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SUMMARY

Drugs of abuse, like alcohol, modulate gene expres-
sion in reward circuits and consequently alter
behavior. However, the in vivo cellular mechanisms
throughwhich alcohol induces lasting transcriptional
changes are unclear. We show that Drosophila
Notch/Su(H) signaling and the secreted fibrinogen-
related protein Scabrous in mushroom body (MB)
memory circuitry are important for the enduring pref-
erence of cues associated with alcohol’s rewarding
properties. Alcohol exposure affects Notch respon-
sivity in the adult MB and alters Su(H) targeting at
the dopamine-2-like receptor (Dop2R). Alcohol cue
training also caused lasting changes to the MB
nuclear transcriptome, including changes in the
alternative splicing of Dop2R and newly impli-
cated transcripts like Stat92E. Together, our data
suggest that alcohol-induced activation of the highly
conserved Notch pathway and accompanying tran-
scriptional responses in memory circuitry contribute
to addiction. Ultimately, this provides mechanistic
insight into the etiology and pathophysiology of
alcohol use disorder.

INTRODUCTION

Alcohol abuse is among the top five risk factors for disease,

disability, and death (WHO 2014 Report). Chronic alcohol con-

sumption can have lasting effects on the neurophysiology of

motivation and/or reward brain circuitry, which contribute to

addiction (Kalivas and Volkow, 2005). Remarkably, sensitization

to drug-associated stimuli or cues often persists even after pro-

longed abstinence, contributing to drug cravings and relapse

(Robinson and Berridge, 2008). A mechanistic understanding

of how these maladaptive memories form for cues associated

with intoxication will provide therapeutic insight into alcohol

abuse and other forms of addiction. However, we currently

have very little understanding of the cellular pathways activated

during this process and the consequent gene expression

changes underlying these long-lasting memories.

The genetic pliability, molecular accessibility, and behavioral

diversity of Drosophila melanogaster make it an ideal model or-
ganism with which to address this complex gap in knowledge

(Devineni and Heberlein, 2013; Kaun et al., 2012; Robinson

and Atkinson, 2013; Scaplen and Kaun, 2016). Drosophila

develop a long-lasting preference for odor cues associated

with the pharmacological properties of alcohol, a behavior we

term ‘‘alcohol-associative preference’’ (Figure 1A; Kaun et al.,

2011). This alcohol-associative preference requires a central

associative brain structure called the mushroom body (MB)

and dopaminergic neurotransmission. Dopaminergic innervation

of memory-encoding circuits bears a striking resemblance to the

mammalian reward system (Figure 1B; Scaplen and Kaun, 2016).

This genetically and anatomically defined circuit within the fly

provides an ideal platform with which to investigate the cellular

and transcriptional changes that underlie alcohol-associated

memories.

Forward genetics approaches in Drosophila have been

extremely valuable for investigating the molecular basis of

behavior, including memory and addiction. We previously per-

formed a screen of MB-expressed genes to identify molecular

players underlying alcohol-associative preference and uncov-

ered a role for the secreted fibrinogen-related glycoprotein

Scabrous (Sca) (Kaun et al., 2011). Throughout development,

Sca is thought to anchor Notch at the membrane and influ-

ence Delta ligand-induced activity (Hu et al., 1995; Lee

et al., 1996, 2000; Powell et al., 2001). It is currently unknown

whether alcohol-associative preference requires Notch,

let alone how Sca might modulate Notch pathway activity.

We hypothesized that lasting alcohol-induced cellular re-

sponses in reward memory circuits are the result of dysregu-

lated Sca/Notch signaling.

The highly conserved Notch signal transduction pathway is

involved in many crucial cellular processes, including stem cell

fate determination and diversification during development (Hori

et al., 2013). Canonical Notch signaling requires ligand-induced

proteolytic cleavage of the Notch receptor, releasing the Notch

intracellular domain, which then regulates target gene expres-

sion by interacting with the transcription factor suppressor of

hairless (Su(H)), recombination binding protein for immunoglob-

ulin kappa J region (RBP-J/CBF1) in mammals. Notch/Su(H)

signaling has been shown to regulate synaptic plasticity and

long-term memory in adult mammalian and fly nervous systems

(Alberi et al., 2011; Brai et al., 2015; Costa et al., 2003; Ge et al.,

2004; Kidd et al., 2015; Matsuno et al., 2009; Presente et al.,

2004; Song et al., 2009; Zhang et al., 2013b). However, the lim-

itations of conditional genetic tools have made it challenging to

determine the spatio-temporal actions and dynamic signaling
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Figure 1. Scabrous Is Required in Adult

MB Neurons for Alcohol-Associative Pre-

ference

(A) Spaced olfactory memory paradigm for

lasting cue-associated alcohol preference. A

moderate dose of ethanol (90:60 ethanol [EtOH]:air,

13.8 ± 3 mM internal concentration) was paired

with either ethyl acetate or isoamyl alcohol.

(B) The associative memory center mushroom

body (MB) comprises intrinsic neurons (Kenyon

cells) that have posteriorly positioned somata and

dendritic arbors (calyx) and anteriorly positioned

ab, a’b’, and g axon bundles (blue, green, and red,

respectively). Shown is a representation of dopa-

minergic neurons innervating the MB axon bundles

(purple).

(C) Scabrous (Sca) knockdown in adult neurons

(elav) impaired alcohol-associative preference.

Control (maintained at 18�C), n = 17, 13, 14;

adult knockdown (shifted after eclosion from

18�C/30�C), n = 27, 28, 23.

(D) Sca knockdown in sca5-120-expressing cells

during adulthood, but not development, im-

paired alcohol-associative preference. Develop-

mental knockdown (shifted after eclosion from

30�C/18�C), n = 16, 13, 15; adulthood knock-

down (shifted after eclosion from 18�C/30�C),
n = 27, 22, 30.

(E) Sca knockdown in all MB neurons (30Y or split gal4 MB152B) impaired alcohol-associative preference. 30Y, n = 22, 18, 23; MB152B, n = 21, 20, 24.

(C–E) Mean ± SEM with statistical significance evaluated by ANOVA; post hoc Bonferroni compared with experimental genotype; *p < 0.05; y, temperature-

insensitive split-GAL4.

See also Figures S1, S2, and S9.
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of the Notch pathway. Because of Notch’s underappreciated

post-developmental functions, its in vivo contribution to tran-

scriptional regulation of adult neuronal plasticity and behavior re-

mains widely unexplored.

Intriguingly, there is accumulating evidence that Notch

signaling is involved with changes in gene expression in the

brain associated with alcohol use disorder (AUD). For example,

RNA sequencing analyses in mammalian AUD models have

identified dynamic changes in Notch-associated gene expres-

sion (Melendez et al., 2012; Smith et al., 2016; Tong et al.,

2017). Furthermore, Notch activation can occur upon ethanol

application in human endothelial cells and myoblasts (Arya

et al., 2013; Morrow et al., 2008). We therefore reasoned

that addiction-related behaviors could result from alcohol-

induced changes in Notch signaling and gene expression within

memory circuitry.

Here we use a multifaceted approach to investigate the func-

tion of Sca/Notch/Su(H) signaling in alcohol-associative prefer-

ence. We show that alcohol acutely activates Notch signaling

in vivo and that the formation of alcohol-associative preference

coincides with lasting transcriptional effects within memory cir-

cuitry. We further find that the dopamine-2-like receptor

(Dop2R) is targeted by Su(H) and differentially spliced following

repeated alcohol experiences. Together, this evidence suggests

that alcohol induces lasting Notch-dependent changes in gene

expression underlying alcohol-associative cue memories. This

work provides crucial insight into the neuromolecular mecha-

nisms governing persistent reward memories associated with

alcohol addiction and relapse.
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RESULTS

Sca Is Required in the Adult MB for Alcohol-Associative
Preference
During development, Sca specifies retinal precursor patterning

(Gavish et al., 2016; Mlodzik et al., 1990) and refines epithethial

cell adhesion during bristle patterning (Renaud and Simpson,

2001). As a short-range diffusible protein with the ability to

sharpen proneural cluster boundaries (Powell et al., 2001), Sca

may contribute to the structural plasticity of adult MB synapses

required for alcohol-associative preference.

To address the spatiotemporal requirement of Sca in alcohol-

associative preference, we thermo-genetically expressed sca-

RNAi in adult neurons. Restricting pan-neuronal (elav-Gal4)

knockdown of sca in adulthood significantly impaired alcohol-

associative preference, suggesting that adult neurons require

Sca for alcohol-associative preference (Figure 1C). Alcohol-

associative preference was also abolished when sca knockdown

occurred in adult but not developmental sca-expressing cells

(sca5-120-Gal4), which prominently include MB ab, g neurons

(Figure 1D; Figure S1). Further restriction of sca knockdown to

pan-MB neurons (30Y-Gal4 and the more restrictive 152B split-

Gal4) also significantly impaired alcohol-associative preference

(Figure 1E). Together, these experiments show that Sca pro-

duced by the adult MB is required for lasting preference of

alcohol-associated cues.

