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We previously showed that memory formation of Drosophila olfactory avoidance can be inhibited by ubiquitous, post-training, inducible disruption of the circadian system. In this report, we limit intervention to the dorsal anterior lateral neurons, cells important for memory formation but not considered a part of the central clock. Post-training induction of “dominant negative” proteins or RNAi directed against either the clock or cycle genes in dorsal anterior lateral neurons disrupts 3-day memory. This experimental design minimizes indirect effects due to abnormal neuronal development, altered sensory processing at the time of training, effects of widespread ectopic expression of inhibiting proteins, and decreases the likelihood of “off-target” effects contributing to the disruption of memory. Induction prior to testing does not have any effect, likely ruling out an effect on retrieval. The transgene inductions mildly affect circadian locomotor rhythmicity and sleep but similarly to how these are affected in the parents of the progeny. Therefore, the effects on memory are very unlikely to be attributable to alterations in circadian locomotor activity or sleep. Paradoxically we also show that mutants in two of the circadian genes have normal 3-day memory. Thus, while global mutations in circadian genes do not impair memory formation, spatially and temporally restricted interventions in neurons do. We speculate that this discrepancy resembles a previously described developmental phenotype involving the central and a peripheral clock. In both contexts, systems-level compensation may allow events to occur independently of a functional circadian clock.
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Introduction

The identification of the core genes and molecules in the circadian clock stands as the greatest testimony to the insights and experimental strategy that Seymour Benzer and his laboratory initiated (Bonini, 2008). The subsequent demonstration of the phylogenetic conservation of these genes, the logic and the feedback molecular loops reinforces the far-sightedness of Benzer’s choice to use Drosophila as his organism and forward genetics as his experimental entry point into neurogenetics (Siwicki et al., 2018). Circadian rhythms are an “emergent” property of the ~240 neurons that constitute the central clock in the adult fly brain (Reinhard et al., 2024). These neurons are subdivided into different functional clusters each contributing specific “subfunctions” that integrate into, and comprise, circadian regulation of the rhythmic locomotor pattern exhibited across the daytime and nighttime. The different clusters are divided into the small and large lateral ventral neurons (sLNvs and l-LNvs), the lateral dorsal and posterior neurons (LNds and LPNs), and the dorsal DN1, DN2 and DN3 groups. Recent advances using single cell transcriptomic analyses, circuit mapping, synaptic connectome mapping and functional assays have further differentiated these clusters into subsets of cells and suggest at least 17 different functional subunits (Johard et al., 2009; Hermann et al., 2012; Hermann-Luibl et al., 2014; Schubert et al., 2017; Delventhal et al., 2019; Sekiguchi et al., 2020; Menagazzi et al., 2020; Shafer et al., 2022; Le et al., 2024; Reinhard et al., 2024; Ehrlich et al., 2024). For example, the 5th s-LNv is now thought to function more similarly to one of the LNd neurons and together they comprise a functional subunit (Johard et al., 2009; Hermann-Luibl et al., 2014; Schubert et al., 2017; Menagazzi et al., 2020; Sekiguchi et al., 2020; Shafer et al., 2022; Le et al., 2024). Continued experimental analyses will be needed to further understand the expression and functional distinctions of specific subgroups of cells within one cluster, and to understand how the clusters communicate with each other, their “hierarchical relationships” as well as downstream, output signaling from the clock.

Many of the physiological processes that are under circadian control are directly regulated by peripheral clocks (Hardin et al., 2003; Ito and Tomioka, 2016; Sehgal, 2016; Di Cara and King-Jones, 2016; Selcho et al., 2017; Mark et al., 2021; Wegener et al., 2024; Yildirim et al., 2022). Peripheral clocks take the central timekeeping information (based mostly on the light:dark cycle) and modify it to provide “time-of-day” peaks and valleys to different physiological processes in the relevant cells/tissues. In mammals, most if not all cells contain the full complement of circadian molecules. Thus, most cells and tissues are believed to be capable of functioning as peripheral clocks. In flies, the distribution of the suite of circadian molecules is more limited. Numerous peripheral clocks have been discovered, but their functional relationship to the central clock varies, ranging from total subservience to being semi-or completely autonomous.

