributed normally, Student's t-test was used for 263 

comparisons of two means, and one-way ANOVA followed by post-hoc analysis using Scheffe’s test was 264 

carried out for multiple comparisons. When the basic data or log-transformed data were not normally 265 

distributed, we performed nonparametric ANOVA (Kruskal–Wallis test) followed by the Steel–Dwass 266 

test for multiple comparisons. In quantitative analysis of Pdf immunoreactivity, all image data were 267 

acquired under identical conditions. When the basic data or log-transformed data were distributed 268 

normally, Student’s t-test was used. When they were not normally distributed, we performed the Mann–269 

Whitney U test. In sleep analysis, because the basic data were distributed normally, Student’s t-test was 270 
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carried out to determine the significance of the difference between two means. For multiple comparisons, 271 
since the basic data or log-transformed data were not normally distributed, we performed nonparametric 272 

ANOVA (Kruskal–Wallis test) followed by the Steel–Dwass test for multiple comparisons. 273 

 274 

Results 275 
Light is essential for LTM maintenance 276 

To determine whether lighting conditions affect LTM in Drosophila, the courtship conditioning assay was 277 

carried out (Siegel and Hall, 1979; Sakai et al., 2004; Griffith and Ejima, 2009; Keleman et al., 2012). In 278 

this assay, males receive stressors from nonreceptive mated females (e.g., sexual rejection) to block 279 

successful mating (conditioning) (Lee et al., 2017), and memory is subsequently observed as experience-280 

dependent courtship suppression toward virgin females. One hour conditioning generates short-term 281 

memory (STM), which persists for at least 8 h, whereas 7 h conditioning induces LTM, which persists for 282 

at least 5 d (Sakai et al., 2004; Ishimoto et al., 2009; Sakai et al., 2012). The courtship activity of naïve 283 

and conditioned males was quantified using CI; subsequently, MI was calculated to quantify courtship 284 

memory (see Materials and Methods). When males were conditioned for 7 h in light or darkness and the 285 

conditioned males were subsequently kept under LD cycles until the test, they showed lower courtship 286 

activity on d 5 (i.e., 5 d after conditioning) than naïve males, and there was no significant difference in 287 

MI between these flies [Fig. 1A; (1) vs. (2), Permutation test; P = 0.5558], indicating that conditioning in 288 

darkness has no adverse effects on LTM. However, when flies were conditioned in light and then kept in 289 

DD after the conditioning and before the test, LTM was severely impaired [Fig. 1A; (1) vs. (3), 290 

Permutation test, P = 0.0020]. DD for 2 d after conditioning was sufficient to impair LTM [Fig. 1A; (1) 291 

vs. (6), Permutation test; P = 0.0020], but not DD for only 1 d [Fig. 1A; (1) vs. (4), Permutation test, P = 292 

0.8290 ; (1) vs. (5), Permutation test, P = 0.8902], indicating that flies cannot maintain their LTM when 293 

DD lasts more than 2 d. In constant light (LL), the Drosophila circadian clock does not work normally, 294 

and flies show arrhythmic locomotor activity (Qiu and Hardin, 1996). When flies were kept in LL after 295 

conditioning, their LTM was intact [Fig. 1A; (1) vs. (7), Permutation test, P = 0.2110], as previously 296 

reported (Sakai et al., 2004). Furthermore, the LTM of several clock mutants except for period (per) 297 

mutants is intact (Sakai et al., 2004). Thus, light input, but not the circadian clock, is necessary for LTM 298 

maintenance. 299 

Sleep plays an important role in the consolidation of Drosophila courtship memory (Ganguly-300 
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Fitzgerald et al., 2006; Donlea et al., 2011). However, it remains unclear whether an abnormal sleep 301 

phenotype causes the disturbed LTM maintenance of flies kept in DD. To examine whether light 302 

conditions affect Drosophila sleep (see Materials and Methods), sleep amount was measured in flies kept 303 

in LD and DD (Fig. 1B). The mean amount of daytime sleep of flies kept in DD was lower than that of 304 

flies kept in LD (Fig. 1C; total daytime sleep, Kruskal–Wallis test, H(9) = 75.113, P < 0.0001; total 305 

nighttime sleep, Kruskal–Wallis test, H(9) = 7.534, P = 0.3570). Next, using naïve and conditioned males, 306 

we measured sleep amount in LD after courtship conditioning (Fig. 1D, E). As previously reported 307 

(Ganguly-Fitzgerald et al., 2006), the amount of daytime sleep during the period between the termination 308 

of conditioning (ZT8) and the lights-off (ZT12) was higher in conditioned males than in naïve males 309 

(Student’s t-test, t(62) = -3.7754, P = 0.0003). However, from ZT 12 on day 0, no significant difference 310 

between naïve and conditioned males was detected in the amount of daytime sleep (Fig. 1E; Kruskal–311 

Wallis test, H(7) = 6.829, P = 0.447) or nighttime sleep (Fig. 1E; Kruskal–Wallis test, H(9) = 14.891, P = 312 