The above and subsequent behavioral analyses were per-

formed using reciprocally odor-trained flies receiving doses

of alcohol sufficient to increase locomotion and behaviors



Figure 2. Scabrous Promotes Notch Activation in Adult Heads

(A) Schematic of the scabrous/Delta/Notch/Su(H) pathway. Extracellular Sca may influence Dl ligand-induced activation of Notch and Su(H) transcription factor-

dependent changes in gene expression.

(B) NFull protein (i) and Notch transcript (ii) levels in wild-type, hypomorphic sca5-120, and null scaBP-2 heads; n = 6, 6, 6; DD critical threshold (CT), n = 3, 3.

(C) Delta protein (i) and Delta transcript (ii) levels in wild-type and sca5-120 heads; n = 5, 5; DDCT, n = 3, 3.

(B andC) Data were normalized to thewild-type. Mean ± SEMwith statistical significance evaluated by ANOVA, post hocBonferroni comparedwith thewild-type,

*p < 0.05, **p < 0.01.

(D and E) aSca (magenta) in theMB soma regions of wild-type and Sca-GFP (sca5-120/+ ; UAS- sca-GFP/+) flies. The Sca signal in wild-type flies is low and diffuse

(D) and colocalizes with GFP in the MB calyx (dendrites) of Sca-GFP flies (E).

(F and G) aNotch (magenta) in the MB soma regions of wild-type and Notch-GFP (N55e11 ; N-GFP) flies.

(F) Notch in wild-type flies is low, diffuse, and localizes to cell membranes (inset: enhanced brightness and contrast).

(G) aNotch colocalizes with GFP in N-GFP flies.

(legend continued on next page)
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associated with disinhibition (Kaun et al., 2011; Nunez et al.,

2018; Park et al., 2017; STAR Methods). All genotypes lacking

alcohol-associative preference were confirmed to have naive

odor responses (Figure S2A). A negative RNAi control, pan-

MB-specific MB010B split Gal4 driving GFP-RNAi showed no

changes in alcohol-associative preference compared with ge-

netic controls (Figure S2B).

Sca Promotes Notch Activity in the Adult Brain
Sca functions as a secreted glycoprotein that likely binds to the

extracellular domain of Notch in nearby cells to influence Delta/

Notch signaling (Figure 2A; Baker et al., 1990; Powell et al.,

2001). Specifically, Sca has been proposed to induce Delta/

Notch activation, prevent Notch degradation, or reduce Notch

availability in a ligand-dependent manner depending on the

spatial and temporal context (Gavish et al., 2016; Giagtzoglou

et al., 2013; Lee et al., 1996, 2000; Muñoz-Soriano et al., 2016;

Renaud and Simpson, 2001). Because the function of the Notch

pathway is highly context-specific (Bray, 2016), it is critical to un-

derstand the relationship between Sca and Delta/Notch in the

adult brain.

To determine whether Sca affects Notch activity in adults, we

examined the protein levels of uncleavedNotch (NFull) receptor in

the heads of wild-type and sca mutants. Relative to wild-type

flies, hypomorphic transposon insertion sca5-120 and null dele-

tion scaBP-2 mutants had significantly more NFull (Figure 2Bi;

Data S1). Because few homozygous scaBP-2 mutants survived

to adulthood in our hands, subsequent experiments used

sca5-120 flies. Increased NFull protein levels were not the result

of enhanced Notch transcription in sca5-120 mutants (Figure 2Bii;

Data S1), suggesting that sca mutants have reduced Notch

activity.

Notch activation inhibits downstream proneural gene expres-

sion, including its Delta ligand (i.e., via impaired lateral inhibition)

(Heitzler and Simpson, 1991). We therefore expected that

reduced Notch activity would promoteDelta expression. Indeed,

both Delta protein and transcript levels in adult heads were

significantly increased in sca5-120 mutants compared with wild-

type flies (Figure 2C; Data S1). These findings are consistent

with sca mutants having reduced Notch activity, suggesting

that Sca normally functions to promote Notch signaling in adult

brains.

To understand the neuronal context of Sca, we examined pro-

tein localization in the adult brain. In developing tissue, Sca is

secreted and diffuses up to three cell diameters away from its

origin, which makes it challenging to determine its source and

site of action (Lee et al., 1996). Diffuse endogenous Sca protein

(aSca) was observed in the MB soma region of wild-type flies,

whereas abnormal expression was observed in sca5-120mutants

(Figure 2D; Figure S3A). However, the precise cellular localiza-
(D–G) All images are 5–10 mm max projection stacks with DAPI (blue); scale bars

(H and I) Scabrous binds Delta and Notch in adult heads.

(H) Immunoprecipitation (IP) with aGFP and blotting (Blot) with aNotch in Sca-GFP

Blot with aNotch in Sca-GFP and N-GFP heads suggest an interaction between

control with immunoglobulin G (IgG).

(I) IP with aDelta and non-reducing Blot with aSca in Sca-GFP heads support an

See also Figures S1 and S3–S5.
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tion of Sca was difficult to ascertain, likely because of its short

half-life and sensitivity to fixative (Lee et al., 1996). To address

this limitation, we instead examined the localization of Sca

GFP fusion proteins (Chou and Chien, 2002) in sca5-120-express-

ing cells of sca5-120/+ heterozygotes. Sca-GFP (C-terminal tag)

localized to MB dendrites (calyx) and to the membranes of

distinct somata (Figure 2E; Figure S3B), whereas GFP-Sca

(N-terminal tag) primarily localized to all MB somata (Figure S3B).

We postulate that N-terminal fusion disrupts Sca secretion by

interfering with its predicted signal peptide (1–51 amino acids

[aa]) (Signal Peptide Database), and suggest that the C-terminal

Sca fusion more likely reflects endogenous Sca localization.

Immunostaining with aSca further confirmed Sca-GFP localiza-

tion within the MB soma region (Figure 2E). Subsequent experi-

ments were performed with C-terminal tagged Sca-GFP ex-

pressed by sca5-120.

We next sought to investigate the endogenous localization of

Notch in the adult brain. Notch was widely expressed at low

levels and localized to membranes in the MB soma region

(Figure 2F, the inset shows enhanced signal contrast). This

expression pattern was confirmed by aNotch recognition of a

previously constructed N-GFP fusion protein expressed in a

Notch loss-of-function (N55e11) mutant background (Figure 2G;

Couturier et al., 2014). Together, these findings suggest that

Sca and Notch proteins are endogenously distributed

throughout the MB soma region and that Sca localizes to MB

dendrites and a few distinct somata.

Sca Dimers Bind to Notch and Delta in the Adult Brain
Sca fibrinogen-like peptides are glycosylated and form disulfide-

linked dimers in developing imaginal eye discs (Lee et al., 1996),

but the form and function of Sca in the post-developmental brain

are unknown. We identified the presence of endogenous Sca di-

mers in wild-type, sca5-120, and Sca-GFP (sca5-120 > sca-GFP)

adult head lysates (Figures S4A and S4B). Various Sca:Sca-

GFP heterodimers and possible glycospecies were observed,

and there was no evidence of artificial in vitro dimerization (Fig-

ure S4C). These findings confirm the presence of functional

Sca protein in adult head tissue.

Despite genetic and immunohistochemical evidence that Sca

and Notch may form a ligand-receptor pair during development,

biochemical efforts to confirm their interaction have been unsuc-

cessful (Lee et al., 1996; Powell et al., 2001). To address possible

protein-protein interaction in adult head tissue, we immunopre-

cipitated GFP-tagged Sca and Notch with aGFP from Sca-

GFP (sca5-120 > sca-GFP) and N-GFP (N55e11 ; N-GFP) heads

and blotted for aNotch or aDelta (Figure 2H; Figures S4D and

S4E). Notch co-precipitated modestly with Sca (Figure 2H),

and Delta co-precipitated to a lesser extent with Sca and Notch

(Figure S4E). A reciprocal immunoprecipitation experiment,
, 50 mm.

(sca5-120/+ ; sca-GFP/+) and N-GFP (N55e11 ; N-GFP) heads. IP with aGFP and

Sca:Notch and include a positive control for Notch pull-down and negative

interaction between Sca:Delta.



Figure 3. Notch and Su(H) Are Required in

MB Neurons for Alcohol-Associative Prefer-

ence

(A) Notch knockdown in all MB lobes (30Y), but not

in the eye (gmr), impaired alcohol-associative

preference. 30Y, n = 20, 18, 30; gmr, n = 19, 15, 18.

(B) Knockdown of Notch in all MB lobes (MB010B),

ab lobes (MB008B), a’b’ lobes (MB005B), or g

lobes (MB009B) impaired alcohol-associative

preference. MB010B, n = 25, 26, 28; MB008B,

n = 24, 20, 22; MB005B, n = 24, 18, 24; MB009B,

n = 25, 26, 28.

