
  Page 1 of 11 

 
Alcohol tolerance encoding in sleep regulatory circadian neurons in Drosophila 
Anthony P. Lange1* and Fred W. Wolf1,2^ 
 

1 Quantitative and Systems Biology Graduate Program, University of California, Merced, CA 95343 
2 Department of Molecular and Cell Biology, University of California, Merced, CA 95343 
* Current address: Department of Neuroscience and Pharmacology, University of Iowa, Iowa City, Iowa 52242 
^ Correspondence: fwolf@ucmerced.edu 
 
Abstract 
Alcohol tolerance is a simple form of behavioral and neural plasticity that occurs with the first drink. Neural plasticity 
in tolerance is likely a substrate for longer term adaptations that can lead to alcohol use disorder. Drosophila 
develop tolerance with characteristics similar to vertebrates, and it is useful model for determining the molecular and 
circuit encoding mechanisms in detail. Rapid tolerance, measured after the first alcohol exposure is completely 
metabolized, is localized to specific brain regions that are not interconnected in an obvious way. We used a forward 
neuroanatomical screen to identify three new neural sites for rapid tolerance encoding. One of these was comprised 
of two groups of neurons, the DN1a and DN1p glutamatergic neurons, that are part of the Drosophila circadian 
clock. We localized rapid tolerance to the two DN1a neurons that regulate arousal by light at night, temperature-
dependent sleep timing, and night-time sleep. Two clock neurons that regulate evening activity, LNd6 and the 5th 
LNv, are postsynaptic to the DN1as and they promote rapid tolerance via the metabotropic glutamate receptor. 
Thus, rapid tolerance to alcohol overlaps with sleep regulatory neural circuitry, suggesting a mechanistic link. 
 
 
Introduction 
Alcohol Use Disorder (AUD) is a progressive, chronic, 
and recurring brain disease that causes extraordinarily 
long-term changes to brain function. Multiple forms of 
behavioral adaptations to ethanol, the active ingredient 
in alcohol, occur that are mostly defined operationally. 
Determining their relative importance for AUDs and their 
interconnectedness will help determine the longitudinal 
and spatial pathways in addiction. Longer term forms of 
adaption to ethanol likely build on simpler early forms. 
Early adaptations are amenable to complete molecular 
and neural circuit definition. 
 
Ethanol tolerance is a simple and early adaptation that is 
defined as the acquired resistance to the 
pharmacological effects of the drug; tolerance can 
facilitate increased intake. Tolerance is classically 
divided into three forms: acute (acquired within a 
drinking session), rapid (expressed after the first drink is 
completely metabolized), and chronic (Fadda and 
Rossetti, 1998). The fly Drosophila exhibits all three 
forms of tolerance (Scholz et al., 2000; Berger et al., 
2004). Rapid tolerance is currently the best 
characterized form in Drosophila (Figure 1A). An acute 
just sedating dose of ethanol results in tolerance to its 
inebriating and sedating properties, sensitization to its 
locomotor activating properties, and it primes flies for 
developing ethanol preference (Figure 1B) (Scholz et al., 
2000; Kong et al., 2010a; Peru Y Colón de Portugal et al., 
2014). Molecular parallels to early forms of ethanol-
induced neural plasticity in mammals exist (Cowmeadow 
et al., 2005; Morozova et al., 2006; Kong et al., 2010a; 
Sakharkar et al., 2012; Ghezzi et al., 2013b; Engel et al., 
2016; Berkel and Pandey, 2017; Ranson et al., 2020).  
 

Defining the neural circuit that encodes rapid ethanol 
tolerance is essential for understanding the mechanisms 
and contexts of ethanol action. Current anatomical 
localization of rapid tolerance includes the α/β lobes of 
the mushroom bodies, the ellipsoid body, the perineurial 
glia, and some other less well-defined sites (Ghezzi et al., 
2013a; Engel et al., 2016; Park et al., 2017; Ruppert et 
al., 2017; Parkhurst et al., 2018; Kang et al., 2020) 
(Figure 1C). These anatomical sites provide some insight 
into the nature of ethanol tolerance, based on their 
characterization in other behaviors. For example, the 
mushroom bodies are a major site of learning and 
memory in Drosophila (Modi et al., 2020). The mushroom 
bodies play multiple roles in ethanol behaviors including 
the coding of preference and reward learning, 
consolidation, and retrieval (Kaun et al., 2011; Xu et al., 
2012). The ellipsoid body is a compass for flight and 
locomotor navigation, and it also functions in sleep and 
arousal state (Seelig and Jayaraman, 2015; Andreani et 
al., 2022). The perineurial glia form the interface between 
the brain and the circulatory system; their role in brain 
physiology is less well understood. These early attempts 
at building a tolerance circuit were largely limited to well-
studied neuropils in the fly brain, whereas 80-90% of 
neurons in the fly brain are not in these neuropils. 
 
Advances in genetic targeting of individual neurons in the 
fly brain, coupled with the advent of complete brain 
connectomics, promises to make the whole tolerance 
circuit available for characterization (Luan et al., 2020; 
Galili et al., 2022). However, there exists no short path 
connectivity between the brain regions known to 
function in rapid tolerance, and it is not known how 
tolerance information flows in and out of the defined 
neurons. For example, output from the mushroom body 
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intrinsic neurons is via the mushroom body output 
neurons (MBONs) (Rubin 2014). A subset of MBONs 
synapse onto fan-shaped body neurons, that are in turn 
synaptically connected to ellipsoid body neurons 
(Jayaraman 2021). There are other paths that tolerance 
information could take between these brain structures, 
and the direction of information flow is not known. 
Alternatively, the currently known tolerance brain regions 
could parallel process separable aspects of tolerance. 
Finding additional tolerance circuitry can help us build 
better models of tolerance encoding. 
 
We performed a functional anatomical screen for new 
rapid tolerance neurons in the Drosophila brain. We 
characterized one of three new sites, uncovering a role 
for the glutamatergic DN1a circadian clock neurons. The 
DN1a neurons regulate the timing and quality of evening 
sleep in relation to environmental inputs, and they 
promote rapid ethanol tolerance development. 
Additional clock neurons that control evening behavior 
are postsynaptic to the DN1as and are required for rapid 
ethanol tolerance development. Both the mushroom 
bodies and the ellipsoid body function in sleep, 
suggesting relationship between sleep and rapid 
tolerance. 
 