0.094). When flies kept in LD were slightly deprived of sleep to adjust the amount of daytime sleep to the 313 

level of that in DD (Fig. 1F and G; total daytime sleep, Kruskal–Wallis test, H(7) = 75.113, P < 0.0001; 314 

total nighttime sleep, Kruskal–Wallis test, H(7) = 7.534, P = 0.3570), LTM in flies with slight sleep 315 

deprivation was not attenuated (Fig. 1H; SD- vs. SD+, Permutation test, P = 0.7204). Thus, LTM 316 

impairment induced by DD does not simply result from the reduced amount of sleep.  317 

 318 

Activity of Pdf neurons regulates light-dependent LTM maintenance 319 

Since light activates Pdf neurons, it is possible that the activation of Pdf neurons restores LTM in DD. 320 

Thus, we examined whether the temporal activation of Pdf neurons induced by the temperature-sensitive 321 

cation channel TrpA1 can compensate for the DD-dependent LTM impairment (Fig. 2A–D). When Pdf 322 

neurons were activated in Pdf-GAL4/UAS-TrpA1 flies on each subjective day or night in DD for 2 d after 323 

conditioning, LTM was maintained for 5 d in Pdf-GAL4/UAS-TrpA1 flies (Fig. 2C, D; Permutation test; 324 

C, UAS control vs. F1, P = 0.0090 , GAL4 control vs. F1, P = 0.0038 ; D, UAS control vs. F1, P = 325 

0.0074 , GAL4 control vs. F1, P = 0.0122). Under the same temperature-shift conditions, GAL4 and UAS 326 

control flies still showed LTM impairment (Fig. 2C, D). Thus, this finding indicates that the activation of 327 

Pdf neurons during either a subjective day or night is sufficient to restore LTM. Consistently, the 328 

electrical silencing of Pdf neurons during the memory maintenance phase attenuated LTM in LD (Fig. 2E, 329 
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F; Permutation test; E, P = 0.9492; F, P = 0.0014). Taken together, these results indicate that the activity 330 

of Pdf neurons regulates light-dependent LTM maintenance. 331 

 332 

Pdf expression is critical for LTM maintenance in LD 333 

We next determined the temporal requirement of Pdf for LTM maintenance. For this purpose, we 334 

performed temporal knockdown of Pdf in Pdf neurons using the TARGET system (McGuire et al., 2003) 335 

and RNA interference (RNAi) technology. To demonstrate that the Pdf signaling pathway regulates light-336 

driven LTM maintenance, we temporally knocked down Pdf in Pdf neurons (Fig. 3A–D). The 337 

effectiveness of Pdf RNAi was confirmed by qRT-PCR (Fig. 4A; One-way ANOVA, F(2, 12) = 6.954, P = 338 

0.0099; Scheffe’s multiple comparisons, GAL4 control vs. F1, P = 0.0193, UAS control vs. F1, P = 339 

0.0291) and immunostaining using an anti-Pdf antibody (Fig. 4 B, C; Student’s t-test in B, t(49) = -1.801, P 340 

= 0.0778; Mann–Whitney U test in C, U = 365, P < 0.0001). To knockdown Pdf during the memory 341 

consolidation, maintenance or test phase, the temperature was raised to 30 °C for 24 h during the three 342 

experimental periods (Fig. 3B–D): starting at 24 h before the end of conditioning, 48–72 h after 343 

conditioning (memory maintenance phase), and 24 h before the test initiation. When flies were kept for 344 

24 h before the test initiation at RT, Pdf should remain suppressed during the 10 min test. LTM was 345 

impaired only when Pdf was knocked down during the memory maintenance phase (Fig. 3 A–D; 346 

Permutation test; A, P = 0.3274 ; B, P = 0.1904 ; C, P = 0.0034 ; D, P = 0.1290). Although memory on d 347 

1 remained intact in Pdf
01

 null mutant flies after 7 h conditioning (Fig. 3E; Wild-type-1d vs. Pdf
01

-1d; 348 

Permutation test, P = 0.9646), Pdf
01

 mutant flies showed memory impairment on d 2 (Fig. 3E; Wild-type-349 

1d vs. Pdf
01

-2d; Permutation test, P = 0.0020), suggesting that memory consolidation completes within 1 350 
d after conditioning and LTM has already entered the maintenance phase on d 2 after conditioning. Thus, 351 

Pdf seems to be dispensable for memory consolidation. In addition, Pdf
01

 mutant flies showed memory 352 
impairment on d 5, which was rescued by Pdf expression (Fig. 3F; Permutation test, P = 0.0020). This 353 

finding also supports the idea that Pdf is required for maintaining LTM for more than 1 d.  354 

We next used two additional GAL4 drivers, c929 and R18F07, to further investigate neuronal cell 355 

types involved in Pdf-mediated LTM maintenance. c929 drives the expression of GAL4 in peptidergic 356 

neurons including l-LNvs but not s-LNvs (Taghert et al., 2001; Shimada et al., 2016), and R18F07 drives 357 