(C) Su(H) knockdown in all neurons (elav) or MB

lobes (30Y or MB010B) tended to impair alcohol-

associative preference. elav, n = 27, 23, 24; 30Y,

n = 19, 16, 20; MB010B, n = 33, 27, 33. All flies for

behavioral experiments were shifted after eclosion

from 18�C to 30�C.
(A–C) Mean SEM with statistical significance eval-

uated by ANOVA, post hoc Bonferroni compared

with experimental, *p < 0.05; y, temperature-

insensitive split-GAL4.

(D) Working model where alcohol odor training in-

duces misactivation of Notch/Su(H) in adult MBs.

See also Figures S2 and S9.
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using aDelta for pull-down and aSca for blotting from Sca-GFP

heads, further supported a Delta:Sca interaction (Figure 2I).

These findings demonstrate associations between Notch:Delta,

Notch:Sca, and Delta:Sca proteins in adult head tissue. There-

fore, our working model is that Sca dimers bind both Notch

and Delta to promote Notch activity and that loss of Sca reduces

Notch activation (Figure S3C).

Notch Is Required in Adult MBs for Alcohol-Associative
Preference
In adult flies, Notch knockdown or overexpression results in the

reduction or enhancement of long-term aversive shock memory,

respectively (Ge et al., 2004; Presente et al., 2004; Zhang et al.,

2013b). It is unclear, though, whether Notch is required for

alcohol-associative preference and whether it acts only in spe-

cific adult circuits to influence memory. To determine the neces-

sity of Notch in our behavioral paradigm, we thermo-genetically

expressed Notch-RNAi in adult neurons. Similar to our findings

with sca, Notch knockdown in the adult MB (30Y-Gal4) impaired

alcohol-associative preference (Figure 3A, left). Conversely,

Notch knockdown in the eyes (gmr-Gal4), an unrelated brain re-

gion, did not disrupt alcohol-associative preference (Figure 3A,

right). These findings highlight the necessity of Notch in adult

MB neurons for the formation of alcohol-associative preference.
We have shown previously that neuro-

transmission from discrete MB lobes is

required for the acquisition (g), consolida-

tion (a’b’), and retrieval (ab) of alcohol-

associated memory (Kaun et al., 2011).

To determine whether Notch was specif-

ically required in these neuronal subsets,

Notch-RNAi expression was restricted us-

ing refined split-Gal4 drivers (Figure 3B).
Compared with genetic controls, alcohol-associative preference

was abolished when Notch-RNAi was expressed in all ab, a’b’,

g (MB010B-Gal4), ab (MB008B-Gal4), a’b’ (MB005B-Gal4), or

g (MB009B-Gal4) neurons. These findings suggest that

Notch function is generalized to all, and not particular subtypes

of, MB neurons for mediating lasting alcohol-associative

preference.

Su(H) Is Required in Adult MBs for Alcohol-Associative
Preference
Both canonical (Su(H)-dependent) and non-canonical (Su(H)-in-

dependent) Notch signaling have been implicated in Drosophila

long-term memory (Song et al., 2009; Zhang et al., 2013b, 2015).

Unlike Notch, either too little or too much Su(H) disrupts long-

termodor-associated shockmemory. Additionally, post-develop-

mental knockout of the mammalian Su(H) homolog, RBP-J or

CBF1, significantly influences synaptic plasticity and memory

(Liu et al., 2015). To address the spatiotemporal requirement of

Su(H) in alcohol-associative preference, we thermo-genetically

expressed Su(H)-RNAi in adult neurons. Adult pan-neuronal

(elav-Gal4) or pan-MB (30Y-Gal4 or MB010B-Gal4) knockdown

of Su(H) impaired alcohol-associative preference (Figure 3C; see

FigureS2C for thermogenetic adult specificity controls). Together,

these findings illustrate that alcohol-associative preference
Neuron 100, 1–15, December 5, 2018 5



Figure 4. Alcohol Exposure Induces Notch Activity In Vivo

(A and B) Flies were exposed to air or alcohol (90:60 EtOH:air) or rested 1 hr after exposure across multiple trials (13, 23, 33), modeling the alcohol-associative

memory training paradigm; see diagram above. Protein levels were normalized to air. Mean ± SEM with statistical significance evaluated by ANOVA, post hoc

Bonferroni compared with air, *p < 0.05.

(legend continued on next page)
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requires Sca/Delta/Notch/Su(H) signaling in adult MB neurons

(Figure 3D).

Alcohol Increases Notch Activity in the Adult Brain
Alcohol has been shown to stimulate Notch signaling in human

endothelial cells and myoblasts (Arya et al., 2013; Morrow

et al., 2008) and can markedly alter neural firing and network ac-

tivity in themammalian prefrontal cortex and limbic brain regions

(Ehlers et al., 2012; Pleil et al., 2015; Tu et al., 2007). Furthermore,

Notch activation is required for activity- and experience-depen-

dent plasticity in the mouse hippocampus, fly olfactory neurons,

and at the larval neuromuscular junction (Alberi et al., 2011; de

Bivort et al., 2009; Kidd et al., 2015). We reasoned that alcohol

exposure may disrupt neuronal Notch activity in vivo to produce

maladaptive changes in gene transcription.

To test this hypothesis, we assessed Notch activity in the

heads of flies exposed to either air or alcohol (Figure 4, top).

Immediately following exposure, NFull levels were significantly

reduced compared with air-treated controls (Figure 4A; Data

S3, S4, and S5). This phenomenon was not merely the result of

being exposed to an odorant (Figure S5A). Interestingly,

providing flies an hour of rest after exposure allowed NFull to

recover to control levels following one or two but not three

rounds of exposure (Figure 4A). This suggests that alcohol tran-

siently induces Notch cleavage and that repeated exposure

causes lasting changes in Notch activity.

Because sca5-120 mutants displayed reduced Notch activity

(Figures 2B and 2C), we predicted that, unlike in wild-type flies,

a single alcohol exposure would not activate Notch signaling.

Indeed, NFull levels showed no significant reduction in sca5-120

mutants exposed to alcohol, suggesting that Sca is required

for alcohol-induced Notch activation (Figure 4B). No significant

changes were observed in Sca-GFP dimers in heads following

acute alcohol exposure (Figure S5B). Together, these findings

support a role for Sca-dependent Notch activation in alcohol-

associative preference.

To detect the downstream consequence of alcohol-induced

Notch activation, we attempted to examine the levels of the

Notch intracellular domain (NICD) in the heads of wild-type flies.

Cleaved NICD was undetectable using the aNotch (mC17) anti-

body, either because of low levels or poor antibody recognition,

possibly as a result of post-translational modifications. NICD was

weakly detected in N-GFP fly heads using aGFP (Figure S5C),

although significant changes following alcohol exposure were

not observed (Figure S5D).

To investigate whether alcohol-induced Notch activation

caused downstream Su(H)-mediated transcriptional activity

in vivo, we examined the recruitment of Su(H) to the known Notch
(A) NFull protein in wild-type heads was significantly reduced in response to alco

(B) NFull protein in sca5-120 mutant heads does not change in response to alcoho

(C) Chromatin immunoprecipitation (ChIP) with aSu(H) followed by qPCR showe

n = 6, 6; see diagram above.

(D and E) E(spl)mbmRNA expression increased in fly heads after acute 10-min al

24 hr, n = 6, 6; data were normalized to air.

(A–E) Mean ± SEM with statistical significance evaluated by ANOVA, post hoc B

(F) Working model where alcohol exposure activates canonical Notch/Su(H) sign

See also Figure S5.
target gene Enhancer of split-mb (E(spl)mb). Specifically, to deter-

minewhether Su(H) occupancywas affected by alcohol exposure

at this locus, we performed chromatin immunoprecipitation fol-

lowed by qPCR (ChIP-qPCR) with heads of acutely exposed flies

(Figure4C;FigureS5E). In response toalcohol exposure,Su(H)oc-

cupancy expectantly increased in abundance upstream of E(spl)

mb (Figure 4C, right). Furthermore, consistent with alcohol-

induced Notch activation and Su(H) expression of target genes,

acute alcohol exposure significantly increased E(spl)mb mRNA

transcript levels just after exposure (Figure 4D), but not 24 hr after

repeated exposure (Figure 4E), in whole head tissue. Together,

these findings illustrate that acute alcohol exposure induces

Sca/Delta/Notch/Su(H) signaling, causing E(spl)mb expression

to be detectable at the whole head tissue level (Figure 4F).

We next wondered whether Notch activity, specifically in MB

neurons, was affected by alcohol odor training. To address

this, we used a genetically engineered, ubiquitously expressed

Notch-LexA/VP16 reporter that drives expression of lexAop-de-

stabilized-GFP (N-LV > dGFP) (Figure 5A, left; Barolo et al., 2000;

Lieber et al., 2011) and an MB neuron marker MB247-DsRed

(Pech et al., 2013). Many dGFP+ cells, a proxy for Notch compe-

tence, were observed throughout the anterior and posterior cen-

tral adult brain (Figure 5A, right). We noted that, 24 hr after odor

only exposure (‘‘Odors’’), there were, on average, �10 Notch

active dGFP+ MB neurons, which mildly increased with alcohol

odor training (‘‘Trained,’’ Figure 5B). This phenotype was also

observed in the absence of the MB247-DsRed marker and using

a computational method for cell counting (Figure S6). These find-

ings suggest that repeated alcohol odor training has lasting ef-

fects on Notch competence, which may contribute to lasting

alcohol-associative preference.