Results 
Rapid ethanol tolerance (hereafter referred to as 
tolerance) is thought to involve changes in presynaptic 
function, based in part on changes in expression of 
genes encoding the Cav2.1 channel Cacophony (cac), 
the presynaptic kinase Cdk5, and the synaptic vesicle 
regulator Synapsin (Godenschwege et al., 2004; Ghezzi 
et al., 2013a; Engel et al., 2016). The mushroom body α/β 
lobes require Sirt1 for rapid tolerance, and acute ethanol 
regulation of presynaptic gene expression is lost in Sirt1 
null mutant flies. Hence, we used the mushroom body 
α/β lobes to test if decreasing expression of cac and 
Cdk5 affects tolerance development. We first verified 
that silencing synaptic output from the α/β lobe neurons 
decreased tolerance, by expressing the tetanus toxin 
short chain (UAS-TeTx) specifically in the α/β lobes using 
the 17d-Gal4 transgene driver (Figure 1D). Silencing 
synaptic output decreased tolerance and did not affect 
naive ethanol sensitivity (Figure 1E,E'), as previously 
reported (Engel et al., 2016). Decreasing expression of 
either cac or Cdk5 in the α/β lobes also decreased 
tolerance (Figure 1F,F',G,G'). Thus, presynaptic release 
from the α/β lobe neurons is important for tolerance 
development. 
 

 

Figure 1. Presynaptic genes promote rapid ethanol 
tolerance in the mushroom body α/β lobe intrinsic 
neurons.  A. Scheme for induction and detection of rapid 
tolerance. Identical ethanol exposures, E1 and E2, are 
separated by 4 hr and result in identical accumulation 
and dissipation kinetics for internal ethanol 
concentrations.  B. Time course for ethanol sedation, for 
E1 and E2, and the calculation of ethanol tolerance.  C. 
Diagram of the Drosophila brain, depicting the known 
sites for rapid tolerance encoding.  D. Expression pattern 
in the mushroom body α/β neurons of the 17d-Gal4 
transgene, detected by the UAS-CD8-GFP reporter 
transgene, and counterstained for the ELKS/CAST 
ortholog BRP to reveal the synaptic neuropil.  E,E'. 
Tolerance (E) and sensitivity (E') when presynaptic 
release is blocked by expression of the tetanus toxin light 
chain (UAS-TeTx) in 17d-Gal4 neurons.  F,F'. Effect of 
decreasing expression of the Cav2.1 Ca2+ channel cac in 
the 17d-Gal4 pattern.  G,G'. Effect of decreasing 
expression of the kinase Cdk5 in the 17d-Gal4 pattern. 
Statistics: E-G’: Quantitative data are mean±SEM.  E. 
One-way ANOVA (p<0.0001) with Dunnett’s multiple 
comparisons, Gal4/UAS versus Gal4: ****p<0.0001, 
Gal4/UAS versus UAS: *p=0.0129.  E'. One-way ANOVA 
(p=0.0002) with Dunnett’s multiple comparisons, 
Gal4/UAS versus Gal4: p=0.4929, Gal4/UAS versus UAS: 
**p=0.0025.  F. One-way ANOVA (p<0.0001) with 
Dunnett’s multiple comparisons, Gal4/UAS versus Gal4: 
***p=0.0007, Gal4/UAS versus UAS: ***p=0.0001.  F'. 
One-way ANOVA (p=0.0034) with Dunnett’s multiple 
comparisons, Gal4/UAS versus Gal4: p=0.9781, 
Gal4/UAS versus UAS: **p=0.0049.  G. Brown-Forsythe 
ANOVA (p=0.0005) with Dunnett’s T3 multiple 
comparisons, Gal4/UAS versus Gal4: ****p<0.0001, 
Gal4/UAS versus UAS: *p=0.0394.  G'. One-way ANOVA 
(p<0.0001) with Dunnett’s multiple comparisons, 
Gal4/UAS versus Gal4: ****p<0.0001, Gal4/UAS versus 
UAS: ****p<0.0001. 
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To identify additional components of the neural circuitry 
for tolerance, we reasoned that decreasing presynaptic 
release in sparse patterns of neurons that may contain 
tolerance neurons would impact tolerance development. 
We manually selected enhancer-Gal4 strains from the 
FlyLight collection that appeared to express in sparse 
and distinct patterns in the Drosophila brain (Pfeiffer et 
al., 2008). To improve our chances of discovering new 
tolerance circuitry, we selected against patterns with 
Gal4 expression in either the mushroom bodies or the 
ellipsoid body. Decreasing cac expression in neurons in 
112 different enhancer-Gal4 patterns resulted in either 
decreased or increased tolerance (Figure 2A). We 

retested 24 of the top hits that were greater than one 
standard deviation from the mean tolerance difference 
score. The retests included the full suite of genetic 
controls and were tested over 8-10 trials. Three 
enhancer-Gal4 strains in retest resulted in robust 
reduction in tolerance when driving cac RNAi: R82F12, 
R18H11, and R79H04 (Figure 2B,B’). Blockade of 
synaptic release with TeTx also reduced tolerance in all 
three enhancer-Gal4 patterns, indicating that 
neurotransmission is required for rapid tolerance in 
multiple different neurons in the Drosophila brain (Figure 
2C,C’).  
 

 

Figure 2. A functional neuroanatomical screen identifies three patterns of neurons that promote rapid tolerance development through 
presynaptic release.  A. Tolerance difference score for 112 enhancer-Gal4 strains expressing RNAi for cac. Grey region represents 2 
standard deviations from the mean of the difference scores. Highlighted in green are three strains that passed secondary screens and that 
were further characterized.  B,B’. Reduction of cac expression in R82F12-Gal4 (left), R18H11-Gal4 (middle), and R79H04-Gal4 (right) 
effects on rapid tolerance (B) and sensitivity (B’).  C,C’. Effect of tetanus toxin blockade of presynaptic release in the same three enhancer-
Gal4 strains for rapid tolerance (C) and sensitivity (C’).  D-F. Expression pattern of the enhancer-Gal4 strains, revealed with the UAS-myr-
GFP plasma membrane-tethered GFP, and counterstained with an antibody to the Discs Large (DLG) synaptic protein.  D’-F’. Enlargement 
of a substack from D-F encompassing the horizontal lobes of the mushroom bodies.  
Statistics: B-C: Quantitative data are mean±SEM.  B. Left panel: One-way ANOVA (p<0.0001) with Dunnett’s multiple comparisons, 
Gal4/UAS versus Gal4: ****p<0.0001, Gal4/UAS versus UAS: **p=0.0040. Middle panel: One-way ANOVA (p=0.0293) with Dunnett’s 
multiple comparisons, Gal4/UAS versus Gal4: *p=0.0376, Gal4/UAS versus UAS: *p=0.0379. Right panel: One-way ANOVA (p<0.0001) with 
Dunnett’s multiple comparisons, Gal4/UAS versus Gal4: ****p<0.0001, Gal4/UAS versus UAS: *p=0.0162.  B’. Left panel: Kruskal-Wallis test 
(p=0.0001) with Dunn's multiple comparisons, Gal4/UAS versus Gal4: ****p<0.0001, Gal4/UAS versus UAS: **p=0.0059. Middle panel: One-
way ANOVA (p=1120). Right panel: One-way ANOVA (p<0.0001) with Dunnett’s multiple comparisons, Gal4/UAS versus Gal4: ****p<0.0001, 
Gal4/UAS versus UAS: *p=0.0126.  C. Left panel: One-way ANOVA (p<0.0001) with Dunnett’s multiple comparisons, Gal4/UAS versus 
Gal4: ***p=0.0003, Gal4/UAS versus UAS: ****p<0.0001. Middle panel: One-way ANOVA (p<0.0001) with Dunnett’s multiple comparisons, 
Gal4/UAS versus Gal4: ***p=0.0001, Gal4/UAS versus UAS: ****p<0.0001. Right panel: One-way ANOVA (p<0.0001) with Dunnett’s multiple 
comparisons, Gal4/UAS versus Gal4: ****p<0.0001, Gal4/UAS versus UAS: ****p<0.0001.  C’. Left panel: One-way ANOVA (p<0.0001) with 
Dunnett’s multiple comparisons, Gal4/UAS versus Gal4: p=0.8707, Gal4/UAS versus UAS: ****p<0.0001. Middle panel: One-way ANOVA 
(p<0.0001) with Dunnett’s multiple comparisons, Gal4/UAS versus Gal4: ****p<0.0001, Gal4/UAS versus UAS: ****p<0.0001. Right panel: 
Kruskal-Wallis test (p<0.0001) with Dunn's multiple comparisons, Gal4/UAS versus Gal4: ***p=0.0007, Gal4/UAS versus UAS: ***p=0.0001. 
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We visualized the neurons in the three enhancer-Gal4 