GAL4 expression in all s-LNvs and only weakly in one of the l-LNvs (Fig. 3G). Pdf knockdown in c929-358 

positive neurons impaired LTM, but not that in R18F07-positive neurons (Fig. 3H; the probability in each 359 
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permutation test is shown in the figure legend). In addition, we examined whether l-LNv-specific 360 

electrical silencing impairs LTM. First, we confirmed that LexA is expressed in l-LNvs and s-LNvs in 361 

R61G12-LexA (Fig. 2G) and GAL4 is expressed in only l-LNvs in R14F03-GAL4 (Fig. 2H). Next, we 362 

confirmed that Kir2.1::eGFP is expressed in all l-LNvs but not in s-LNvs in R61G12-LexA/LexAop-363 

FLPL; UAS>STOP>Kir2.1::eGFP/R14F03 flies (Fig. 2I). Moreover, l-LNv-specific electrical silencing 364 

also impaired LTM (Fig. 2J; the probability in each permutation test is shown in the figure legend). Taken 365 

together, it is most likely that Pdf expression in l-LNvs is essential for LTM maintenance. 366 

 367 

Pdfr is essential for light-dependent CrebB activity in MB α/β neurons 368 

A Drosophila homolog of CREB (CrebB) is required for the consolidation and maintenance of olfactory 369 

memory (Yin and Tully, 1996; Hirano et al., 2016). Our previous studies demonstrated that the 370 

consolidation of courtship memory is also regulated by CrebB (Sakai et al., 2004; Ishimoto et al., 2009). 371 

Thus, using a repressor isoform of CrebB (CrebB-B; also known as dCREB2-b), we first examined 372 

whether CrebB is also required for the maintenance of courtship memory (Fig. 5A–C). LTM was 373 

attenuated when CrebB-B was expressed in MB α/β neurons (Fig. 5D) during conditioning (Fig. 5B; 374 

Permutation test; P < 0.0001) or the memory maintenance phase (Fig. 5C; Permutation test; P = 0.0054), 375 

indicating that CrebB in MB α/β neurons is required for both the consolidation and maintenance of LTM. 376 

On the other hand, CrebB in MB γ neurons (Fig. 5E) during conditioning, but not during the maintenance 377 

phase, attenuated LTM (Fig. 5B, C; Permutation test in B; P = 0.0022; Permutation test in C, P = 0.37), 378 

suggesting that CrebB in MB γ neurons is required only for memory consolidation. Unlike the MB α/β 379 

and γ neurons, MB α’/β’ neurons (Fig. 5F) had no effect on CrebB-dependent LTM (Fig. 5A–C; 380 

Permutation test in B; P = 0.2958 ; Permutation test in C; P = 0.5666). 381 

We next examined whether light activates CrebB transcription in MBs. To estimate CrebB activity, 382 

we used the CRE>mCherry::STOP>luciferase (luc) reporter, which is a luc-based reporter gene under the 383 

control of CrebB-binding sites (CRE) (Tanenhaus et al., 2012). Using this reporter construct, in which the 384 

mCherry::STOP sequence is flipped out in the presence of the GAL4-induced recombinase FLP, we can 385 

measure the MB-specific transcriptional activity of CrebB with MB-GAL4. The induction of a CrebB 386 

repressor driven by a heat-shock promoter severely attenuated the CRE-dependent Luc activity (Fig. 6A; 387 

Kruskal–Wallis test, H(3) = 24.6833, P < 0.0001), when the pan-neuronal MB line R19B03-GAL4 was 388 

used (Pan and Baker, 2014). Thus, this reporter can reliably be used as an indicator of CrebB activity. 389 
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When naïve flies were kept in LD, robust CrebB activity was detected in MB α/β neurons, but not in MB 390 

γ neurons [Fig. 6B; (1) and (2); Statistic values are shown in the figure legend]. When they were kept in 391 

DD for 1 d, the CrebB activity in MB α/β neurons decreased by approximately 50% compared with that 392 

in control flies [Fig. 6B; (3)]. On d 2 of DD, it decreased further [Fig. 6B; (4)], indicating that the CrebB 393 

activity in MB α/β neurons is light-dependent. Furthermore, we examined whether the Pdf receptor (Pdfr) 394 

regulates the light-dependent CrebB activity. As was observed in Pdf
01

 flies, Pdfr null mutant (Pdfr5304) 395 
flies also showed severe LTM impairment [Fig. 6C; Permutation test, P = 0.0034]. In LD, CrebB activity 396 

was severely attenuated in MB α/β neurons with the Pdfr null mutant background (Fig. 6B; (1) vs (5)). 397 

Furthermore, in DD, the activation of Pdf neurons by TrpA1 increased the CrebB activity in MB α/β 398 

neurons (Fig. 6D; Mann–Whitney U test, U = 35, P = 0.0043). Thus, the Pdf/Pdfr signaling pathway is 399 

essential for light-driven CrebB activity in MB α/β neurons. 400 

Next, the effect of 7 h conditioning on CrebB activity was examined. The CrebB activity in MB α/β 401 

and γ neurons increased immediately after 7 h conditioning (Fig. 6E; α/β neurons, Student’s t-test, t(16) = -402 