Dop2R Is Required in Adult MBs for Alcohol-Associative
Preference
Our data thus far demonstrate that alcohol can activate the

Notch pathway, a major transcriptional program. However, the

lasting gene expression and behavioral consequences of this

response are unknown. MB neurons are highly innervated by

dopaminergic neurons (Figure 1B; Aso et al., 2014; Waddell,

2010) and express the four known Drosophila dopamine recep-

tors (D1-like: Dop1R1, Dop1R2, DopEcR; D2-like: Dop2R)

(Crocker et al., 2016). D2-like receptors have been implicated

in mammalian (El-Ghundi, 2007) andDrosophila (Scholz-Kornehl

and Schw€arzel, 2016) learning and memory. Changes in human

dopamine D2-like receptor (DRD2) expression and function are

famously associated with addiction, including AUD (Volkow

et al., 1996). However, the mechanism by which alcohol regu-

lates DRD2 expression or activity is unclear. Considering that
hol; 13, n = 7, 7, 7; 23, n = 9, 9, 9; 33, n = 8, 8, 8.

l exposure; 13, n = 12, 12, 12.

d that alcohol significantly enriched Su(H) at an E(spl)mb enhancer sequence;

cohol exposure (D) but not 24 hr after repeated exposures (E). 10 min, n = 6, 6;

onferroni compared with air or two-tailed t test, *p < 0.05.

aling in adult head tissue.
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Figure 5. Alcohol Odor Training Causes Lasting Changes to Notch in MB Neurons

(A) Schematic of the Notch-LexA:VP16 (N-LV) reporter driving the destabilized GFP LexAop-dGFP and MB247-dsRed MB marker. The GFP signal, a proxy of

Notch activity, was extensive and broadly observed in the anterior and posterior central brain.

(B) Trained N-LV > dGFP MB247-dsRed (all transgenes heterozygous) flies showed more GFP+ dsRed+ cells compared with Odors-only treatment 24 hr after

training; n = 20, 17 flies (averaged across left and right hemispheres scored from confocal series). Mean ± SEMwith statistical significance evaluated by two-tailed

t test, *p < 0.05.

Images are max projection stacks with DAPI (blue), dGFP (green), and dsRed (magenta); scale bars, 50 mm. See also Figure S6.
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Su(H) can act as both a transcriptional repressor or activator

(Borggrefe and Oswald, 2009, 2016) and that alcohol could

induce Notch activity in adult Drosophila heads (Figure 4A), we

hypothesized that Dop2R may be a novel target of Su(H) down-

stream of adult Notch activity.

We identified predicted Su(H) binding sites upstream and

within Dop2R using the computational transcription factor bind-

ing site tool JASPAR (Mathelier et al., 2014) (For the gene map,

see Figure S5E). We then determined whether Su(H) occupancy

atDop2Rwas affected by alcohol exposure by performing ChIP-

qPCR on heads acutely exposed to air or alcohol (Figure 6A). In

response to alcohol exposure, Su(H) occupancy significantly

decreased at an upstream predicted Su(H) binding site. There

was no change at a predicted Su(H) site within the first intron

of Dop2R, suggesting regional specificity of alcohol-induced

loss of Su(H) abundance. Despite alcohol-induced changes in
8 Neuron 100, 1–15, December 5, 2018
Notch activation and Su(H) mobilization, Dop2R mRNA tran-

script levels did not change immediately after acute exposure

(Figure 6B) or 24 hr after repeated alcohol exposure (Figure 6C)

in head tissue. These findings show that acute alcohol exposure

dynamically affects Su(H) occupancy at Dop2R in adult heads

but that no corresponding transcriptional effects are readily

observed in total head Dop2R expression.

We hypothesized that use of whole head tissue obscures

discrete MB-specific changes in Dop2R regulation that serve

an important role in alcohol-associative preference. To investi-

gate this possibility, we thermo-genetically expressed Dop2R-

RNAi in all adult neurons (elav-GAL4) or MB neurons (30Y-Gal4

orMB010B-Gal4) and found that knockdown ofDop2R impaired

alcohol-associative preference (Figure 6D; see Figure S2C for

thermogenetic adult specificity controls). Together, the data

support a working model where alcohol odor training induces



Figure 6. Alcohol Exposure Alters Su(H) Binding at Dop2R, and Dop2R Is Required for Alcohol-Associative Preference

(A) ChIP with aSu(H) followed by qPCR showed that alcohol experience reduced Su(H) occupancy at an upstream but not intronic Dop2R sequence; n = 6, 6.

(B and C) Dop2R mRNA expression did not change in fly heads after acute 10-min alcohol exposure (B) or 24 hr after repeated exposures (C). 10 min, n = 6, 6;

24 hr, n = 6, 6; see diagram above; data were normalized to air. Mean ± SEMwith statistical significance evaluated by ANOVA, post hocBonferroni comparedwith

air, *p < 0.05.

(D) Dop2R knockdown in all neurons (elav) or MB lobes (30Y or MB010B) impaired alcohol-associative preference. elav, n = 21, 24, 24; 30Y, n = 17, 18, 17;

MB010B, n = 19, 17, 18; mean ± SEM with statistical significance evaluated by ANOVA, post hoc Bonferroni compared with experimental, *p < 0.05, y, tem-

perature-insensitive split-GAL4.

(E) Working model of alcohol-induced Notch activation in MB neurons causes changes in Su(H) occupancy at E(spl)mb and Dop2R.

See also Figures S2, S7, and S9.
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Figure 7. Repeated Alcohol Exposures Alter Dop2R in the MB Nuclear Transcriptome

(A) Transcriptomic analyses were performed on MB nuclei isolated by the INTACTmethod 24 hr after flies were conditioned with the Odors (odor only) or Trained

(odors + ethanol) paradigms. The volcano plot displays fold change versus p value statistics between Odors versus Trained libraries; dopamine-2 receptor

transcripts (purple).

(B) Expression (fragments per kilobase of transcript per million [FPKM]) of the Dop2R-RH transcript switched to Dop2R-RI in response to training.

(C) Schematic of the Dop2R gene (50à30) highlighting the single codon difference between the –RH and –RI transcripts causing a Ser658 aa exclusion in the third

cytoplasmic loop of Dop2R.

(D) Working model of alcohol-induced change in Dop2R transcript usage in MB neurons.

See also Figures S7 and S8.
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Sca/Delta/Notch/Su(H) signaling in adult MB neurons, affects

Dop2R regulation, and ultimately contributes to alcohol-associa-

tive preference (Figure 6E).

Alcohol Odor Training Induces MB-Specific
Transcriptomic Changes
Based on our previous findings, we hypothesized that alcohol

odor training induces changes in the MB-specific transcriptome,

including changes in Dop2R regulation. To learn more about the

lasting effects of alcohol odor training, we set out to characterize

experience-dependent transcriptomic changes in MB neurons.

To date, few studies have investigated memory-related tran-

scriptome changes in MB neurons, and these efforts have pri-

marily focused on gene- and not transcript-level analyses
10 Neuron 100, 1–15, December 5, 2018
(Crocker et al., 2016; Perrat et al., 2013). Unlike previous studies,

we sought to determine changes in transcript expression 24 hr

after alcohol odor-associative training, when flies show a prefer-

ence for alcohol-associated cues. We chose to perform RNA

sequencing of MB nuclei using the isolation of nuclei tagged in

specific cell types (INTACT) method (Henry et al., 2012; Pankova

and Borst, 2016). Before the isolation of MB nuclei, flies were

exposed to the Odors or Trained exposure paradigms (Fig-

ure 7A). MB INTACT (MB010B > unc84-GFP2x) flies were

confirmed to have normal MB morphology (Figure S7A) and

alcohol-associative preference (Figure S7B). Read libraries

were processed and analyzed with the New Tuxedo bioinformat-

ics pipeline (Pertea et al., 2016; STARMethods) and are summa-

rized in Figure S7C.
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Weobserved high expression of commonMBmarkers (Oamb,

Fas2, VAChT, Pka-R2, prt, sNPF, and the INTACT transgene) in

the MB nuclei (Figure S8, blue). We also noted that sca is more

highly expressed than Notch, Delta, and Su(H) transcripts (Fig-

ures S8B and S8C, green) and that all four dopamine receptors

are expressed in the MB, including various transcript isoforms

of Dop2R (Figures S8B and S8C, purple).