 

Figure 3.  Distinct rapid tolerance neurons exist in each enhancer-Gal4, including glutamatergic dorsal clock neurons in R18H11-Gal4.  
A,A’. Reduction of glutamate release with vesicular glutamate transporter vGlut RNAi effects on rapid tolerance (A) and sensitivity (A’).  
B,B’. Reduction of vGlut expression using a second independent RNAi transgene, effects on tolerance (B) and sensitivity (B’) in R82F12-
Gal4 expressing neurons.  C,C’. Adult specific vGlut RNAi in R82F12-Gal4 expressing neurons, effect on rapid tolerance (C) and sensitivity 
(C’).  D,D’. Counterstaining of R82F12>myr-GFP brains with anti-CCHa1 to detect DN1a neurons.  E,E’. Counterstaining of R82F12>myr-
GFP brains with anti-DH31 to detect DN1p neurons. Micrographs in D and E depict the dorsal hemisphere of an adult brain.  F,F’. Split-
Gal4 driving expression of vGlut RNAi in neurons that are common between R82F12 and R18H11, effect on rapid tolerance (F) and 
sensitivity (F’).  G. Effect of vGlut RNAi in R18H11-Gal4 neurons on ethanol absorption and metabolism.   
Statistics: A-C,F: Quantitative data are mean±SEM.  A. Left panel: One-way ANOVA (p<0.0001) with Dunnett’s multiple comparisons, 
Gal4/UAS versus Gal4: ****p<0.0001, Gal4/UAS versus UAS: ****p<0.0001. Middle panel: One-way ANOVA (p<0.0001) with Dunnett’s 
multiple comparisons, Gal4/UAS versus Gal4: ****p<0.0001, Gal4/UAS versus UAS: ****p<0.0001. Right panel: One-way ANOVA 
(p=0.0588).  A’. Left panel: One-way ANOVA (p<0.0001) with Dunnett’s multiple comparisons, Gal4/UAS versus Gal4: ****p<0.0001, 
Gal4/UAS versus UAS: ****p<0.0001. Middle panel: Brown-Forsythe ANOVA (p<0.0001) with Dunnett’s T3 multiple comparisons, Gal4/UAS 
versus Gal4: ****p<0.0001, Gal4/UAS versus UAS: ****p<0.0001. Right panel: Kruskal-Wallis test (p=0.0038) with Dunn's multiple 
comparisons, Gal4/UAS versus Gal4: *p=0.0141, Gal4/UAS versus UAS: **p=0.0038.  B. One-way ANOVA (p<0.0001) with Dunnett’s 
multiple comparisons, Gal4/UAS versus Gal4: *p=0.0398, Gal4/UAS versus UAS: ****p<0.0001.  B’. One-way ANOVA (p<0.0001) with 
Dunnett’s multiple comparisons, Gal4/UAS versus Gal4: ****p<0.0001, Gal4/UAS versus UAS: ****p<0.0001.  C. One-way ANOVA 
(p=0.0018) with Dunnett’s multiple comparisons, Gal4/UAS versus Gal4: *p=0.0209, Gal4/UAS versus UAS: **p=0.0012.  C’. Brown-
Forsythe ANOVA (p=0.0078) with Dunnett’s T3 multiple comparisons, Gal4/UAS versus Gal4: **p=0.0090, Gal4/UAS versus UAS: 
p=0.1720.  F. One-way ANOVA (p=0.0002) with Dunnett’s multiple comparisons, Gal4/UAS versus Gal4: **p=0.0038, Gal4/UAS versus 
UAS: p=0.2004.  F’. One-way ANOVA (p<0.0001) with Dunnett’s multiple comparisons, Gal4/UAS versus Gal4: ****p<0.0001, Gal4/UAS 
versus UAS: ****p<0.0001.  G. One-way ANOVA (p=0.0067) with Šídák's multiple comparisons, no treatment: p=0.9716, absorption: 
p=0.9423, metabolism: p=0.7767. 
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patterns by expressing plasma membrane-bound GFP 
(UAS-myr-GFP) in each pattern and performing 
immunohistochemistry and confocal microscopy (Figure 
2D-F). All three enhancer-Gal4 patterns expressed in 
sparse patterns of neurons in the brain, with R18H11 
appearing the sparsest. None expressed in the 
mushroom bodies, the ellipsoid bodies, or the perineurial 
glia. R18H11 contains a subset of the neurons that 
comprise the circadian circuitry, the DN1 neurons that 
have cell bodies in the dorsal region of the brain, and this 
Gal4 transgene was used previously to characterize the 
function of these clock neurons (Figure 2E) (Kunst et al., 
2014). The DN1 neurons form two clusters consisting of 
two DN1a neurons and seven DN1p neurons (Shafer et 
al., 2006, 2022).  
 
Neurons in both the DN1a and DN1p clusters are 
glutamatergic. To ask if glutamatergic neurons are 
responsible for promoting tolerance, we expressed an 
RNAi for the glutamate transporter vGlut in each of the 
three enhancer-Gal4 patterns. vGlut RNAi in R82F12 and 
R18H11 reduced tolerance, whereas it did not in R79H04 
(Figure 3A, A’). A second RNAi directed against vGlut 
also reduced tolerance when expressed in R82F12 
neurons, indicating that the effect on tolerance is due to 
the reduction in vGlut expression (Figure 3B,B’). Hence, 
R79H04 contains non-glutamatergic tolerance neurons 
that are distinct from those found in other known 
tolerance enhancer-Gal4 patterns. Additionally, it is likely 
that the glutamatergic DN1 neurons are responsible for 
promoting ethanol tolerance. To ask if the role of 
glutamatergic transmission in tolerance is an adult role, 
we conditionally expressed vGlut RNAi in all adult 
neurons. Gal80ts encodes a temperature-sensitive 
repressor of GAL4, such that it represses GAL4 activity 
at 18°C and is inactive at 29°C (McGuire et al., 2003). 
Tolerance was reduced when GAL4 was allowed to be 
active and drive vGlut RNAi only in adult neurons (Figure 
3C,C’).  
 