2.9747, P = 0.0089; γ neurons, Mann–Whitney U test, U = 72, P = 0.028). This finding is consistent with 403 

a previous report (Ishimoto et al., 2009). However, no conditioning-dependent increase in CrebB activity 404 

was observed during the day on d 1 and d 2 or during the night on d 2 after 7 h conditioning (Fig. 6F–H; 405 

F, α/β neurons, Student’s t-test, t(12) = -0.3655, P = 0.7211, γ neurons, Student’s t-test, t(14) = -0.5828, P = 406 

0.5693; G, α/β neurons, Student’s t-test, t(16) = 1.1219, P = 0.2749; H, α/β neurons, Student’s t-test, t(16) = -407 

0.2441, P = 0.8102).  408 

 409 

Discussion 410 
In nocturnal mice, an ultradian LD cycle condition induces spatial learning defects, although such an 411 

aberrant light condition does not impair the molecular clock or sleep amount (LeGates et al., 2012). The 412 

ultradian LD cycle also attenuates hippocampal long-term potentiation (Fernandez et al., 2018). In 413 

contrast, a short pulse of white light during the night before learning enhances long-lasting fear memory 414 

through the activation of hippocampal p21-activated kinase 1 (Shan et al., 2015). In humans, who are 415 

naturally diurnal, prior exposure to orange light promotes working memory (Chellappa et al., 2014). 416 

Thus, regardless of the nocturnal or diurnal nature of animals, lighting conditions can positively or 417 

negatively modify the acquisition or consolidation of memories (Cajochen et al., 2011; LeGates et al., 418 

2012; Chellappa et al., 2014; Shan et al., 2015). However, little is known on whether environmental light 419 
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affects LTM maintenance. In this study using Drosophila, we demonstrated for the first time that 420 

environmental light is an essential factor for the appropriate maintenance of LTM. 421 

The Drosophila Pdf neuropeptide regulates various biological phenomena such as circadian 422 

behavioral rhythms, light-driven arousal, geotactic behavior, rival-induced prolonged mating, and sex 423 

pheromone biosynthesis (Renn et al., 1999; Helfrich-Forster et al., 2000; Mertens et al., 2005; Kim et al., 424 

2013; Krupp et al., 2013). Here, we found that Drosophila has a light-dependent memory maintenance 425 

system regulated by Pdf signaling. Pdf expression was essential for LTM maintenance in LD (Fig. 3). 426 

LTM was impaired when flies were kept in DD for 2 d after 7 h conditioning (Fig. 1), and the activation 427 

of Pdf neurons was sufficient to restore the LTM in DD (Fig. 2). Moreover, the electrical silencing of Pdf 428 

neurons impaired LTM in LD (Fig. 2). Considering that light activates Pdf neurons (Sheeba et al., 2008; 429 

Fogle et al., 2011; Ni et al., 2017), it is most likely that light-inducible Pdf released from Pdf neurons 430 

regulates LTM maintenance. We further confirmed that Pdfr expression is necessary for the light-driven 431 

transcription through CrebB, which is essential for LTM maintenance (Fig. 5, 6). Taken together, our 432 

study shows that this light-dependent transcription system in MB α/β neurons via the Pdf signaling 433 

pathway regulates LTM maintenance in Drosophila. 434 

Since Pdfr activation increases cAMP levels (Hyun et al., 2005; Mertens et al., 2005), Pdfr 435 

activation likely increases intracellular CREB activity. Previous studies using Pdfr-GAL4 lines or an anti-436 

Pdfr antibody did not indicate Pdfr expression in MBs (Mertens et al., 2005; Im and Taghert, 2010). 437 

However, a recent study using RNA sequencing revealed that Pdfr is expressed in MBs (Crocker et al., 438 

2016). Thus, it is possible that activated Pdfr in MB α/β neurons directly enhances CREB activity in the 439 

same MB neurons (Fig. 7). Alternatively, Pdfr in non-MB neurons (e.g., dopaminergic neurons projecting 440 

to the MBs) may indirectly modify CREB activity in MB α/β neurons (Fig. 7). 441 

Drosophila has three light-sensing organs: the compound eyes, ocelli, and Hofbauer–Buchner (H–442 

B) eyelets. The compound eyes play key roles in light entrainment of the circadian clock (Helfrich-443 

Forster et al., 2002), and l-LNvs receive visual information via the compound eyes (Muraro and Ceriani, 444 

2015). The H–B eyelets are also important for circadian photoreception, and axons of H–B eyelet 445 

photoreceptors project to the circadian pacemaker neurons including l-LNvs (Li et al., 2018). In addition, 446 

light directly activates Pdf neurons through the brain photoreceptors Rhodopsin 7 and Cryptochrome 447 