Alcohol Odor Training Alters Isoform Regulation of
Dop2R in MB Nuclei
Considering the strong association of D2-like receptors with

addiction and our finding that Su(H) targeting ofDop2R is affected

by alcohol exposure, we first asked whether alcohol odor training

influenced the transcript regulation of Dop2R. Interestingly, the

Dop2R-RH and Dop2R-RI transcripts showed large negative and

positive fold change responses, respectively, suggesting a switch

in isoform expression from Dop2R-RH to Dop2R-RI 24 hr after

alcohol odor training (Figure 7B). The only difference between

the –H and –I isoforms is the inclusion of a serine at 658 aa in the

Dop2R-PH protein (Figure 7C). This amino acid resides in the third

cytoplasmic loop of the fly and humanD2-type G-protein coupled

receptor (GPCR) (Figure 7D) and suggests that alcohol causes a

lasting functional change to Dop2R in MB neurons. Importantly,

performing a gene- rather than transcript-level analysis missed

alternative isoform regulation of Dop2R (data not shown).

Identification of Lasting MB Transcriptomic Changes
following Odor Alcohol Training
To identify new transcripts that may play a role in alcohol-asso-

ciative behavior, we examined differential expression of tran-

scripts affected by alcohol odor training (Trained) compared

with odor-only controls (Odors) in MB nuclei. Using a false dis-

covery rate of q < 0.05, the expression of eight transcripts was

found to be significantly altered: SREBP-RC, shi-RP, CG9098-RA,

CG3558-RB, CG9098-RB, Sec31-RA, Sdc-RK, and Stat92E-RH (Fig-

ures 8A and 8B; Figures S8B and S8C, red). Interestingly, there

were notable changes in alternative isoform regulation in

response to alcohol odor training (Figure 8C). For example,

both CG9098 and Stat92E showed conditional promoter usage,

altering the expression of 50 exonic sequences. In sum, these

bioinformatic profiles provide evidence of lasting experience-

dependent changes to the MB transcriptome.

Despite it being difficult to achieve isoform-specific manipula-

tion, we behaviorally assessed flies expressing available RNAi

lines targeting three upregulated transcripts—Stat92E, Sec31,

and Sdc—in MB neurons (MB010B-Gal4). Knockdown of

Stat92E, but not Sec31 or Sdc, impaired alcohol-associative

preference comparedwith genetic controls (Figure 8D), suggest-

ing that Stat92E is required in MB neurons for lasting alcohol-

associative preference. It remains unclear what role isoform-

specific transcripts of Sec31 or Sdc may have in this behavior

or whether compensatory mechanisms exist in their absence.

DISCUSSION

A mechanistic understanding of how preference for alcohol-

associated cues arises and persists at the neuromolecular level

is currently lacking. Our approach to address this process
uniquely intersects the fields of alcohol addiction, learning and

memory, and conserved Notch signaling. It also necessitates

molecular-, circuit-, and behavioral-level perspective. We found

that long-term preference for alcohol-associated cues in

Drosophila requires Sca/Delta/Notch/Su(H) signaling and that

repeated alcohol experiences alter transcription in memory-en-

coding MB neurons. These findings offer a molecular framework

for how dysregulation of a conserved transcriptional program

contributes to maladaptive memories associated with addiction.

The Undervalued Role of Notch in Adulthood
The Notch transduction pathway is widely recognized for its

conserved developmental role in neuroectoderm differentiation

via lateral inhibition, a process that essentially links the fate of cells

to their neighbors (Artavanis-Tsakonas and Muskavitch, 2010).

Often overlooked, however, is the profound effect of Notch on

adult cellular physiology, particularly in the nervous system (Ables

et al., 2011). Both canonical (Su(H)-dependent) and noncanonical

(Su(H)-independent) Notch signaling are implicated in long-term

associative memory (Alberi et al., 2011; Brai et al., 2015; Ge

et al., 2004; Song et al., 2009; Wang et al., 2004; Zhang et al.,

2015). Furthermore, Notch underlies experience-dependent

changes in neuronal morphology and physiology, including

long-term potentiation and depression, and expression of synap-

tic vesicle proteins (Alberi et al., 2011; Kidd et al., 2015; Lieber

et al., 2011; Wang et al., 2004). Consistent with Notch’s critical

role in adult neuronal physiology, we found that post-develop-

mental Notch/Su(H) signaling is required in the Drosophila MB

neurons for long-term associative memories of alcohol exposure.

Acute alcohol exposure induced changes in Su(H) function, which

may initiate or perpetuate maladaptive transcriptional events,

including the regulation of known Notch target genes (i.e., E(spl)

mb) and novel targets (i.e., Dop2R).

This work emphasizes that Notch-dependent signaling is an

important cellular program that coordinates the neuronal plas-

ticity required for drug-associated long-term memory. Notably,

it does not address the contribution of non-canonical (Su(H)-in-

dependent) Notch signaling or coordinated cross-talk with other

downstream signaling cascades that converge to regulate tran-

scription. For instance, the Notch intracellular domain might

interact with the highly studied CREB (Ca2+/cyclic AMP

[cAMP]-responsive element-binding protein)/CBP (CREB-bind-

ing protein) pathway to influence transcriptional output (Hallaq

et al., 2015; Hirano et al., 2016; Zhang et al., 2013a, 2015).

Changes in D2R following Alcohol Experience
A hallmark feature of addiction to drugs of abuse, including

alcohol, is reduced striatal D2 dopamine receptor function (Heinz

et al., 2004; Volkow et al., 1996). Our finding that Dop2R is crucial

for alcohol-associative preference (Figure 6) supports the funda-

mental importance of D2 regulation in response to alcohol. Inter-

estingly, alcohol odor training altered the MB expression of

Dop2R isoforms (Figure 7), which is functionally reminiscent of

mammalian alcohol- and cocaine-associated splicing of 29 third

cytoplasmic loop amino acids in short versus long DRD2 iso-

forms (Moyer et al., 2011; Sasabe and Ishiura, 2010). Interest-

ingly, a Su(H) binding site is predicted near the intronic branch-

point between Dop2R’s exons 7 and 8, which suggests a
Neuron 100, 1–15, December 5, 2018 11



Figure 8. Repeated Alcohol Exposure Changes Expression in the MB Nuclear Transcriptome

(A) The same transcriptomic approach as in Figure 7A.

(B) The same volcano plot of fold change, comparing fold change and p value statistics of Odors versus Trained libraries as in Figure 7A; statistically significant

q < 0.05 transcripts (red).

(C) Schematic of significantly altered transcripts (50/30), highlighting notable exon splicing differences.

(D) Knockdown of Stat92E, but not Sec31, or Sdc with RNAi in MB lobes (MB010B) impaired alcohol-associative preference; Stat92Ei, n = 25, 19, 19; Sec31i,

n = 25, 23; Sdci, n = 16, 15; mean ± SEM with statistical significance evaluated by ANOVA, post hoc Bonferroni compared with experimental, *p < 0.05; y,
temperature-insensitive split-GAL4.

See also Figures S2 and S7–S9.
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possible mechanism by which Notch activity could influence the

splicing machinery and result in the expression of alternative

transcript isoforms. Although the functional relevance of the

Dop2R-PH and Dop2R-PI isoforms is unknown, the single amino

acid (Ser658) difference is conserved in human DRD2 (Ser262)

and is located in the receptor’s third cytoplasmic loop, where

downstream Gai protein interactions occur.
12 Neuron 100, 1–15, December 5, 2018
A recent mouse study has intriguingly identified a link between

Notch/RBP-J and striatal dopamine function (Toritsuka et al.,

2017). Conditional knockout of RBP-J (Su(H) in flies) in neurons

decreased striatal dopamine release, increased D1 agonist re-

sponsivity, and affected the acquisition and maintenance of

conditioned avoidance behavior (Toritsuka et al., 2017). Because

D1 and D2 receptor binding and expression were not altered in
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the absence of RBP-J, the cellular mechanisms of how Notch/

RBP-J signaling affects dopaminergic activity still remain un-

clear. Our work provides possible Su(H)-mediated changes

that may alter downstream D2 receptor signaling, which offers

novel avenues for future research.

Differential Transcriptional State following Repeated
Alcohol Exposure
Alcohol-induced transcriptional changes in brain tissue are often

mild, widespread, and both brain region- and time-specific

(Melendez et al., 2012; Morud et al., 2017; Smith et al., 2016).

We identified lasting changes in eight alternatively spliced tran-

scripts: CG3558-RB, CG9098-RA, CG9098-RB, Sdc-RK, Sec31-RA,

shi-RP, SREBP-RC, and Stat92E-RH. Many forms of genetic varia-

tion, including alternative splicing, have been observed in human

alcoholic and animal model brain tissue (Farris and Mayfield,

2014). We particularly observed differential usage of the tran-

script’s first exons. These findings are strictly contextualized to

MB nuclei and require subsequent experimentation to function-

ally interpret but are exciting to consider nonetheless. For

instance, alternative first exon usage of the Stat92E transcription

factor is a negative feedback mechanism that controls its own

transcription (Henriksen et al., 2002), suggesting that alcohol

trainingcauses lastingchanges inStat92Eactivity inMBneurons.