Our findings indicated that glutamatergic tolerance 
neurons are present in both the R82F12 and the R18H11 
enhancer-Gal4 patterns, and that it is possible that the 
glutamatergic DN1 circadian neurons are tolerance 
neurons. Thus, we asked if the R82F12 enhancer-Gal4 
expression pattern includes the DN1 neurons. The DN1p 
neurons co-express the neuropeptide DH31 and 
glutamate, and the DN1a neurons co-express the 
neuropeptide CCHa1 and glutamate (Kunst et al., 2014; 
Fujiwara et al., 2018). R82F12 did not express in either 
the DN1p or the DN1a clusters (Figure 3D,D’,E,E’). To 
further test for possible overlap in R82F12 and R18H11 
glutamatergic tolerance neurons, we created a split-
Gal4, with the R82F12 enhancer driving expression of 
the GAL4 activation domain (AD) and R18H11 driving 
expression of the GAL4 DNA-binding domain (DBD). If 
glutamatergic tolerance neurons are shared between 
R82F12 and R18H11, then reconstituted functional 
GAL4 in the R82F12ÇR18H11 split-Gal4 overlap 
expressing vGlut RNAi should result in decreased 

tolerance. No decrease in tolerance was observed 
(Figure 3F,F’). Finally, we found that decreased 
glutamatergic signaling in the DN1 neurons did not affect 
the absorption or metabolism of ethanol, indicating that 
glutamate release from DN1 neurons is critical for the 
behavioral response to ethanol (Figure 3G). Thus 
R82F12 and R18H11 contain different glutamatergic 
tolerance neurons. We chose to focus on the DN1 
neurons, because tools exist to precisely separate the 
the DN1 neuron groups, and because prior research has 
assigned functions to them. 
 
A panel of three additional enhancer-Gal4 transgenes 
was used to determine which, if any, of the DN1 neuron 
groups promote ethanol tolerance (Figure 4A). tim-Gal4 
expresses in all clock neurons, including the DN1a and 
DN1p neurons, whereas R16C05-Gal4 expresses 
specifically in the DN1a neurons and R51H05-Gal4 
express specifically in the DN1p neurons (Kunst et al., 
2014; Schubert et al., 2018). RNAi against vGlut in tim-
Gal4 and R16C05-Gal4 reduced tolerance, whereas 
expression in R51H05-Gal4 did not (Figure 4B,B'). Thus, 
the pair of DN1a circadian clock neurons promote rapid 
tolerance development through glutamatergic signaling.  
 
DN1a neurons set arousal thresholds to brief pulses of 
light during evening sleep, transmit temperature 
information into the circadian circuitry, and may promote 
photoentrainment of the clock by the visual system (Li et 
al., 2018; Alpert et al., 2020; Song et al., 2021). The 
synaptic connectivity of the DN1a neurons is well 
characterized from electron micrograph reconstructions 
and computational detection of synapses in the adult 
Drosophila brain (Scheffer et al., 2020; Shafer et al., 
2022). Fifty neurons make five or more input synapses 
with each of the two DN1a neurons per brain 
hemisphere, and 58-63 neurons are postsynaptic to the 
DN1a neurons by the same criteria. The top ten 
presynaptic and postsynaptic neurons are listed in 
Figure 4C. In particular, two circadian neurons that 
control evening activity, the LNd6 and 5th LNv (previously 
named the 5th s-LNv) are postsynaptic to the DN1a 
neurons, providing a connection to circadian 
pacemakers. The DN1a neurons make synaptic 
connections to these E2 evening neurons in two regions 
of the brain, the accessory medulla (aMe) and the Lateral 
Horn Anterior/Posterior Ventral (LHPV/LHAV) (Figure 
4C, lower panel). The LNd6 and 5th LNv are similar 
anatomically and by synaptic connectivity patterns, and 
they both extend branches into the Superior Medial 
Protocerebrum (SMP), a higher order processing region 
of the brain (Shafer et al., 2022). 
 
We performed a test to ask if glutamatergic transmission 
from the DN1a neurons to the E2 evening neurons might 
be critical for rapid ethanol tolerance. The single 
metabotropic glutamate receptor in Drosophila, mGluR, 
functions in the LNd neurons that includes LNd6 (Guo et 
al., 2016). We reduced mGluR expression in the LNd6 
and 5th LNv neurons (as well as other lateral clock 
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neurons) using the DvPdf-Gal4 driver, and found that 
tolerance was reduced (Figure 4D,D’). The DN1a 
neurons are reported to be postsynaptic to PDF 
peptidergic morning clock neurons through the PDF 
receptor PDFR (Song et al., 2021). Reduction of Pdfr 
expression in the DN1a neurons, however, had no effect 
on tolerance (Figure 4E,E’). Thus, E2 evening circadian 
neurons are important for the promotion of tolerance 
development; tolerance information may be transmitted 

from the glutamatergic DN1a sleep regulatory neurons 
via the metabotropic glutamate receptor to the E2 
neurons. 
 
Discussion 
Our main conclusion is that rapid ethanol tolerance is 
encoded in part in the two glutamatergic DN1a dorsal 
clock neurons and the postsynaptic E2 clock neurons 
LNd6 and 5th LNv. These four clock neurons organize 
locomotor activity states and aspects of sleep. There 

 