(Sheeba et al., 2008; Fogle et al., 2011; Ni et al., 2017). Although light input pathways associated with 448 
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light-dependent LTM maintenance remain unclear, the photoactivation of light-sensing organs and/or Pdf 449 

neurons will trigger light-dependent LTM maintenance in Drosophila.  450 

The targeted expression of a CrebB repressor in MB α/β neurons during 7 h conditioning impaired 451 

LTM, as was observed in that in MB γ neurons (Fig. 5), indicating that CrebB-dependent transcription in 452 

both MB α/β and γ neurons is necessary for memory consolidation. In addition, the targeted expression of 453 

a CrebB repressor in MB α/β neurons during the memory maintenance phase also impaired LTM (Fig. 5), 454 

whereas, that in MB γ neurons did not (Fig. 5). It has been reported that MB γ neurons are necessary for 1 455 

d memory of courtship conditioning (Kruttner et al., 2015). Thus, consolidated courtship memory may 456 

last in MB γ neurons only for 1–2 d at most. In contrast to the MB γ neurons, the light-dependent 457 

activation of CrebB transcription was evident in MB α/β neurons, indicating that 5 d memory is 458 

maintained in MB α/β neurons through the Pdf/Pdfr/CrebB pathway in LD. Thus, long-lasting LTM (> 1 459 

d memory) seems to be established and stored in MB α/β neurons. 460 

When flies were kept in DD for 2 d, LTM was impaired (Fig. 1) and the CrebB activity in MB α/β 461 

neurons was severely attenuated (Fig. 6). However, DD for only 1 d was not sufficient to impair LTM 462 

(Fig. 1) but it reduced CrebB activity by 50% (Fig. 6). Thus, when the CrebB activity in MB α/β neurons 463 

is severely attenuated, LTM maintenance may break down. Pdf/Pdfr signaling should play a role in the 464 

regulation of the CrebB activity in MB α/β neurons because a Pdfr null mutation severely attenuated the 465 

CrebB activity (Fig. 6). However, it remains possible that signaling pathways other than the Pdf/Pdfr 466 

signaling pathway also contribute to the CrebB activity in MB α/β neurons. 467 

In contrast to LTM maintenance, LTM formation does not require light (Fig. 1). This finding is 468 

consistent with a previous report that STM after 1 h conditioning under a dim red light, which blocks 469 

visual input, remains intact (Joiner and Griffith, 1997). In this study, we found that CrebB activity during 470 

conditioning was necessary for memory consolidation (Fig. 5). Since flies were able to establish LTM 471 

when they were conditioned in darkness (Fig. 1), light-independent CrebB transcription in MBs plays an 472 

important role in memory consolidation. Unlike memory consolidation, LTM maintenance requires a 473 

light-dependent transcription system in MB α/β neurons via the Pdf signaling pathway. In naïve males, 474 

light can also increase the CrebB transcription activity in MB α/β neurons (Fig. 6). This light-driven 475 

transcription system may play a role in innate brain functions other than LTM maintenance but does not 476 

provide proteins required for LTM maintenance. If this is the case, how are proteins required for LTM 477 

maintenance synthesized only in conditioned males? Although it remains unclear, we hypothesize that 478 
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repetitive exposure to stressors during courtship conditioning may trigger the change in the target genes 479 

of CrebB in such a way that MB α/β neurons produce gene products that are required for maintaining 480 

consolidated LTM in a courtship conditioning-dependent manner. 481 

This study provided novel implications on how LTM consolidation and maintenance molecularly 482 

overlap or are distinct. We demonstrated that 1 d memory in Pdf
01

 mutant flies is intact but 2 d memory is 483 
impaired (Fig. 3E). We also showed that Pdf signaling enhances CREB activity and is required for LTM 484 

only after LTM is formed and stabilized. Taken together, our results indicate that CREB is necessary for 485 

both consolidation and maintenance phases, but how CREB is activated is different between these two 486 

memory phases. In the consolidation phase, multiple sensory inputs during conditioning trigger CREB 487 

activation. In contrast, in the maintenance phase, initial sensory signals disappear and can no longer 488 

activate CREB, but environmental light to which flies are regularly exposed to under normal conditions 489 

activates CREB through Pdf signaling. Thus, we may be able to molecularly distinguish maintenance 490 

from consolidation on the basis of whether light and Pdf are required for CREB activation. It is important 491 

to determine if this finding can be applied to other memory paradigms in Drosophila such as olfactory 492 

LTM. 493 

In nature, animals learn much from their experience throughout the day. Through their experience, 494 