Another major contribution of Benzer’s laboratory was pioneering the genetic approach to the study of learning and memory formation. The initial discoveries of cyclic adenosine monophosphate (cAMP) and its metabolism as core components of the “memory machine” paralleled work in Aplysia (Alberini, 1999). cAMP-responsive signaling and gene expression continue to be an active area of investigation, contributing new findings to synaptic plasticity, associativity, allocation of neurons into memory engrams, and memory formation (Lee, 2015; Rashid et al., 2016; Havekes and Abel, 2017; Huang et al., 2025). Fittingly, the intersection of these two important neurobiological processes (circadian biology and memory formation) is a newer frontier topic of research. Circadian rhythms have been shown to affect learning and memory formation in mammals and invertebrates, but the details and mechanisms remain unclear (Fernandez et al., 2003; Lyons et al., 2005; Lyons and Roman, 2008; Eckel-Mahan et al., 2008; Gerstner et al., 2009; Gerstner and Yin, 2010; Phan et al., 2011; Lubinski and Page, 2016; Xia and Storm, 2017; Price et al., 2016; Rawashdeh et al., 2018; Snider et al., 2018). In Drosophila, this dependency has been demonstrated using two different paradigms for long-term memory, the learned suppression of male courtship and olfactory avoidance (Sakai et al., 2004; Lyons and Roman, 2008; Gerstner et al., 2011; Fropf et al., 2014; Fropf et al., 2018; Inami et al., 2020; Inami et al., 2021; Inami et al., 2022; Yin et al., 2023). For both behaviors, the necessity of circadian molecules is clear but detailed molecular mechanisms are largely unknown. In courtship suppression, this requirement involves cells that are part of the central clock (Suzuki et al., 2022).

In this report, we show that some circadian genes are needed in the dorsal anterior lateral (DAL) neurons, a pair of cells previously shown to be required for memory of olfactory avoidance, but which are not thought to be part of the canonical central clock (Chen et al., 2012; Lin et al., 2021). Intriguingly, we show that (ubiquitous) loss-of-function mutations in some of the core clock genes do not seem to affect 3-day (3d) memory, while acute, inducible disruption of clock genes in only the DAL neurons does affect consolidation. We speculate that, in mutants, systems-level compensatory mechanisms within the central clock cells or its interactions with other neurons involved in the memory circuit may substitute for the timekeeping functions normally provided by an intact circadian clock.



Materials and methods


Flies

All the flies used have been validated and published previously. For the reporter experiments, the G0388-or G0431-Gal4 driver lines (which are both expressed in DAL neurons) are combined with the two other transgenes (period-promoter-FRT-luciferase and 20xUAS-FLP) that comprise the LABL system (Chen et al., 2012; Lin et al., 2021; Johnstone et al., 2022). For olfactory behavior, circadian and sleep experiments, progeny from a cross between one parent homozygous for two different transgenes and a second parent homozygous for a third transgene are used. The DAL specific driver line (G0431) is combined with the tubulinP-Gal80ts transgene in the doubly transgenic parent (w1118; G0431-Gal4; tubulinP-GAL80ts). For the rest of this report, this genotype will be shortened to G0431; tubulinP-Gal80ts. The other parent is one of: [w1118; +/+; UAS-clkΔ (Tanoue et al., 2004)], [w1118; UAS-cycΔ; +/+ (Tanoue et al., 2004)], [w1118; UAS-clkRNAi; +/+ (VDRC 107576)] or [w1118; UAS-cycRNAi; +/+ (VDRC 110455)]. These four genotypes will be shortened to: UAS-clkΔ, UAS-cycΔ, UAS-clkRNAi and UAS-cycRNAi. The tubulinP-Gal80ts transgene makes the Gal80ts protein ubiquitously. In the progeny flies that contain all three transgenes, at low temperature (20°C) the Gal80ts protein is active and represses Gal4 from acting. At the restrictive temperature (29°C), the Gal80ts protein is inactive and Gal4 becomes active. For assays of circadian locomotor activity and sleep, the parents and progeny from two of the crosses (those involving UAS-clkΔ or UAS-cycΔ) are used. The UAS-cycΔ and UAS-clkΔ flies are from P. Hardin, although the UAS-clkΔ stock is available through BDSC (#36319). The cyco, timo stocks along with their isogenic wild-type control flies are from A. Sehgal. The G0388 and G0431-Gal4 driver lines and the doubly transgenic parent (G0431; tubulinP-GAL80ts) is from T. Tully.