Figure 4.  DN1a and downstream evening circadian neurons promote rapid tolerance.  A. Presence (+) and absence (-) of expression 
of enhancer-Gal4s and neurotransmitter/neuromodulators in the DN1a and DN1p dorsal clock neurons.  B,B’. Reduction of glutamate 
release with vesicular glutamate transporter vGlut RNAi in enhancer-Gal4 patterns that include one or both of the dorsal group clock 
neurons, effects on rapid tolerance (B) and sensitivity (B').  C. Ten presynaptic (left) and postsynaptic (right) neurons that make the 
greatest number of synapses with the DN1a neurons, expressed as the sum total for the right pair of DN1a neurons in the hemibrain 
electron microscopy reconstruction. The diagram below depicts the morphology of one of the pair of DN1a neurons and the LNd6 and 
5th LNv postsynaptic neurons in the full adult female brain (FAFB) electron microscopy reconstruction. SMP: superior medial 
protocerebrum; LHPV/LHAV: lateral horn posterior/anterior ventral; aMe: accessory medulla. DvPdf-Gal4 is expressed in the LNd6 and 
5th LNv neurons.  D,D’. Reduction of metabotropic glutamate receptor mGluR expression in DvPdf-Gal4 expressing neurons, effect on 
rapid tolerance (D) and sensitivity (D').  E,E’. Reduction of PDF receptor Pdfr expression in R18H11-Gal4 expressing neurons, effect on 
rapid tolerance (E) and sensitivity (E’). 
Statistics: B-B’,D-E’: Quantitative data are mean±SEM.  B. Left panel: One-way ANOVA (p=0.0013) with Dunnett’s multiple 
comparisons, Gal4/UAS versus Gal4: ***p=0.0007, Gal4/UAS versus UAS: *p=0.0493. Middle panel: One-way ANOVA (p<0.0001) with 
Dunnett’s multiple comparisons, Gal4/UAS versus Gal4: ****p<0.0001, Gal4/UAS versus UAS: *p=0.0195. Right panel: One-way 
ANOVA (p=0.0002) with Dunnett’s multiple comparisons, Gal4/UAS versus Gal4: **p=0.0018, Gal4/UAS versus UAS: p=0.8003.  B’. 
Left panel: One-way ANOVA (p=0.0561). Middle panel: One-way ANOVA (p<0.0001) with Dunnett’s multiple comparisons, Gal4/UAS 
versus Gal4: ****p<0.0001, Gal4/UAS versus UAS: ****p<0.0001. Right panel: Brown-Forsythe ANOVA (p<0.0001) with Dunnett’s T3 
multiple comparisons, Gal4/UAS versus Gal4: ***p=0.0009, Gal4/UAS versus UAS: ****p<0.0001.  D. Brown-Forsythe ANOVA 
(p<0.0001) with Dunnett’s T3 multiple comparisons, Gal4/UAS versus Gal4: ****p<0.0001, Gal4/UAS versus UAS: ***p=0.0005.  D’. 
One-way ANOVA (p<0.0001) with Dunnett’s multiple comparisons, Gal4/UAS versus Gal4: ****p<0.0001, Gal4/UAS versus UAS: 
*p=0.0221.  E. Brown-Forsythe ANOVA (p=0.5724).  E’. One-way ANOVA (p<0.0001) with Dunnett’s multiple comparisons, Gal4/UAS 
versus Gal4: ****p<0.0001, Gal4/UAS versus UAS: p=0.9985. 
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exist intriguing relationships between the effects of 
ethanol, the circadian clock, and sleep in Drosophila and 
mammals (Spanagel et al., 2005; Perreau-Lenz et al., 
2009; Parekh et al., 2015; López-Muciño et al., 2022). 
Our findings identify specific glutamatergic neurons that 
likely encode aspects of these relationships. 
 
Glutamatergic transmission in Drosophila was indirectly 
implicated in tolerance in prior findings. The fly 
HOMER1/HOMER2 ortholog Homer is reduced in 
expression by ethanol exposure, and Homer promotes 
rapid tolerance development (Urizar et al., 2007). Homer 
proteins function as scaffolding proteins at glutamate 
receptor postsynaptic densities (Castelli et al., 2017). In 
mammals, alterations to glutamatergic 
neurotransmission are critical for ethanol sensitivity and 
ethanol adaptations, including rapid tolerance (Lindsay 
et al., 2014; Burnett et al., 2016). Moreover, 
glutamatergic signaling in mammals is important for 
aspects of central circadian pacemaker function that is 
altered by ethanol (Lindsay and Prosser, 2018). 
 
The DN1a dorsal clock neurons regulate aspects of 
sleep, with their known sleep roles regulated by 
environmental input. First, cold temperature suppresses 
DN1a neural activity through activation of cold-
temperature-encoding TPN-II second order projection 
neurons, resulting in a shift to earlier daytime sleep 
(Alpert et al., 2020, 2022; Chen et al., 2022). This role 
requires a functioning clock in the DN1a neurons. 
Second, DN1a neuronal activity specifically promotes 
nighttime sensitivity to light-induced locomotor startle 
responses (Song et al., 2021). At night the DN1a neurons 
increase their arborization and synaptic number in the 
accessory medulla region, and this remodeling is critical 
for the circadian time that light can alter startle 
sensitivity. Acute ethanol exposure alters the expression 
level of genes encoding presynaptic proteins, and we 
showed that these genes are critical for rapid tolerance 
development. Thus, a potential mechanism for tolerance 
encoding directly in the DN1a neurons is an impact on 
synaptic plasticity. 
 
The DN1p dorsal clock neurons also regulate sleep, 
however glutamatergic signaling from this group of 
neurons is not required for rapid tolerance. Distinct 
DN1p neurons are sleep promoting and sleep 
suppressing, and there may exist a parallel segregation 
for tolerance (Lamaze et al., 2018; Jin et al., 2021). 
Moreover, despite being glutamatergic, DN1p wake 
promotion is driven by the neuropeptide CNMa and 
sleep promotion is driven by another neuropeptide, AstC 
(Díaz et al., 2018; Jin et al., 2021). Thus, while our current 
data does not support a potential connection between 
ethanol tolerance and sleep regulation in the DN1p 
neurons, more targeted experiments are needed to make 
a formal conclusion. 
 
The E2 neurons were recently well-segregated as an 
anatomically, and thus likely functionally, separate group 

of clock neurons (Schubert et al., 2018; Shafer et al., 
2022). Combined with prior findings, it is now clear that 
the E2 neurons share very similar gene expression 
profiles. Ion transport peptide (ITP) is expressed in both 
E2 neurons – the only two clock neurons to express the 
peptide (Hermann-Luibl et al., 2014). ITP in the clock 
neurons promotes daytime siestas and nighttime sleep 
redundantly with the Pigment Dispersing Factor (PDF) 
neuropeptide, and it separately suppresses nighttime 
locomotor activity. Thus, both the DN1a neurons and the 
E2 neurons control aspects of sleep and circadian 
regulation of locomotor activity levels, strengthening the 
likelihood that rapid tolerance is tied to one or both 
behaviors. The E2 neuron outputs include other clock 
neurons, including the E1 LNds and the DN1ps, but not 
the DN1as, as well as many non-clock neurons (Shafer 
et al., 2022). Interestingly, the E2 neurons are not tightly 
coupled to the M group circadian pacemaker cells that 
set morning behaviors, supporting the notion that the E2 
neurons shape aspects of circadian behavior other than 
the daily cycle itself (Yao and Shafer, 2014). Hence rapid 
tolerance encoding may involve a complex clock circuit, 
or it may exit the circadian clock network via the E2 LNd6 
or 5th LNv. The mushroom bodies and the ellipsoid 
bodies, other sites of rapid ethanol tolerance encoding, 
also have specific roles in sleep, suggesting that the tie 
between rapid tolerance and sleep is strongly 
interrelated (Sitaraman et al., 2015b, 2015a; Aleman et 
al., 2021). 
 
The Drosophila clock is previously implicated in ethanol 
sensitivity and rapid ethanol tolerance. Mutation of the 
key pacemaker genes per, tim, and cyc completely 
blocks rapid tolerance, whereas mutations in the Clk 
pacemaker gene did not (Pohl et al., 2013). Hence 
disruption to the central pacemaker blocks rapid 
tolerance. Sleep and sleep rebound persist in per and tim 
mutants, but sleep is distributed differently over 24 hr 
(Hendricks et al., 2003).  
 