LTM is formed and maintained for a long period. If environmental light, which is available daily to all 495 

animals in nature, can be used for transcriptional activation in the brain, such a light-driven transcription 496 

system is considered reasonable and effective for continually providing de novo protein synthesis 497 

required for LTM maintenance. When diurnal Nile grass rats were housed under dim LD cycles, 24 h 498 

spatial memory is impaired, and this lighting condition inhibits the expression of brain-derived 499 

neurotrophic factors and the dendritic spine density in the hippocampus (Soler et al., 2018). Although it is 500 

not clarified whether the rapid forgetting in the Nile grass rats under dim LD cycles results from the 501 

inhibition of de novo protein synthesis required for LTM maintenance, light-dependent de novo protein 502 

synthesis in the memory center may be conserved in many animal species. As is observed in Drosophila, 503 

in mammals, repeated exposure to stressors also induces a long-lasting reduction of male sexual 504 

motivation (Hawley et al., 2011; Hawley et al., 2013). It is thus interesting to examine whether 505 

environmental light and the evolutionarily conserved memory modulator CREB also play critical roles in 506 

the maintenance of such depressed sexual motivation in mammals including humans.  507 
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Figure legends  648 

Figure 1.  Light is essential for LTM maintenance 649 

A, LTM was measured under various lighting conditions. Wild-type males were used in the experiments. 650 

Males were tested on d 5 after 7 h conditioning. A schematic drawing of lighting conditions in courtship 651 

conditioning is shown on the left. The white box indicates day (light) and the black box indicates night 652 

(dark). The gray box indicates that experiments were conducted in darkness during the daytime. For MI, 653 

asterisks indicate a comparison between the control (1) and test groups. B–G, Sleep amount was 654 

measured for 5 d using wild-type males. Data are presented as mean ± SEM. B, Continuous sleep 655 

amounts of control (black line) and experimental flies (magenta line). In control flies, sleep amount was 656 

measured in LD. In experimental flies, sleep amount was measured for 2 d in LD, which was 657 

subsequently shifted to DD for 2 d, and then back to LD. N = 31 in black line; N = 30 in magenta line. C, 658 

Total daytime and nighttime sleep amounts in control (black bars) and experimental flies (magenta bars). 659 

NS, not significant. N = 31 for black bars; N = 30 for magenta bars. Nonparametric ANOVA (Kruskal–660 

Wallis test) followed by post-hoc analysis using the Steel–Dwass test was carried out for multiple 661 

pairwise comparisons. Bars with the same letter indicate values that are not significantly different (P > 662 

0.05). D, Continuous sleep amounts in naïve (dark blue line) and conditioned flies (orange line). N = 32 663 

for dark blue line; N = 32 for orange line. E, Total daytime and nighttime sleep amounts in naïve (dark 664 

blue bars) and conditioned flies (orange bars). Nonparametric ANOVA (Kruskal–Wallis test) was carried 665 

out. N = 32 in each bar; NS, not significant. F, Continuous sleep amounts in naïve (dark blue line) and 666 

conditioned flies (orange line). N = 30 for dark blue line; N = 31 for orange line. Flies were deprived of 667 

sleep during the daytime on d 2 and d 3 after 7 h conditioning. SD, sleep deprivation. G, Total daytime 668 

and nighttime sleep amounts in naïve (dark blue bars) and conditioned flies (orange bars). Nonparametric 669 

ANOVA (Kruskal–Wallis test) followed by post-hoc analysis using the Steel–Dwass test was carried out 670 

for multiple pairwise comparisons. Bars with the same letter indicate values that are not significantly 671 

different (P > 0.05). N = 30 for dark blue bars; N = 31 for orange bars. NS, not significant. H, Memory on 672 

d 5 was measured using sleep-deprived flies (SD+). Control flies were kept in LD without sleep 673 

deprivation (SD-). A and H, Box-and-whisker plots for a set of CI data show 20th, 25th, 75th, and 80th 674 

centiles. In the box-and-whisker plots, the black square in each box indicates the mean, the line in each 675 

box is drawn at the median, white boxes indicate naïve males, and gray boxes indicate conditioned males. 676 

The Mann–Whitney U test was used for comparisons of CI. The permutation test with 10000 random 677 
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permutations was used for comparisons of MI among experimental conditions. *, P < 0.05; **, P < 0.01; 678 

***, P < 0.001; NS, not significant; N, sample size in each box. 679 

 680 

Figure 2.  Activity of Pdf neurons is required for LTM maintenance  681 
A–D, Temporal activation of Pdf neurons compensates for DD-dependent LTM impairment. Pdf-682 

GAL4/+, UAS-TrpA1/+, and Pdf-GAL4/UAS-TrpA1 males were used. For MI, asterisks indicate a 683 

comparison between F1 (GAL4/UAS) and GAL4 control flies, and hash marks indicate a statistical 684 

comparison between F1 and UAS control flies. A, All experiments were performed at PT. B, On d 2 and d 685 

3 after 7 h conditioning, flies were kept in DD. C, On d 2 and d 3 after 7 h conditioning, flies were kept at 686 

34 °C during the period between CT 0 and CT 8. D, On d 2 and d 3 after 7 h conditioning, flies were kept 687 

at 34 °C during the period between CT 12 and CT 20. E and F, UAS-Kir2.1/Pdf-GAL4; tub-GAL80ts/+ 688 

flies were used. UAS-Kir2.1/tub-GAL80ts flies were used as the control. E, All experiments were carried 689 

out at PT (25 °C). F, Flies were kept at RT (32 °C) for 48–72 h after 7 h conditioning. G-I, Confocal 690 

section images of whole brain and Pdf neurons. R61G12-LexA/ LexAop2-mCD8::GFP (G), 691 