Interestingly, the innate immunity JAK/Stat (Janus kinase-signal

transducer and activator of transcription) pathway shows exten-

sive crosstalk with Notch signaling (Kamakura et al., 2004). Other

differentially expressed transcripts in response to alcohol odor

training are known to be involved in axon targeting, neuron pro-

jection morphogenesis, endocytosis, fatty acid biosynthesis,

and innate immunity. Further isoform-specific investigation is

required to understand the functional role of these enticing tar-

gets in the formation andmaintenance of alcohol cue-associated

reactivity.

Conclusions
Using a combination of techniques in Drosophila, Sca, a

secreted extracellular matrix peptide, is shown to regulate adult

alcohol-induced Notch/Su(H) activity. We propose that alcohol

influences gene expression by dysregulating this highly

conserved pathway. Furthermore, alcohol odor training caused

lasting changes to transcript splicing in memory circuitry,

including in the D2 dopamine receptor. This work stresses the

importance of Notch signaling and lasting genetic conse-

quences in adult alcohol-associated neural plasticity. These

mechanistic insights warrant further investigation to provide

traction for therapeutic approaches in mammalian models

of AUD.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-Notch DSHB, University of IA Cat# C17.9C6; RRID: AB_528410

Rabbit anti-Elav DSHB, University of IA Cat# 7E8A10; RRID: AB_528218

Mouse anti-Repo DSHB, University of IA Cat# 8D12; RRID: AB_528448

Mouse anti-Delta DSHB, University of IA Cat# C594.9B; RRID: AB_2056641

Rabbit anti-GFP Thermo Fisher Scientific, CA Cat# A-11122; RRID: AB_221569

Rat anti-RFP Chromotek Cat# 5F8; RRID: AB_2336064

Mouse anti-Sca DSHB, University of IA Cat# mAb sca1; RRID: AB_528459

Goat anti-SuH Santa Cruz Biotech, CA Cat# sc-15813; RRID: AB_672840

HRP-Goat anti-Mouse Thermo Fisher Scientific, CA Cat# 626520; RRID: AB_88369

HRP-Goat anti-Rabbit Thermo Fisher Scientific, CA Cat# A27036; RRID: AB_2536099

HRP-Rabbit anti-Mouse Thermo Fisher Scientific, CA Cat# A27025; RRID: AB_2536089

Goat AlexaFluor 405-conjugated anti-Mouse Thermo Fisher Scientific, CA Cat# A-31553; RRID: AB_221604

Goat AlexaFluor 488-conjugated anti-Mouse Thermo Fisher Scientific, CA Cat# A-11029; RRID: AB_2534088

Goat AlexaFluor 488-conjugated anti-Rabbit Thermo Fisher Scientific, CA Cat# A-11008; RRID: AB_143165

Goat AlexaFluor 568-conjugated anti-Rat Thermo Fisher Scientific, CA Cat# A-11077; RRID: AB_2534121

Goat AlexaFluor 647-conjugated anti-Mouse Thermo Fisher Scientific, CA Cat# A28181; RRID: AB_2536165

Critical Commercial Assays

High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific, CA Cat# 4368814

SsoAdvanced Universal SYBRGreen Supermix BIO RAD Cat# 1725274

Deposited Data

MB010B>INTACT, raw .fastq and count data (this paper) GEO: GSE108525

Experimental Models: Organisms/Strains

wt (Berlin) Kaun et al., 2011 N/A

sca5-120 Kaun et al., 2011 N/A

scaBP2 Bloomington Stock Center BL#7320

elavc155-Gal4 Bloomington Stock Center BL#458

30Y-Gal4 Bloomington Stock Center BL# 30818

GMR-Gal4 Bloomington Stock Center BL# 9146

MB005B-Gal4 Aso et al., 2014 N/A

MB008B-Gal4 Aso et al., 2014 N/A

MB009B-Gal4 Aso et al., 2014 N/A

MB010B-Gal4 Aso et al., 2014 N/A

MB152B-Gal4 Aso et al., 2014 N/A

tubGal80ts Bloomington Stock Center BL#7019

UAS-sca-RNAi Vienna Drosophila Resource Center VDRC#44527

UAS-Notch-RNAi Vienna Drosophila Resource Center VDRC#1112

UAS-Su(H)-RNAi Vienna Drosophila Resource Center VDRC#103597

UAS-Dop2R-RNAi Vienna Drosophila Resource Center VDRC#11471

N-GFP (N55e11 ; N-GFP) Couturier et al., 2014 N/A

UAS-sca-GFP Chou and Chien, 2002 N/A

UAS-GFP-sca Chou and Chien, 2002 N/A

tubNotch-LexAVP16 Barolo et al., 2000 N/A

lexAop-dGFP Barolo et al., 2000 N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

MB247-DsRed Pech et al., 2013 N/A

UAS-unc84-5xGFP Henry et al., 2012 N/A

UAS-GFP-RNAi Bloomington Stock Center BL#41553

UAS-Stat92E-RNAi Vienna Drosophila Resource Center VDRC#106980

UAS-Sec31-RNAi Vienna Drosophila Resource Center VDRC#35867

UAS-Sdc-RNAi Vienna Drosophila Resource Center VDRC#13322

Oligonucleotides

Primers for RT-qPCR, see Table S1 (this paper) N/A

Primers for ChIP-qPCR, see Table S2 (this paper) N/A

mbetaF GACGCATTCGAAATGAGCTA Skalska et al., 2015 N/A

mbetaR GTCTTGGCCCGTTTATCAC Skalska et al., 2015 N/A

Software and Algorithms

Fiji-1.0 Schindelin et al., 2012 https://imagej.net/Fiji/Downloads

Trimmomatic-0.36 Pertea et al., 2016 http://www.usadellab.org/cms/?

page=trimmomatic

HISAT2-2.0.5 Pertea et al., 2016 https://ccb.jhu.edu/software/hisat2/

index.shtml

samtools-1.3.1 Pertea et al., 2016 https://www.htslib.org/doc/

stringtie-1.3.3 Pertea et al., 2016 https://ccb.jhu.edu/software/stringtie/ - install

RStudio-1.0.136 Pertea et al., 2016 https://download1.rstudio.org/RStudio-1.0.

136.dmg

Ballgown-2.6.0 R package Pertea et al., 2016 https://www.bioconductor.org/packages/

release/bioc/html/ballgown.html
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Karla R.

Kaun (karla_kaun@brown.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly Husbandry
Flies were raised in cornmeal agar food (without propionic acid) at 24�C and 70% humidity under a 14:10 Light:Dark cycle. Male flies

were used throughout the entirety of this work. Unless otherwise stated, 3-7 day-old male flies were isolated under light CO2, given

1 day to recover, and then used for behavioral ormolecular assays. Information on RNAi validation can be found in Figure S9 andData

S7. Fly lines used in this manuscript are listed in the Key Resources Table.

METHOD DETAILS

Alcohol associative preference paradigm
All flies were trained and tested as previously described (Kaun et al., 2011). A minor difference was the use of smaller training/testing

vials with 20-30 flies/vial resulting in 90:60 (EtOH:Air) exposure causing a 13.8 ± 3mM (0.01 g/dL) internal body ethanol concentration.

As mentioned in text, all behavioral experiments were performed in reciprocal (averaged between alternative order of odors) along-

side genetic controls, and although Gal80 does not effectively inhibit the split-Gal4 protein (Luan et al., 2006; Aso et al., 2014; Pfeiffer

et al., 2010; Dionne et al., 2018), temperature shifting paradigms weremaintained for experiments using split-Gal4 genotypes to con-

trol for temperature effects on Gal4 and behavior. Each n is the average across reciprocals for�50 flies, and data from entire exper-

iments were discarded from analysis when genetic controls showed no alcohol associative preference memory.

Immunohistochemistry
To avoid rapid protein degradation, whole flies were immediately fixed in 4% PFA PBT (0.1%Triton) for 20 min on ice before brain

dissection in 1x PBS, then brains were fixed in 2% PFA PBT overnight at 4�C. Brains were continuously rocked on a nutator

throughout the remainder of the protocol. Brains were washed 4x 15 min with PBT, blocked at room temperature 1hr in PBT-5%
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Goat serum. Primary antibodies (1:400) in PBT-Goat were incubated overnight at 4�C. Brains were then washed 4x 15 min with PBT

and secondary antibodies (1:500) in PBT-Goat were incubated at room temperature 1 hr. Again, brains were washed 4x 15 min with

PBT, then mounted in DAPI Fluoromount-G� (SouthernBiotech). See Key Resources Table for more information.

Confocal Microscopy
Images were obtained using a Zeiss LSM 800 Confocal Laser Scanning Microscope and Zeiss Blue software. Non-saturating laser

power and gain were determined for each channel and held constant throughout an experiment. FIJI was used to define regions of

interest (ROI manager), count 3D objects (‘‘3D Objects Counter’’ plug-in), determine co-localization (‘‘Colocalization’’ plug-in) to

create Z stack images, and apply contrast and brightness settings for visualization purposes.