LABL reporter assay

Flies of the correct genotype (with the DAL-specific Gal4 driver lines [either G0388 or G0431], the LABL transgenic reporter and the UAS-FLP transgene) are assayed and analyzed as described previously (Johnstone et al., 2022).



Olfactory avoidance behavior

Behavioral training is done as described previously with a few modifications to the induction conditions (Yin et al., 2023). Young flies (roughly 1 week of age) are used for behavior. Flies are collected and kept in groups of 100–150 individuals/vial and entrained to a 12-h lights on: 12-h lights off schedule at 20°C for 3d prior to training. Training starts between ZT = 14 and ZT = 16, and flies are returned to their dark period and kept at 20°C until testing. Testing always occurs around ZT = 16 to ZT = 18. For flies that undergo heat-shock induction, vials are shifted to incubators at 29°C under the same light:dark regimen.

Flies are trained in the olfactory avoidance-training paradigm developed by Tully and Quinn and modified to allow for automated training sessions (Tully and Quinn, 1985; Tully et al., 1994). A single-cycle of training consists of 90 s exposure to ambient air; 60 s of electric shock [the unconditioned stimulus which consists of 70 V pulses lasting 1.5 s and administered every 5 s (12 total)] accompanied by simultaneous exposure to 1 odor (the conditioned stimulus, CS+); 45 s of ambient air exposure to clear the first odor; 60 s of exposure to the second odor with no shock (the CS-condition), 45 s of ambient air to clear the second odor. This single training trial takes about 2.6 min. Spaced training consists of 10 single cycles separated by 15-min rest intervals. This training requires about 2 h 50 min of time. The odors that are used are 3-octanol and 4-methylcyclohexanol carried on an airstream.

Testing is done by placing flies in a choice point and giving them 2 min to decide between the CS + and CS-stimuli. The performance index = [the number of flies making the correct choice]−[the number of flies making the incorrect choice]/total number of flies, multiplied by 100. To avoid odor-avoidance biases, we calculate the performance index of every single N by taking an average performance of two groups of flies, one trained with 3-octanol as CS+, and the other with 4-methylcyclohexanol as the CS+. Flies were trained in a balanced manner, such that the sequence of shock-paired odors alternates, as well as the assignment of left vs. right arm at the choice point during testing. Data is presented as the standard error of the mean, and the Student’s T-test was used to evaluate statistical significance in pairwise comparisons.



Circadian locomotor activity

Locomotor activity is measured as described previously using both parents and progeny from the behavioral crosses involving G0431; tubulinP-Gal80ts and UAS-clkΔ or UAS-cycΔ flies. Young flies (about 1-2-days post-eclosion) are entrained on a 12:12 light–dark cycle for 2 days before being loaded into the Drosophila Activity Monitor (DAM) System. The flies are allowed to recover for 2 days under the same light–dark cycle, at 20°C, shifted to constant darkness for 2 days, and then shifted to 29°C heat-shock until the end of the experiment. The SleepMat program is used to analyze periodicity and to generate the periodogram, and a custom program described previously is used to analyze and plot circadian locomotor activity (Sisobhan et al., 2022; Yin et al., 2023).



Sleep

Sleep is measured as described previously using both parents and progeny from the behavioral crosses involving G0431; tubulinP-Gal80ts and UAS-clkΔ or UAS-cycΔ flies. Young flies (about 1-2-days post-eclosion) are entrained on a 12:12 light–dark cycle for 2 days at 20°C before being loaded into the DAM System. The flies are allowed to recover under the same light–dark cycle and temperature for 2 days, followed by a shift to 29°C starting at ZT 23 on day 3 until the end of the experiment. A custom program described previous is used to analyze and plot sleep figure (Yin et al., 2023).




Results


A period-promoter based reporter cycles in DAL neurons

Previously we showed that ubiquitous, post-training, inducible disruption of the circadian system interferes with 3-day (3d) memory formation (Yin et al., 2023). Chen et al. inferred that the circadian genes are expressed in the dorsal-anterior lateral (DAL) neurons, a pair of neurons located outside of the canonical central clock network, and showed that DAL neurons are important for 1d memory (Chen et al., 2012). Subsequent single-cell transcriptomic work shows that the circadian genes cycle, pdp1 and cry are likely expressed in the DAL neurons (Crocker et al., 2016; Supplemental Table 6, #287, #676 and #712). In this report we ask whether the circadian genes in those neurons are important for 3d memory.