R14F03/UAS-mCD8::GFP (H), and R61G12-LexA/LexAop-FLPL; UAS>STOP>Kir2.1::eGFP 692 

/R14F03 flies (I) were used. Scale bars represent 50 or 10 μm. Green, GFP; Magenta, Pdf. J, l-LNv-693 

specific silencing impairs LTM. R61G12-LexA/LexAop-FLPL; UAS>STOP>Kir2.1/R14F03 flies were 694 

used. For MI, asterisks indicate a comparison between l-LNv-silenced flies and the LexA/LexAop control 695 

(R61G12-LexA/LexAop-FLPL), and the hash mark indicates a comparison between l-LNv-silenced flies 696 

and the GAL4/UAS control (UAS>STOP>Kir2.1/R14F03). The permutation test was used 697 

(LexA/LexAop control vs. l-LNv-silenced flies, P = 0.0011 ; GAL4/UAS control vs. l-LNv-silenced flies, 698 

P = 0.0113). A–F and J, The Mann–Whitney U test was used for comparisons of CI. The permutation 699 

test with 10000 random permutations was used for comparisons of MI. *, P < 0.05; **, P < 0.01; ***, P < 700 

0.001; #, P < 0.05; ##, P < 0.01; NS, not significant; N, sample size in each box.  701 

 702 

Figure 3.  Pdf expression is essential for LTM maintenance 703 
A–F and H, Males were tested on d 1, d 2, or d 5 after 7 h conditioning. In the box-and-whisker plots, the 704 

white boxes indicate naïve males and the gray boxes indicate conditioned males. The Mann–Whitney U 705 

test was used for comparisons of CI. The permutation test with 10000 random permutations was used for 706 

comparisons of MI. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ##, P < 0.01; NS, not significant; N, sample 707 
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size in each box. A, All experiments were performed at PT (25 °C). B, Flies were kept at RT for 24 h 708 

before the end of conditioning. C, Flies were kept at RT for 48–72 h after 7 h conditioning. D, Flies were 709 

kept at RT for 24 h before the test. A–D, memory on d 5 in Pdf-GAL4 / UAS-Pdf RNAi; tub-GAL80ts/+ 710 

flies and control flies (Pdf-GAL4 /+; tub-GAL80ts/+). E, Memory on d 1 and d 2 in wild-type and 711 

Pdf
01

flies. For MI, asterisks indicate a comparison between wild-type (1d) and Pdf
01

(2d), hash marks 712 

indicate a statistical comparison between Pdf
01

(1d) and Pdf
01

(2d), and a plus sign indicate a statistical 713 

comparison between wild-type (2d) and Pdf
01

(2d). F, Memory on d 5 in UAS-Pdf / Pdf-GAL4; 714 

Pdf
01

/Pdf
01

 flies and control flies. G, Confocal section images at Pdf neuron level of the adult brain. 715 
Triangles, l-LNvs; arrows, s-LNvs. Scale bars represent 50 μm. UAS-mCherry::NLS/R18F07 flies were 716 

used. Magenta, mCherry::NLS; green, Pdf. H, Knockdown of Pdf in l-LNvs and/or s-LNvs using three 717 

GAL4 drivers (Pdf-GAL4, c929, and R18F07). For MI, asterisks indicate a comparison between F1 and 718 

GAL4 control flies, and hash marks indicate a statistical comparison between F1 and UAS control flies. 719 

The permutation test was used (UAS control vs. c929/UAS-Pdf RNAi, P = 0.0028; GAL4 control vs. 720 

c929/UAS-Pdf RNAi, P < 0.0001; UAS control vs. R18F07/UAS-Pdf RNAi, P = 0.0588; GAL4 control 721 

vs. R18F07/UAS-Pdf RNAi, P = 0.1536). 722 

 723 

Figure 4.  Real-time qRT-PCR analysis and quantitative analysis of Pdf immunoreactivity. 724 

A, Analysis of Pdf mRNA expression level. Pdf-GAL4 was used for the induction of Pdf RNAi. Mean ± 725 

SEM was calculated from five to six replicates. One-way ANOVA followed by post-hoc analysis using 726 

Scheffe’s test for multiple pairwise comparisons was used. *, P < 0.05; NS, not significant. B and C, 727 

Quantitative analysis of Pdf immunoreactivity in l-LNvs. Adult brains were dissected at ZT 9. In the box-728 

and-whisker plots, white boxes indicate Pdf-GAL4/+; tub-GAL80ts/+ flies and gray boxes indicate Pdf-729 

GAL4/ UAS-Pdf RNAi; tub-GAL80ts/+ flies. B, All experiments were carried out at PT (25 °C). N = 26 730 

for white box; N = 27 for gray box. Student’s t-test was used for statistical analysis. NS, not significant. 731 