Specifics: 2 mmZ sections were used with a 20X objective, 1 mmZ sections for a 40Xoil objective and 0.5 mmZ sections for a 63Xoil

objective. Max stack images vary in depth shown – Z series are available upon request. Any ROIs drawn and saved reflect the

anatomical localization of Kenyon cells (KCs). In N-LV>dGFP experiments, manual scoring (blinded to genotype) or computational

quantification was used – ROIs were background subtracted, signals dilated using Gray Morphology, 3D extended MinMax using

MorphoLib, watershed, and objects counted with 3D Object Counter (default threshold, size criterion 100-5000) (Figure S6). The

two hemispheres of a fly were averaged for n = 1.

Western blots
For head collections, flies were frozen in liquid nitrogen, decapitated by brief vortexing, and heads were partitioned using chilled

metal sieves (Humboldt Mfg. Co., Elgin, IL). Immediately after volatilized alcohol or air treatments, 20 frozen heads per sample

were homogenized in 34 uL 2x Laemmli buffer (Bio-Rad) using a motorized tissue grinder and homogenate was separated on

PROTEAN TGX Stain-Free native gels (Bio-Rad) or containing SDS for observing Sca dimers. Protein was transferred to a PVDF

membrane, and then UV light was used to detect trihalo reactions with tryptophan in a Gel Doc EZ imager (Bio-rad), thus providing

a stain-free measures of total protein. Membranes were blocked with 5% nonfat soy milk (WestSoy) in TBSTween-20 (1%), and

probed with primary antibodies (1:100 aNotch, 1:1000 aGFP) overnight at 4 degrees. Membranes were washed with

TBSTween-20 before incubating with secondary antibody (1:10000) at room temperature, then washed with TBSTween-20 again.

Bands were visualized with SuperSignal West Femto ECL (ThermoFisher) and either CL-XPosure Film (ThermoFisher) or a c600

imager (Azure Biosystems). For densitometric quantification, protein levels were normalized to total protein and compared to

wild-type/control average band intensity (Data S1, S2, S3, S4, S5, and S6). This quantification method provided amore reliable mea-

sure for normalization since alcohol exposure can change the expression of common housekeeping proteins. Each n in blots corre-

sponds to biologically distinct samples of �20 fly heads, often run on at least more than one gel and across different days.

Co-immunoprecipitation
�1,200N-GFP (N55e11 ; N-GFP) or Sca-GFP (sca5-120 > UAS-ScaGFP) heads were homogenized in ice cold co-IP lysis buffer (50 mM

HEPES (pH 7.2), 150 mM NaCL, 2 mM MgCl2, 2 mM CaCl2, 5 mM KCl, 0.1% Igepal, 20% glycerol) with protease inhibitors (Sigma

I3911). Insoluble material was pelleted by centrifugation at 5,000 rpm for 5min. Supernatants were incubated with either rabbit aGFP

or mock IgG for 2 hr. Protein-bound antibody was collected by incubating with 10 uL of Dynabeads Protein A for 1 hr and beads were

collected with a magnet. Protein-bound beads were gently washed once with co-IP lysis buffer with no Igepal or protease inhibitors,

then eluted with 2x Laemmli sample buffer (Bio-Rad). Samples were reduced with 1% beta-mercaptoethanol and boiled for 5 min.

Samples used for Scabrous blots were not reduced, and were incubated with 10 mM N-ethylmaleimide (NEM) to prevent artificial

dimerization.

qRT-PCR
Following specified treatment conditions, total RNA was extracted from roughly 100 heads using TRIzol (Ambion, Life Technologies)

and treated with DNase (Ambion DNA-Free Kit). Equal amounts of RNA were reverse-transcribed into cDNA (Applied Biosystems),

then analyzedwith Sybr Green Real-Time PCR (BioRad, ABI PRISM7700 SequenceDetection System). Biological (R3) and technical

(R2) replicates were performed and PCR conditions were as follows: 15 s 95�C, 1 min 55�C, 40x, primer sequences in supplemental

material. Across all samples and targets Ct thresholdwas set to 0.6 and amplification start/stopweremanually adjusted. For compar-

ative DCt method analysis all target genes were first normalized to CG13646 – a lowly expressed gene that does not change with

alcohol exposure and is not targeted by Su(H)) – expression, then compared to control treatment or genotype to assess fold enrich-

ment (DD CT method).

ChIP-qPCR
Roughly 1000 liquid nitrogen frozen fly heads were homogenized in 1x PBS + 1x protease inhibitors + 1.8% formaldehyde, allowed to

cross-link for 20 min with gentle agitation at room temperature, then quenched by adding 0.60 g glycine. Samples were sequentially

washed and spun down before being sonicated for 25 s 5x each with a Fisher FB505 sonicator and FB4418 microtip with 1/8 ’’ diam-

eter at 20% amplitude. Sheared chromatin samples were precleared with magnetic beads (half Dynabead A and half Dynabead G).

250 mL samples were then incubated with 20 mL aSu(H), or mock IgG, overnight at 4�C, then followed by an overnight at 4�C incu-

bation with 50 mL of Dynabead A andGmagnetic beads. Beads were washed 4xwith IP buffer (1x TE, 140mMNaCl, 1% Triton X-100,
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0.1% SDS, 0.1% sodium deoxycholate, protease inhibitors) then twice with 1x TE buffer. DNA was then eluted off the beads through

two sequential incubations at 65�C in 125 mL of bicarbonate elution buffer for 15 min. Aliquots were combined and kept at 65�C over-

night to undo crosslinking, followed by incubation at 42�C for 2-3 hr by adding 1 mL Proteinase K to degrade remaining protein. A

phenol/chloroform extraction followed by ethanol extraction was performed. DNA pellets were resuspended in 50 mL of autoclaved

water for use in qPCR. SsoAdvanced Universal SYBRGreen Supermix (Bio-Rad) was used to perform qPCR at conditions stated

above. ChIP samples using Su(H) pulldown for each paired condition were normalized to average mock IgG pulldown signal as a

measure of background signal for each sequence target. Fold enrichment for each target was then normalized to CG13646 – a lowly

expressed gene that does not changewith alcohol exposure and is not targeted by Su(H)) – and compared to control treatment within

each biological replicate (DD CT method).

INTACT
Isolation of Nuclei Tagged in specific Cell Types (INTACT) was adapted from themethod described by (Pankova and Borst, 2016) and

pioneered in flies using UAS-unc84-2xGFP by (Henry et al., 2012). The heads of flies sacrificed 24 hr after Odors or Trained para-

digms (Figures 6A and 7A) were collected with biological replicates n = 4, 4, respectively, and with reciprocal odor groups (n = 2

each) combined for bioinformatic analysis. For each sample, two thousand snap frozenmale fly headswere homogenized in a Kontes

glass homogenizer (Sigma, D9938-1SET) with 10mL of dounce buffer (10mM b-glycerophosphate, 2mMMgCl2, 0.5% Igepal buffer)

and dounced gently for approximately 2min with the loose A pestle. Homogenate was passed through a 190 mmnylon net filter (Small

Parts, CMN-0185-C) and then the filter was rinsedwith 2mL of the same buffer before discarding. Homogenate was poured back into

the rinsed homogenizer and dounced gently 6-7 times with the tight B pestle. Homogenate was passed through a 20 mm filter (Small

Parts F020N-12-C), and volume was brought to 50 mL by adding sucrose buffer (10 mM b-glycerophosphate, 2 mM MgCl2, 25 mM

KCl, 250 mM sucrose) to the resulting filtrate. 300 mL of Dynabead A magnetic beads pre-incubated with 10 mL rabbit aGFP were

incubated with the filtrate for 30 min at 4�C with gentle agitation. Beads were captured with a magnet for 15 min, then washed

five timeswith 600 mL of sucrose buffer for 5min at 4�Cwith gentle agitation. RNAwas extracted frombead-bound nuclei using TRIzol

(Ambion, Life Technologies) and DNase treated (Ambion DNA-Free Kit).

RNA-seq
RNA library preparation and Illumina HiSeq sequencing was performed by GENEWIZ (South Plainfield, NJ). PolyA enrichment and

single-end 1x50bp reads were acquired to encapsulate the processed mRNAs likely to be translated. Trimmomatic-0.36 (parame-

ters: TruSeq3-SE.fa:2:30:10:8:true LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36), HISAT2-2.0.5 (aligned to Ensembl

BDGP6_transcriptome reference, modified to include unc-84-2xGFP to confirm INTACT pulldown), samtools-1.3.1 (samtools sort),

stringtie-1.3.3 (aligned to BDGP6_transcriptome). RStudio (v1.0.136) was used to assemble a Ballgown (Pertea et al., 2016).