Sleep and rapid tolerance are genetically and 
behaviorally connected in flies. Mutation of the learning 
and memory gene dunce results in sleep deficits and a 
failure to develop rapid tolerance (Ruppert et al., 2017). 
The anatomical site of action for dunce in tolerance is 
defined by the NP6510-Gal4 transgene that is not yet 
characterized for its expression in the clock neurons. 
Additionally, a subset of histone demethylases of JmjC 
class regulate both sleep and rapid tolerance (Pinzón et 
al., 2017; Shalaby et al., 2018). Sleep deprivation for 1 
day prior to tolerance induction appears to increase 
rapid tolerance measured at 4 hr, but it reduces 
tolerance at 24 hr (De Nobrega et al., 2022). However, 
rapid tolerance does not appear to be regulated by 
circadian time (van der Linde and Lyons, 2011; De 
Nobrega and Lyons, 2016). Thus, current evidence 
supports a role for ethanol in regulating sleep that is 
causally connected to rapid tolerance development, 
however the clock does not appear to reciprocally 
regulate rapid tolerance development.  
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Finally, ethanol sensitivity appears to map broadly to 
anatomical sites in the Drosophila brain, but in a different 
manner as compared to rapid tolerance. For example, 
glutamatergic promotion of ethanol sensitivity appears 
to map to neurons that are shared between R18H11-
Gal4 and R82F12-Gal4, whereas the rapid tolerance 
neurons in these two enhancer-Gal4 patterns mapped to 
distinct groups of neurons. Additionally, glutamatergic 
ethanol sensitivity appeared to map to non-clock 
neurons, since tim-Gal4 reduction in vGlut expression 
did not affect ethanol sensitivity. These findings are in 
accordance with prior studies indicating functional 
separation of the ethanol sensitivity and rapid tolerance 
neural circuitry (Chvilicek et al., 2020). 
 
 
Methods 
Drosophila culturing and strains 
Drosophila melanogaster strains were reared on food 
composed of molasses (9%), cornmeal (6.75%), yeast 
(1.7%), and agar (1.2%) food at 25°C and 60% humidity 
on a 16:8 hour light/dark cycle (Darwin Chambers, MO). 
All strains were outcrossed for at least five generations 
to the Berlin genetic background strain carrying the w1118 
marker mutation. The RNAi transgenes used in this study 
were validated previously (Guo et al., 2016; Aguilar et al., 
2017; Nandi et al., 2017; Newman et al., 2022). Strains 
are listed in Table S1. 
 
Behavioral studies 
Parental crosses were set up in Drosophila culturing 
bottles containing 50 mL of food. After two days the 
parents were removed. Fourteen days later 0-3 day old 
genetically identical adult male progeny were collected 
in groups of 20 (n=1) and allowed to recover from CO2 
anesthesia for 2 days. Ethanol sensitivity and rapid 
tolerance were measured as previously described (Engel 
et al., 2016). Briefly, groups were exposed to 55% 
ethanol vapor or 100% humidified air. 55% ethanol is an 
intermediate ethanol dose that results in submaximal 
rapid tolerance and in 50% sedation in 12-20 min (Kong 
et al., 2010a). The number of flies that lost the righting 
reflex were counted at 10 min intervals. The time to 50% 
sedation (ST50) was calculated for each group (E1). Flies 
were allowed to rest for 3.5 hr and re-exposed to an 
identical concentration of ethanol vapor (E2). Rapid 
tolerance was calculated as the difference in ST50, E2-
E1. 
 
Ethanol absorption and metabolism 

Groups of 20 flies were exposed to 30 min of 20% 
ethanol to avoid sedation, then frozen in liquid nitrogen 
either immediately for “absorption” samples, or 30 min 
later for “metabolism” samples. After homogenization in 
50 mM Tris-HCl, pH 7.5, ethanol concentrations were 
measured using the NAD-ADH Reagent kit following the 
manufacturer’s protocol (Sigma-Aldrich, N7160). The 
340 nm spectrophotometric absorbance values were 
converted to mM and adjusted by the estimated 1 μL 
volume of an average fly to calculate ethanol 
concentrations. 
 
Immunohistochemistry 
Adult fly brains were dissected in PBS with 0.05% Triton 
X-100 (PBT), fixed overnight at 4°C in PBT with 2% 
paraformaldehyde, blocked in PBS with 0.5% Triton X-
100 with 5% normal goat serum and 0.5% bovine serum 
albumin (HDB), and immunostained as described 
previously (Kong et al., 2010b). Antibodies and their 
concentrations are listed in Table S1. The brains were 
mounted in Vectashield (Vector Laboratories) and 
imaged on a Zeiss LSM-880 confocal microscope. 
Image stacks were processed in Fiji, and brightness and 
contrast were adjusted in Photoshop CC 2022 (Adobe). 
 
Statistical analysis 
Experimental and genetically-matched or treatment-
matched controls were tested in the same session in a 
balanced experimental design. Experiments were 
repeated across days with progeny from repeat parental 
crosses, and data from all days and crosses were 
collated together without between-day adjustments. 
Untransformed (raw) data was used for statistical 
analysis. Where the experimental group was compared 
to two or more control groups, significance was only 
interpreted when all controls were different from the 
experimental. GraphPad Prism 9.5.0 was used for one-
way ANOVA with Tukey's post hoc test for normally 
distributed data, Kruskal-Wallis test with Dunn's post 
hoc test for nonparametric data, and Brown-Forsythe 
test with Dunnett's post hoc for data that fails the 
Shapiro-Wilk normality test. Significance indicators on 
the figures indicate the results of post hoc tests for 
significant effects by ANOVA (**** for p≤0.0001; *** for 
p≤0.001; ** for p≤0.01; * for p≤0.05; and ns for p>0.05). 
Error bars represent the standard error of the mean 
(SEM). 
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Table S1 Reagents 