Initially we use the LABL reporter system to ask if there is detectable oscillatory transcriptional activity in DAL neurons (Johnstone et al., 2022). Reporter activity is an indirect measure for CLK and CYC activity since the LABL reporter contains a minimal period promoter that results in oscillatory activity if CLK and CYC bind to a consensus E-box sequence (Bargiello et al., 1987). Figure 1A cartoons the necessary components in this system, and we test it in DAL using the G0388 or G0431 Gal4 driver lines (Chen et al., 2012).
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FIGURE 1
 The LABL reporter oscillates in DAL neurons and circadian mutants have normal 3-day memory. (A) The LABL reporter system. Cartoon of three transgenes (shown as line cartoons) that are present in the same fly. The first transgene expresses the transcription factor Gal4 in a DAL-specific anatomical pattern. The Gal4 protein acts on UAS sequences to make the FLP recombinase (second line cartoon). The third transgene contains a fragment from the period promoter (perP) and a FLP-out cassette (triangles flanking mCherry, followed by stop codons in all reading frames) upstream of the coding region for luciferase (missing its ATG start codon). The black arrow signifies the start of transcription and translation. In the presence of FLP, recombination at the FRT sites results in deletion of one FRT site and the intervening sequences, including the translation termination codons (fourth line cartoon). (B) FLP expression in DAL neurons results in oscillating reporter activity. When the LABL system is driven using the DAL-specific Gal4 lines (G0388 [left plot in orange] or G0431 [right plot in magenta]), transcriptional activity oscillates. Luminescence (in arbitrary units) is plotted as a function of time. Daytime and nighttime periods are shown in light and dark gray and the vertical black lines indicate a 24-h period. The best fit maxima and minima for each 24-h period are shown with circles. (C) LABL oscillates with an approximate 24-h periodicity in DAL neurons. Data from the LABL experiments (n = 4) is analyzed as before (Johnstone et al., 2022). Morlet wave analysis for the entire 9 days shows that the periodicity of both reporters is about 24 h. Confidence intervals are shown in shades of color and indicated above the figure. The violin plots indicate the spread of all the data points. (D) Mutations in tim and cyc do not significantly affect 3d memory. The 3d performance indices for wild-type (iso31) and mutant stocks are plotted as a function of genotype. There is no significant difference in either mutant when compared to its wild type control.


Figure 1B shows reporter activity when FLP is expressed in DAL neurons. Luminescence (in arbitrary units) is plotted as a function of time for the G0388- (left side plot in orange) and G0431-driven (right side plot in purple) reporters, with the subjective day (light gray) and subjective night (dark gray) periods indicated. The closed circles represent the best fits for maxima and minima of the oscillating activity each day. Although the amplitudes are low, both G0388-and G0431-driven reporter activities oscillate. Morlet wavelet analysis (Figure 1C) indicates that the periodicity of the oscillations cluster around 24 h for all confidence intervals, consistent with circadian-regulated transcription. The violin plots to the right of each Morlet wavelet analysis show that the periodicities across the entire 9d interval cluster around 24 h for reporters activated using both drivers. Since CLK/CYC heterodimers are major contributors to oscillating transcription from the period promoter, they are likely to be expressed and active in DAL neurons, confirming findings from prior work (Bargiello et al., 1987; Chen et al., 2012; Crocker et al., 2016). Crocker et al. reported detecting the expression of the circadian genes cyc, pdp1 and cry in DAL neurons using a scRNA sequencing approach (Crocker et al., 2016).