C, Flies were kept at RT (30 °C) for 24 h. N = 50 for white box; N = 38 for gray box. The Mann–Whitney 732 

U test was used for statistical analysis. ***, P < 0.001.  733 

 734 

Figure 5.  Temporal expression of CrebB repressor in MB neurons  735 

A–C, The Mann–Whitney U test was used for comparisons of CI. The permutation test with 10000 736 

random permutations was used for comparisons of MI. For MI, asterisks indicate a comparison between 737 
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the UAS control and test groups. *, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, not significant; N, sample 738 

size in each box. All flies were raised at 25 °C. The temperature was shifted during two experimental 739 

periods. A, All experiments were performed at PT (25 °C). B, Flies were kept at RT (30 °C) for 10 h 740 

before the end of conditioning. C, Flies were kept at RT for 48–72 h after 7 h conditioning. D–F, Stacked 741 

confocal images of the adult brain. R41C10/ UAS-mCD8::GFP (D), R55D03/UAS-mCD8::GFP (E), and 742 

c305a/UAS-mCD8::RFP (F) flies were used. Scale bars represent 100 μm. 743 

 744 

Figure 6.  Light-dependent transcriptional activity of CrebB in MB α/β neurons 745 

A, Using UAS-FLP/hs-CrebB-B; CRE>mCherry::STOP>luc/R19B03 and UAS-FLP/+; 746 

CRE>mCherry::STOP>luc/R19B03 flies, we examined whether the induction of the CrebB repressor 747 

CrebB-B inhibits CrebB activity. CAI, CrebB activity index. N = 9–11 for each bar. In heat-shock 748 

treatment, males (3–4 d old) were kept at 32 °C for 3 d. Luc activity was measured immediately after the 749 

heat-shock treatment. Error bars indicate SEM. Nonparametric ANOVA (Kruskal–Wallis test) followed 750 

by post-hoc analysis using the Steel–Dwass test was carried out for multiple pairwise comparisons. Bars 751 

with the same letter indicate values that are not significantly different (P > 0.05). B, The CrebB activity in 752 

MB α/β or γ neurons was measured in LD or DD using MB α/β-GAL4 (R41C10) or MB γ-GAL4 753 

(R55D03). Samples were prepared between ZT 0 and ZT 2. N= 8–13 in each bar. Error bars indicate 754 

SEM. One-way ANOVA followed by post-hoc analysis using Scheffe’s test was used (One-way 755 

ANOVA, F(4, 50) = 31.697, P < 0.0001; Scheffe’s multiple comparisons, (1) vs. (2), P < 0.0001, (1) vs. (3), 756 

P = 0.0169, (1) vs. (4), P < 0.0001, (1) vs. (5), P < 0.0001, (2) vs. (3), P < 0.0001, (2) vs. (4), P = 0.9427, 757 

(2) vs. (5), P = 0.5709, (3) vs. (4), P = 0.0039, (3) vs. (5), P = 0.0075, (4) vs. (5), P = 0.9820). Bars with 758 

the same letter indicate values that are not significantly different (P > 0.05). C, Memory on d 5 in wild-759 

type and Pdfr5304 flies. The Mann–Whitney U test was used for comparisons of CI. The permutation test 760 

with 10000 random permutations was used for comparisons of MI. For MI, asterisks indicate a 761 
comparison between the UAS control and test groups. **, P < 0.01; ***, P < 0.001; NS, not significant; 762 

N, sample size in each box. D, UAS-FLP/R61G12-LexA; CRE>mCherry::STOP>luc LexAop-763 

TrpA1/R41C10 and UAS-FLP/R61G12-LexA; CRE>mCherry::STOP>luc /R41C10 flies were used. N = 764 

5–6 for each bar. For activation of Pdf neurons by TrpA1, males (3–5 d old) were kept at 32 °C for 2 d in 765 

DD. Error bars indicate SEM. Student’s t-test was used. **, P < 0.01. E and F, The conditioning-766 

dependent CrebB activity in MB α/β or γ neurons was measured immediately after 7 h conditioning (E) 767 
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and on d 1 (ZT 0–2) after 7 h conditioning (F). Student’s t-test was used. *, P < 0.05; **, P < 0.01; NS, 768 

not significant. N= 6–9 in each bar. G and H, The conditioning-dependent CrebB activity in MB α/β was 769 
measured at ZT 0–2 (G) and ZT 16–18 (H) on d 2 after 7 h conditioning. Student’s t-test was used. *, P < 770 

0.05; NS, not significant. N = 9–10 in each bar. 771 

 772 

Figure 7.  Possible model of light-dependent LTM maintenance 773 

Light-dependent transcription of CREB via Pdf/Pdf receptor signaling is essential for LTM maintenance. 774 

Light-dependent Pdf release may induce activation of Pdf receptor leading to cAMP production in MB 775 

α/β neurons. In addition, non-MB neurons with Pdf receptor may also contribute to cAMP production in 776 

MB α/β neurons.  777 
