Reagent Source or Reference Identifiers 

Drosophila Strains   

17d-Gal4  Bloomington Drosophila Stock Center  BDSC: 51631; RRID:BDSC_51631 

DvPdf-Gal4 Jae Park https://doi.org/10.1534%2Fgenetics.108.099069 

tim-Gal4 Bloomington Drosophila Stock Center BDSC: 7126 ; RRID:BDSC_7126 

nsyb-Gal4 Bloomington Drosophila Stock Center BDSC: 51635 ; RRID:BDSC_51635 

R82F12-Gal4  Bloomington Drosophila Stock Center  BDSC: 40338; RRID:BDSC_40338 

R82F12-p65.AD Bloomington Drosophila Stock Center BDSC: 70830; RRID:BDSC_70830 

R79H04-Gal4  Bloomington Drosophila Stock Center  BDSC: 40053; RRID:BDSC_40053 

R18H11-Gal4 Bloomington Drosophila Stock Center  BDSC: 48832; RRID:BDSC_48832 

R18H11-GAL4.DBD Bloomington Drosophila Stock Center BDSC: 69017; RRID:BDSC_69017 

R16C05-Gal4 Bloomington Drosophila Stock Center  BDSC: 48718; RRID:BDSC_48718 

R51H05-Gal4  Bloomington Drosophila Stock Center  BDSC: 41275; RRID:BDSC_41275 

R50B06-Gal4 Bloomington Drosophila Stock Center BDSC: 38728, RRID:BDSC_38728 

R50E07-Gal4 Bloomington Drosophila Stock Center  BDSC: 38749; RRID:BDSC_38749 

R50G08-Gal4 Bloomington Drosophila Stock Center  BDSC: 38760; RRID:BDSC_38760 

R50H05-Gal4 Bloomington Drosophila Stock Center  BDSC: 38764; RRID:BDSC_38764 

R52G03-Gal4 Bloomington Drosophila Stock Center BDSC: 38842; RRID:BDSC_38842 

R52H12-Gal4 Bloomington Drosophila Stock Center BDSC: 38856; RRID:BDSC_38856 

R55B01-Gal4 Bloomington Drosophila Stock Center BDSC: 39100; RRID:BDSC_39100 

R56C09-Gal4 Bloomington Drosophila Stock Center BDSC: 39145; RRID:BDSC_39145 

R60F09-Gal4 Bloomington Drosophila Stock Center BDSC: 39255; RRID:BDSC_39255 

R64A11-Gal4 Bloomington Drosophila Stock Center  BDSC: 39289; RRID:BDSC_39289 

R64F07-Gal4 Bloomington Drosophila Stock Center  BDSC: 39311; RRID:BDSC_39311 

R68B06-Gal4 Bloomington Drosophila Stock Center  BDSC: 39458; RRID:BDSC_39458 

R69G06-Gal4 Bloomington Drosophila Stock Center BDSC: 39502; RRID:BDSC_39502 

R70C05-Gal4 Bloomington Drosophila Stock Center BDSC: 39522; RRID:BDSC_39522 

R71C11-Gal4 Bloomington Drosophila Stock Center BDSC: 39577; RRID:BDSC_39577 

R74F07-Gal4 Bloomington Drosophila Stock Center BDSC: 39864; RRID:BDSC_39864 

R74F09-Gal4 Bloomington Drosophila Stock Center BDSC: 39865; RRID:BDSC_39865 

R76G04-Gal4 Bloomington Drosophila Stock Center  BDSC: 39939; RRID:BDSC_39939 

R79C11-Gal4 Bloomington Drosophila Stock Center  BDSC: 40033; RRID:BDSC_40033 

R79D04-Gal4 Bloomington Drosophila Stock Center  BDSC: 40034; RRID:BDSC_40034 

R80H02-Gal4 Bloomington Drosophila Stock Center BDSC: 40093; RRID:BDSC_40093 

R83E05-Gal4 Bloomington Drosophila Stock Center BDSC: 40361; RRID:BDSC_40361 

R84H11-Gal4 Bloomington Drosophila Stock Center BDSC: 40409; RRID:BDSC_40409 

R91D10-Gal4 Bloomington Drosophila Stock Center  BDSC: 40582; RRID:BDSC_40582 

R92C03-Gal4 Bloomington Drosophila Stock Center  BDSC: 40607; RRID:BDSC_40607 

R94E02-Gal4 Bloomington Drosophila Stock Center  BDSC: 40684; RRID:BDSC_40684 

R39D10-Gal4 Bloomington Drosophila Stock Center BDSC: 41227; RRID:BDSC_41227 

R39F04-Gal4 Bloomington Drosophila Stock Center BDSC: 41229; RRID:BDSC_41229 

R44H10-Gal4 Bloomington Drosophila Stock Center BDSC: 41267; RRID:BDSC_41267 

R51H05-Gal4 Bloomington Drosophila Stock Center BDSC: 41275; RRID:BDSC_41275 
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Table S1 Reagents 