Post-training, induced disruption of clk or cyc in DAL neurons disrupts 3d memory

Since CLK and CYC are likely to be expressed in DAL neurons and to function together to contribute to rhythmic LABL activity (Figures 1B,C), we inducibly disrupt them in DAL neurons to ask about the possible requirement for circadian genes in memory formation. The G0431-Gal4 driver is combined with the ubiquitously expressed tubulinP-Gal80ts transgene to test four different target UAS-transgenes in triply transgenic flies. At low temperature (20°C), the Gal80ts protein binds Gal4 and prevents expression from the UAS transgene. At the non-permissive temperature (29°C), the Gal80ts protein becomes inactive and Gal4 activates transcription from the UAS target transgene. The four different UAS-transgenes make truncated, “dominant negative” versions of CYC or CLK (CYCΔ or CLKΔ), or RNAi directed against each respective gene. All parental stocks or triply transgenic (progeny) flies are trained with 10 cycles of spaced training, induced or not beginning 6–24 h after the end of training, and tested for 3d memory. Figure 2 shows the results when we test the effects of post-training, inducible disruption on 3d memory.
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FIGURE 2
 Post-training induction of genes that disrupt cyc and clk affects 3d memory. The Performance Index (PI) of flies is plotted as a function of genotype and treatment. The PIs of five different parental stocks are shown using blue bars, while the PIs of progeny from pairwise crosses are depicted with red bars. One parent in each cross is G0431; tubulinP-GAL80ts. The other parent in each cross is UAS-cycΔ (P. Hardin), UAS-clkΔ (Bloomington #36319), UAS-cycRNAi (VDRC #110455), or UAS-clkRNAi (VDRC #107576). The genotypes are indicated in the tabular part of the Figure. Heat-shock induction is shown with a +, and the resulting PIs are shown in striped-blue or striped-red bars, while PIs from uninduced flies are shown in solid-colored bars. The cartoon below the table indicates the timeline of the experiment. Each vertical line indicates a 24-h interval, and the training is indicated with a green arrow, while testing is shown with a blue arrow. The red lines show when heat-shock is delivered, and the row of the table with colored + signs indicate the three different times when heat-shock is started relative to the end of training (two experimental timepoints, and one control timepoint for the retrieval experiment). Error bars indicate SEM. Significant pairwise comparisons are indicated. ** p < 0.01, *** p < 0.001, T-test. N = 8 for all experiments. All other pairwise comparisons are not significantly different.


Although baseline performance varies among the different stocks, induction in any of the parental lines has no effect on 3d memory (compare the 4 leftmost pairs of blue and blue-striped bars). However, triply transgenic flies (red and red-striped bars) exhibit deficits in 3d memory upon induction. The magnitude of the impairment is nearly identical whether the induced product is a dominant negative CYCΔ or CLKΔ protein, or an RNAi molecule targeted against the cyc or clk gene. Induction of the CYCΔ encoding transgene 3 h prior to behavioral testing (rightmost pair of bars) does not affect performance, showing that the CYCΔ protein is not likely to affect retrieval. Taken collectively it is very likely that post-training disruption of cyc or clk in DAL neurons disrupts 3d memory.



The cyco or timo mutants show normal 3d memory

Chen et al. previously showed that “classical” circadian mutants in Drosophila (other than period) do not affect 1-day (1d) memory of olfactory avoidance behavior (Chen et al., 2012). Sakai et al. reported identical results using the suppression of male courtship behavior testing at a later timepoint (Inami et al., 2021; Inami et al., 2022). Since we show inducible disruption of cyc or clk affects 3d memory (Figure 2), we test two widely studied mutants (timo and cyco) for their possible effects on 3d memory (see Figure 1D). The mutants and their isogenic wild-type control stocks were entrained to a 12:12 light:dark schedule for 3 days and then trained with 10 cycles of spaced training beginning about ZT16 under dim red lighting. Following training flies are returned to their pre-training light:dark cycle and tested for 3d memory. The solid bars represent the performance of the wild type controls, while the hatched bars show the results for the mutants. Under these conditions we do not detect any significant differences in 3d memory between mutants and wild-type flies.



Inducible disruptions of clk or cyc modestly affect circadian locomotor activity and sleep but are probably not responsible for behavioral deficits

Mechanistically, how is our inducible intervention affecting memory consolidation? To assess the possible effects of induction on circadian rhythmicity (Figure 3), we use the DAM to measure locomotor activity from the two different crosses ([G0431; tubulinP-GAL80ts x UAS-cycΔ] and [G0431; tubulinP-GAL80ts x UAS-clkΔ]) that are used for behavior. Flies are entrained to a 12:12 light:dark cycle for two days, shifted to constant darkness for two days, and then maintained in darkness but shifted to 29°C to induce the heat-shock transgenes. Locomotor activity is recorded and analyzed over the following three full days. Rhythmicity is tested using a previously published method, and the resulting periodogram is presented in Figure 3A (Sisobhan et al., 2022). The quantitative analysis is shown in Tabular form at the bottom of Figure 3A. Five different groups are evaluated (the G0431; tubulin-Gal80ts parent, the UAS-cycΔ parent, the UAS-clkΔ parent, and the two progeny from the crosses). Because the two UAS parents behave identically, they are grouped together in the periodogram at the top of Figure 3A and represented using a blue trace. Similarly, the two progeny are nearly identical and grouped together and represented using a green trace. The G0431-Gal4; tubulin-Gal80ts parent is represented using a red trace. The frequency of different periods is plotted as a function of period length. Induction does not substantially alter the periodicity of any of the groups including the progeny which are the only groups that disrupt memory upon induction.
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FIGURE 3
 Effect of heat-shock induction on circadian locomotor activity. (A) Both parents and progeny exhibit mainly 24-h periodicity in locomotor activity after heat-shock. Male parents and progeny from two matings (G0431; tubulinP-GAL80ts x UAS-cycΔ or G0431; tubulinP-GAL80ts x UAS-clkΔ) were collected, placed in DAM tubes in a 20°C incubator, and entrained to light:dark cycles (12:12) for three days. The incubator is shifted to constant darkness for two days, then shifted to 29°C. Fly locomotor activity is monitored across the entire duration. The Periodogram data is based on the average number of beam breaks binned hourly across three days of time in constant darkness and at high temperature. The frequency of periodicity is plotted as a function of period length (in hours). Different colored lines represent the various genotypes: red for G0431; tubulinP-GAL80ts, blue for UAS-cycΔ and UAS clkΔ (which are nearly identical and thus grouped together) and green for the progeny of both crosses (which were nearly identical and thus grouped together). Quantitation of the activity is presented in the Table below the Periodogram. The different genotypes and their color codes used in the Periodogram are indicated, as is the N = size, the calculated average periodicity, and the standard error of the mean for each group. Pairwise comparisons do not show any significant differences. (B) The architecture and relative levels of locomotor activity in the parents and progeny from the two crosses. The average locomotor activity is plotted as a function of experimental time, with 0 representing the onset of the shift from 20°C to 29°C. Negative and positive numbers indicate the time (in hours) relative to the 20°C to 29°C shift in temperature. The green trace (progeny from both crosses grouped together) is close to the average value for the two parents (red and blue traces).


Figure 3B shows the locomotor activity profiles for the same three groups (UAS parents, G0431; tubulin-Gal80ts parent, and the progeny) plotted as a function of time across the experiment. The origin of the x-axis indicates when heat-shock induction (20°C to 29°C) begins and the negative and positive numbers denote the hours prior to, and after, induction. Locomotor activity of the progeny flies (green trace) appears as an arithmetic average of that of their parents (red and blue traces) and all flies maintain a similar general pattern of rhythmicity. In comparing the activity pre-and post-induction, both the parents (no memory deficits) and progeny (memory deficit) exhibit a subtle shift after induction (Figure 3B). They display a broadly distributed single peak during the subjective daytime period of constant darkness (−36 to −24 and −12 to 0 h prior to induction) and a much sharper and centered doublet activity peak post-induction (+24, +48). Since this change is not exclusive to the progeny of the crosses, this change is unlikely to contribute to the memory problems in those groups. ANOVA tests of the average periodicity for all genotypes also shows no significant statistical differences between groups, reinforcing the view that the subtle changes to circadian locomotor activity are unlikely to contribute to the memory deficits.