R64D11-Gal4 Bloomington Drosophila Stock Center  BDSC: 41289; RRID:BDSC_41289 

R83B04-Gal4 Bloomington Drosophila Stock Center  BDSC: 41309; RRID:BDSC_41309 

R95F12-Gal4 Bloomington Drosophila Stock Center BDSC: 47292, ; RRID:BDSC_47292 

R28D12-Gal4 Bloomington Drosophila Stock Center BDSC: 48079; RRID:BDSC_48079 

R29B06-Gal4 Bloomington Drosophila Stock Center BDSC: 48087; RRID:BDSC_48087 

R30E08-Gal4 Bloomington Drosophila Stock Center BDSC: 48099; RRID:BDSC_48099 

R31C03-Gal4 Bloomington Drosophila Stock Center BDSC: 48103; RRID:BDSC_48103 

R32D10-Gal4 Bloomington Drosophila Stock Center  BDSC: 48108; RRID:BDSC_48108 

R35E04-Gal4 Bloomington Drosophila Stock Center  BDSC: 48127; RRID:BDSC_48127 

R42H01-Gal4 Bloomington Drosophila Stock Center  BDSC: 48150; RRID:BDSC_48150 

R44C07-Gal4 Bloomington Drosophila Stock Center BDSC: 48155; RRID:BDSC_48155 

R52D07-Gal4 Bloomington Drosophila Stock Center BDSC: 48191; RRID:BDSC_48191 

R54E11-Gal4 Bloomington Drosophila Stock Center BDSC: 48203; RRID:BDSC_48203 

R73B05-Gal4 Bloomington Drosophila Stock Center BDSC: 48312; RRID:BDSC_48312 

R76G11-Gal4 Bloomington Drosophila Stock Center BDSC: 48333; RRID:BDSC_48333 

R80A09-Gal4 Bloomington Drosophila Stock Center  BDSC: 48356; RRID:BDSC_48356 

R84C10-Gal4 Bloomington Drosophila Stock Center  BDSC: 48378; RRID:BDSC_48378 

R88D01-Gal4 Bloomington Drosophila Stock Center  BDSC: 48395; RRID:BDSC_48395 

R20H09-Gal4 Bloomington Drosophila Stock Center BDSC: 48916; RRID:BDSC_48916 

R22B12-Gal4 Bloomington Drosophila Stock Center BDSC: 48971; RRID:BDSC_48971 

R22D04-Gal4 Bloomington Drosophila Stock Center BDSC: 48981; RRID:BDSC_48981 

R22D11-Gal4 Bloomington Drosophila Stock Center BDSC: 48982; RRID:BDSC_48982 

R23A05-Gal4 Bloomington Drosophila Stock Center  BDSC: 49008; RRID:BDSC_49008 

R23C03-Gal4 Bloomington Drosophila Stock Center  BDSC: 49021; RRID:BDSC_49021 

R24A07-Gal4 Bloomington Drosophila Stock Center  BDSC: 49057; RRID:BDSC_49057 

R24A10-Gal4 Bloomington Drosophila Stock Center BDSC: 49059; RRID:BDSC_49059 

R24B07-Gal4 Bloomington Drosophila Stock Center BDSC: 49067; RRID:BDSC_49067 

R24C04-Gal4 Bloomington Drosophila Stock Center BDSC: 49072; RRID:BDSC_49072 

R24C07-Gal4 Bloomington Drosophila Stock Center BDSC: 49074; RRID:BDSC_49074 

R24D12-Gal4 Bloomington Drosophila Stock Center BDSC: 49080; RRID:BDSC_49080 

R24F06-Gal4 Bloomington Drosophila Stock Center  BDSC: 49087; RRID:BDSC_49087 

R24H12-Gal4 Bloomington Drosophila Stock Center  BDSC: 49101; RRID:BDSC_49101 

R25C08-Gal4 Bloomington Drosophila Stock Center  BDSC: 49120; RRID:BDSC_49120 

R25E04-Gal4 Bloomington Drosophila Stock Center BDSC: 49125; RRID:BDSC_49125 

R26B10-Gal4 Bloomington Drosophila Stock Center BDSC: 49163; RRID:BDSC_49163 

R26C03-Gal4 Bloomington Drosophila Stock Center BDSC: 49167; RRID:BDSC_49167 

R26C12-Gal4 Bloomington Drosophila Stock Center BDSC: 49172; RRID:BDSC_49172 

R33B09-Gal4 Bloomington Drosophila Stock Center BDSC: 49361; RRID:BDSC_49361 

R51D04-Gal4 Bloomington Drosophila Stock Center  BDSC: 49394; RRID:BDSC_49394 

R28B05-Gal4 Bloomington Drosophila Stock Center  BDSC: 49447; RRID:BDSC_49447 

R29D10-Gal4 Bloomington Drosophila Stock Center  BDSC: 49483; RRID:BDSC_49483 

R29E04-Gal4 Bloomington Drosophila Stock Center BDSC: 49486; RRID:BDSC_49486 

R37G11-Gal4 Bloomington Drosophila Stock Center BDSC: 49539; RRID:BDSC_49539 
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R48C04-Gal4 Bloomington Drosophila Stock Center BDSC: 49571; RRID:BDSC_49571 

R65G01-Gal4 Bloomington Drosophila Stock Center BDSC: 49613; RRID:BDSC_49613 

R31A11-Gal4 Bloomington Drosophila Stock Center BDSC: 49660; RRID:BDSC_49660 

R31B07-Gal4 Bloomington Drosophila Stock Center  BDSC: 49664; RRID:BDSC_49664 

R32E04-Gal4 Bloomington Drosophila Stock Center  BDSC: 49717; RRID:BDSC_49717 

R33C10-Gal4 Bloomington Drosophila Stock Center  BDSC: 49744; RRID:BDSC_49744 

R34A10-Gal4 Bloomington Drosophila Stock Center BDSC: 49766; RRID:BDSC_49766 

R21F03-Gal4 Bloomington Drosophila Stock Center BDSC: 49863; RRID:BDSC_49863 

R35D07-Gal4 Bloomington Drosophila Stock Center BDSC: 49908; RRID:BDSC_49908 

R37C02-Gal4 Bloomington Drosophila Stock Center BDSC: 49951; RRID:BDSC_49951 

R37E06-Gal4 Bloomington Drosophila Stock Center BDSC: 49956; RRID:BDSC_49956 

R37E08-Gal4 Bloomington Drosophila Stock Center  BDSC: 49958; RRID:BDSC_49958 

R37F06-Gal4 Bloomington Drosophila Stock Center  BDSC: 49962; RRID:BDSC_49962 

R37G02-Gal4 Bloomington Drosophila Stock Center  BDSC: 49965; RRID:BDSC_49965 

R37G12-Gal4 Bloomington Drosophila Stock Center BDSC: 49967; RRID:BDSC_49967 

R38B02-Gal4 Bloomington Drosophila Stock Center BDSC: 49983; RRID:BDSC_49983 

R38D03-Gal4 Bloomington Drosophila Stock Center BDSC: 49998; RRID:BDSC_49998 

R38H01-Gal4 Bloomington Drosophila Stock Center BDSC: 50025; RRID:BDSC_50025 

R38H06-Gal4 Bloomington Drosophila Stock Center BDSC: 50029; RRID:BDSC_50029 

R39D01-Gal4 Bloomington Drosophila Stock Center  BDSC: 50044; RRID:BDSC_50044 

R39D08-Gal4 Bloomington Drosophila Stock Center  BDSC: 50047; RRID:BDSC_50047 

R39H12-Gal4 Bloomington Drosophila Stock Center  BDSC: 50071; RRID:BDSC_50071 

R41G06-Gal4 Bloomington Drosophila Stock Center BDSC: 50137; RRID:BDSC_50137 

R44E04-Gal4 Bloomington Drosophila Stock Center BDSC: 50210; RRID:BDSC_50210 

R44E06-Gal4 Bloomington Drosophila Stock Center BDSC: 50211; RRID:BDSC_50211 

R47A11-Gal4 Bloomington Drosophila Stock Center BDSC: 50290; RRID:BDSC_50290 

R47E12-Gal4 Bloomington Drosophila Stock Center BDSC: 50317; RRID:BDSC_50317 

R48F09-Gal4 Bloomington Drosophila Stock Center  BDSC: 50377; RRID:BDSC_50377 

R48G06-Gal4 Bloomington Drosophila Stock Center  BDSC: 50385; RRID:BDSC_50385 

tubGal80ts Bloomington Drosophila Stock Center BDSC: 7019; RRID:BDSC_7019 

UAS-TeTx  Sean Sweeney, University of York, York UK https://doi.org/10.1016/0896-6273(95)90290-2 

UAS-cac.IR Bloomington Drosophila Stock Center BDSC: 27244; RRID:BDSC_27244 

UAS-Cdk5.IR Bloomington Drosophila Stock Center BDSC: 27517; RRID:BDSC_27517 

UAS-mGluR.IR Vienna Drosophila Resource Center VDRC: 1793; 

UAS-vGlut.IR Bloomington Drosophila Stock Center BDSC: 27538; RRID:BDSC_27538 

UAS-vGlut.IR 2 Bloomington Drosophila Stock Center BDSC: 40845; RRID:BDSC_40845 

UAS-myr-GFP Bloomington Drosophila Stock Center BDSC: 32197; RRID:BDSC_32197 
   

Antibodies   

Rabbit anti-dsRed (1:500) Clontech / Takara Bio USA 632496 

Rabbit anti-CCHa1 (1:50) Dragana Rogulja https://doi.org/10.1101/2020.08.31.275552 

Rabbit anti-DH31 (1:500) Jing Wang https://doi.org/10.1038/s41586-022-04408-7 

Chicken anti-GFP (1:1000) Abcam AB13970 
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Table S1 Reagents 

Mouse anti-Drosophila Discs Large 
(1:100) Developmental Studies Hybridoma Bank 4F3 

Mouse anti-Drosophila Bruchpilot 
(1:20) Developmental Studies Hybridoma Bank NC82 

Goat anti-rabbit Alexa Fluor 594 Invitrogen A-11037 

Donkey anti-Chicken FITC ThermoFisher Scientific SA172000 

Goat anti-mouse Alexa Fluor 488 Invitrogen A-11029 

Goat anti-mouse Alexa Fluor 594 Invitrogen A-11032 
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