It is generally accepted that sleep is important for memory consolidation. Are our behavioral deficits in 3d memory attributable to disruptions to sleep? To investigate this, we use the DAM system to assess both steady-state and post-induction sleep profiles of the parents and progeny from the same crosses that are used for behavior. In Figure 4, we show the average sleep profiles across two days both prior to and after induction for the parents and progeny of one of the crosses. Panels A and B show the average sleep per hour for the G0431; tubulin-Gal80ts and UAS-cycΔ parents. Panel C shows the sleep profile for the progeny from this cross. Analysis of the total sleep during the day and nighttime suggests that the values for the progeny are the average of the values for the two parents regardless of whether the flies are induced or not. This averaging is most apparent when the “theoretical” (arithmetic average, Panel D) of the parents is compared to the actual data of the biological cross (the progeny, Panel C). The same result is true for the other cross as well (see Supplementary Figure 1). The detailed analyses of sleep for all five groups are presented in Supplementary Figure 2. We also show the kinetics of the effects of induction on sleep levels and on the architecture of sleep in the progeny from both crosses (grouped together, see Supplementary Figure 3). In general, heat-shock induction increases the amount of daytime sleep and the average length of daytime bouts, which are consistent with a more consolidated sleep state. Part of this effect is attributable to heat-shock itself increasing sleep (Lenz et al., 2015). However, the average number of daytime bouts also increases, and this pattern is usually associated with poorer quality of sleep. The effects of heat-shock on nighttime sleep all trend in the direction of less sleep consolidation—decreases in total amounts, with increases in bout number and decreases in bout lengths. However, like the effects of induction on circadian rhythms, the changes in sleep in the behaviorally relevant (progeny) flies are very close to an arithmetic average of the effects of induction on the parents. The presumed induced protein(s) do not appear to appreciably alter either circadian locomotor activity or sleep patterns more than what heat-shock induction itself does in the parents. Thus, it seems quite unlikely that any of the circadian locomotor-activity or sleep-related changes are contributing to the behavioral deficits.
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FIGURE 4
 The sleep profile of parents and progeny exposed (or not) to heat-shock. (A) Male parents and progeny from a mating (G0431; tubulinP-GAL80ts x UAS-cycΔ) are collected, placed in DAM tubes in two separate 20°C incubators, and entrained to light:dark cycles (12:12) for three days. One incubator is shifted to high temperature (29°C) at ZT0, while the other remains at 20°C for multiple days. Locomotor activity is measured for the entire duration of the experiment, and sleep is calculated using a 5-min bin of inactivity as the criteria for sleep. The total amount of sleep is plotted as a function of time and genotype. The average duration of sleep (for 48-h prior to, and after induction) is shown for the two parents (A,B) and the progeny (C). Flies that do not experience heat-shock are plotted in blue, while flies that undergo induction are shown in red. D shows the theoretical values if the actual sleep data from the parents (A,B) are averaged. For the G0431; tubulin-GAL80ts parent, N = 54, for UAS-cycΔ, N = 64, and for the progeny N = 64.





Discussion

In this report we show that post-training disruption of clk or cyc using the G0431 driver disrupts 3d memory. Since the G0431 driver is quite specific (but not exclusive) to DAL neurons, we cannot positively state that our disruptions only occur there (Chen et al., 2012). However, it is very unlikely that G0431 drives substantial gene expression in central clock neurons or in other major neuronal clusters. Behaviorally, our interventions are limited to a time window during consolidation, beginning 6-24 h after the end of training. The timing of induction ensures that our manipulations do not affect processing of sensory information during training or short-term memory formation. Since induction of the uncrossed parents (used to derive the multi-transgenic progeny that we use) do not have any effects on memory formation, disruption requires the presence of all 3 transgenes that reside in the progeny of each cross and is not an effect of the inducing treatment alone (heat-shock). We see identical effects whether we express “dominant-negative” forms of CYC or CLK or use RNAi to “knock-down” either of the genes. Thus, it is unlikely that our results are due to “off-target” effects of the disrupting molecules, nor to overexpression of either RNA or protein itself. Acute induction immediately before testing does not affect 3d memory, suggesting that the disruptions are affecting consolidation itself and not retrieval. Taken collectively, these experiments suggest an important role for circadian genes in DAL neurons to support 3d memory. We suggest that CYC and CLK are likely to be present in DAL neurons because of oscillatory E-box activity measured using the LABL system. However, we do not directly show that our transgenic manipulations affect LABL activity in DAL neurons.

Classic mutations in tim or cyc do not affect 3d memory. How can a global disruption of circadian molecules have less effect than a more anatomically limited one? We showed previously that post-training, ubiquitously induced vri or clkjrk disrupt 3d memory (Yin et al., 2023). We hypothesize that some type of systems compensation can occur in mutants to allow memory formation to occur “normally.” When the circadian system is inducibly challenged we hypothesize that there is not sufficient time from the onset of the effects of induction to the first critical window when circadian rhythmicity is needed for memory consolidation. This brevity prevents compensatory mechanisms from intervening. In this report we further limit our induction to DAL neurons.

Circadian mutants (pero, timo, clk, cyco) have minimal effect on development, but local knock downs in the prothoracic gland (PG) are lethal (Di Cara and King-Jones, 2016). The PG is a “peripheral clock” which receives multiple signals (PTTH, insulin-like peptides, transforming growth factor β/activin, hedgehog, JEB/ALK and PVF) from different cells during development (Di Cara and King-Jones, 2016; Kannangara et al., 2020; Pan and O’Connor, 2021; Cavieres-Lepe et al., 2024). The PG integrates these signals and synthesizes the steroid hormone ecdysone which is required for timing larval molts and eclosion of flies from pupal cases. The synthesis and timed secretion of ecdysone is under circadian control and integration of the different input information occurs in the PG. A plausible “systems-level” hypothesis is that desynchronization of the central and peripheral clocks is detrimental, but lack of circadian molecules everywhere can be overcome. This result resembles recent work in mice where removing circadian molecules in a peripheral tissue results in desynchronization and toxicity, but loss of clock molecules in both central and peripheral clocks is not (Woodie et al., 2024).

We speculate that the DAL neurons function similarly in the adult brain, serving as a “brain-specific peripheral clock” for synchronizing circadian and behavior-specific events. We do not provide any direct evidence that DAL neurons are outside of the cell clusters in the canonical central clock. Chen et al. provided GRASP evidence that DAL synapses with neurons in the α/β lobes of the mushroom body. However, recent work under review suggests that the sLNv can synapse with mushroom body neurons as well, suggesting that core clock neurons can connect with those neurons (Ehrlich et al., under review). Future detailed experiments will be needed to further demonstrate that DAL neurons are independent from the central clock cells. Regardless of the final resolution to this issue, we hypothesize that DAL functions like a peripheral clock. It is now apparent that there is a significant amount of “plasticity” built into the circadian system, and this plasticity could be partly responsible for compensation (Schlichting et al., 2019a; Schlichting et al., 2019b). For example, different ratios of light and dark across the 24 h period can alter the hierarchy of cells in the central clock resulting in behavioral plasticity. Since light is the strongest zeitgeber in many organisms including insects, it is plausible that our entrainment of flies prior to behavioral training and our maintaining them on LD cycles after training is important for compensation. These experimental conditions could provide “timekeeping” information even in the absence of certain clock molecules (for example in mutants). Intriguingly mutants in period disrupt memory formation of both olfactory avoidance and courtship suppression, contrasting sharply with the lack of effect of all the other classic circadian mutants (tim, clk, cyc) that have been tested (Sakai et al., 2004; Chen et al., 2012). This exception hints strongly that the PER protein is necessary for compensation.

Our analyses show that inducibly disrupting cyc or clk in DAL has modest effects on circadian locomotor activity, and some effects on sleep. The architecture of locomotor activity across the day/night is mildly affected in its timing of peak activity but retains a rhythmicity of about 24 h. The effects on sleep in the progeny of crosses are mixed, since daytime sleep is increased but nighttime sleep is decreased. For both circadian rhythms and sleep, the effects of induction on the progeny are arithmetic sums of the effects of induction on the parents. Since only the progeny show induction-dependent effects on memory, it is most likely that the induction-dependent effects on circadian locomotor rhythmicity and sleep are not responsible for the deficits in memory.

If disrupting the clock molecules in DAL do not affect circadian locomotor rhythms and sleep, how do we think the memory deficits occur? We hypothesize that the circadian genes regulate the timing of some important aspects of memory consolidation. Synaptic connectivity and/or peptidergic signaling between DAL and the mushroom body neurons (where the “memory information” is likely processed and stored) could facilitate “time-of-day” information, time stamping, and/or oscillating bursts of protein synthesis (Chen et al., 2012; Noya et al., 2019; Bruning et al., 2019; Ehrlich et al., under review). Further experimentation will be needed to clarify these roles but our results suggest that circadian molecules contribute to the timing of important events required during memory formation and its consolidation and that this occurs outside of the central clock.
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