QUANTIFICATION AND STATISTICAL ANALYSIS

General Statistics
The vast majority of datasets had normal distributions (Shapiro-Wilk test), thus were assessed with parametric statistics. For all ex-

periments raw data, data mean, and standard error of the mean are shown. Behavioral experiences and blot quantifications were

statistically evaluated by ANOVA, posthoc Bonferroni compared to the experimental genotype, *p < 0.05, **p < 0.01, ***p < 0.001.

Bioinformatic Statistics
Bioinformatic analyses were performed using a flexible linearmodel framework in the R package called Ballgown (Frazee et al., 2015).

Default library-size adjustment was defined by the sum of a sample’s log expression below the 75th percentile and used for linear

modeling; no cutoffs were made for lowly expressed transcripts.

DATA AND SOFTWARE AVAILABILITY

Raw data
Rawdata fromwestern blots and qPCR experiments are included in the Data S1, S2, S3, S4, S5, S6, and S7. All other data is available

upon request.

RNA-seq data
The nuclearmushroombody transcriptome .fastq and count data have been deposited in theGene Expression Omnibus (GEO) under

GSE108525.
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Supplemental Figure 1. Data support ‘in text’ Figures 1, 2. The putative expression pattern 
of Scabrous as shown by 10 µm max intensity stacks from posterior to anterior views of 
sca5-120- GAL4 > myr::GFP nlsRFP. Membrane-targeted GFP signal and nuclear-targeted 
RFP show a broad expression pattern, with prominent Sca expression in αβ and γ lobes of 
the mushroom body; scale bar 50 µm. 
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Ethyl Acetate Isoamyl Alcohol 
GAL4 / + UAS-sca-RNAi / + GAL4 > UAS GAL4 / + UAS-sca-RNAi / + GAL4 > UAS 

elav 20 ± 3 30 ± 4 24 ± 6 31 ± 5 26 ± 4 43 ± 4 
sca5-120 30 ± 6 30 ± 4 22 ± 3 23 ± 3 26 ± 4 21 ± 4 
152B 24 ± 8 30 ± 7 23 ± 5 13 ± 5 30 ± 7 26 ± 7 
30Y 32 ± 7 15 ± 4 33 ± 6 33 ± 4 26 ± 4 16 ± 3 

GAL4 / + UAS-Notch-RNAi / + GAL4 > UAS GAL4 / + UAS-Notch-RNAi / + GAL4 > UAS 
5B 22 ± 6 22 ± 5 33 ± 7 19 ± 4 22 ± 4 16 ± 3 
8B 22 ± 4 27 ± 4 21 ± 4 18 ± 3 20 ± 5 27 ± 5 
9B 22 ± 3 36 ± 6 34 ± 5 22 ± 4 23 ± 4 25 ± 3 

10B 24 ± 5 23 ± 8 28 ± 8 30 ± 5 13 ± 4 24 ± 4 
30Y 32 ± 7 26 ± 9 35 ± 6 33 ± 4 19 ± 3 32 ± 6 

GAL4 / + UAS-Su(H)-RNAi / + GAL4 > UAS GAL4 / + UAS-Su(H)-RNAi / + GAL4 > UAS 
10B 31 ± 10 29 ± 5 40 ± 6 19 ± 5 20 ± 3 12 ± 1 
30Y 46 ± 6 29 ± 8 44 ± 9 36 ± 9 27 ± 5 29 ± 7 

GAL4 / + UAS-Dop2R-RNAi / + GAL4 > UAS GAL4 / + UAS-Dop2R-RNAi / + GAL4 > UAS 
10B 26 ± 10 36 ± 7 21 ± 7 23 ± 5 14 ± 7 17 ± 10 
30Y 48 ± 7 34 ± 10 31 ± 6 40 ± 10 24 ± 6 33 ± 6 

GAL4 / + UAS-Stat92E-RNAi / + GAL4 > UAS GAL4 / + UAS-Stat92E-RNAi / + GAL4 > UAS 
10B NA 51 ± 7  31 ± 6  NA  38 ± 7  22 ± 4  

Supplemental Figure 2.  
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Supplemental Figure 2. Data support ‘in text’ Figures 1, 3, 5, 8. (A) Odor responsiveness 
of various genotypes (shifted from 18à30°C 2 days after eclosion) to ethyl acetate and 
isoamyl alcohol; n ≥ 8, with each n comprised of ≥24 flies. (B) Expression of non-targeting 
GFP knockdown in MB (MB010B) did not affect alcohol associative preference; n = 16, 15, 
19. (C) Thermogenetic controls (maintained at 18°C) for Su(H) knockdown in all (elav) or 
MB (30Y) neurons did not alter alcohol associative preference; elav n = 17, 18, 18; 30Y n = 
19, 19, 19. (D) Thermogenetic controls (maintained at 18°C) for Dop2R knockdown in all 
(elav) or MB (30Y) neurons did not alter alcohol associative preference; elav n = 17, 18, 19; 
30Y n = 15, 19, 16. Mean ± SEM with statistical significance evaluated by ANOVA, posthoc 
Bonferroni compared to experimental, *p < 0.05; †Temperature insensitive split-GAL4.  
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Supplemental Figure 3.  
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Supplemental Figure 3. Data support ‘in text’ Figure 2. (A) Scabrous expression, as 
detected by αSca, and DNA by Dapi in wildtype (n = 7) and sca5-120 (n = 6) adult male 
brains. Blinded to genotype, circular regions of interest (ROI) were drawn in the MB soma 
region (1 ROI per brain). Sca signal was normalized to Dapi signal in ROIs to determine 
mean pixel intensity (left) and histogram profiles were plotted (right). (B) Expression of Sca 
GFP fusions (N- and C- terminally tagged) (Chou and Chien, 2002) by sca5-120 in the 
mushroom body soma region. GFP-Sca localized to somas, whereas Sca-GFP localized to 
the calyx (dendrites) and a few isolated somas; (A-B) Scale bar 50 µm. (C) Working model 
of ethanol-induced canonical Su(H)-dependent Notch activity in adult MB neurons.  
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Supplemental Figure 4.  
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Supplemental Figure 4. Data support ‘in text’ Figure 2. (A) Validation of αSca antibody and 
endogenous identification of Sca using immunoprecipitation (IP) and non-reducing blotting 
(Blot) in wildtype and sca5-120 heads. We detected Sca dimers (~280 Kda), and unknown 
protein species (~200 Kda), which may be degraded or glycosylated product. Monomers 
(~120 Kda) were difficult to identify since IgG bands obscured lower molecular weights; 
representative image of n = 3, with ~2000 heads / lane. (B) Identification of Sca dimers and 
monomers from sca5-120 > sca-GFP heads using IP with αGFP or control IgG, and Blot with 
αSca. We observed various products, likely homo- and hetero- dimers with endogenous 
Sca; ~10 heads / lane. (C) Blot with αSca in sca5-120 > sca-GFP heads homogenized in 
either control (Ctrl) buffer, buffer plus N- ethylmaleimide (NEM) to prevent in vitro di-sulfide 
bond formation, and buffer plus β- mercaptoethanol (βME) to reduce sample; ~10 heads / 
lane. Gels with Sca dimers contain SDS for denaturing, which preserves disulfide bonds, 
and βME addition causes reducing conditions. (D-E) Full blot from in text Figure 2H and blot 
with αDelta. kDa Ladder shown on the right of blots.  
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Supplemental Figure 5.  
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Supplemental Figure 5. Data support ‘in text’ Figures 2, 4, 5. (A) NFull protein in wildtype 
heads was not decreased in response to a 10 min ethyl acetate (EA) or isoamyl alcohol 
(IAA) exposure; EA n = 5, 5; IAA n = 5, 5. See also Data File S2. (B) Sca dimerization was 
not acutely affected by alcohol exposure in sca5-120 > sca-GFP heads; ~10 heads / lane. (C) 
NFull and NICD protein were detected in N-GFP (N55e11 ; N-GFP), but not in wildtype heads 
blotting with αGFP. (D) A 10 min alcohol exposure (90:60 EtOH:Air) did not significantly 
change NFull (left) or NICD (right) protein levels in N-GFP (N55e11 ; N-GFP) heads blotting. 
(C-D) See also Data File S6. (E) Upstream E(spl)mβ and Dop2R gene loci with JASPAR 
(http://jaspar.binf.ku.dkpredicted) predicted Su(H) binding sites, and targeted sites for 
amplification in Su(H) ChIP assays (arrows).  
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Supplemental Figure 6.  
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Supplemental Figure 6. Data support ‘in text’ Figure 5. (A) Workflow for computational 3D 
cell counting of GFP+ cells in FIJI. (B) Example ROIs of MB soma region and cell counts for 
an odor control brain (top) and a trained (odor + ethanol) brain (bottom). (C) Notch-
LexA:VP16 (N-LV) reporter driving destabilized GFP LexAop-dGFP shows extensive and 
broad Notch reporter activity in the anterior and posterior central brain. (D) Trained N-
LV>dGFP flies showed significantly more GFP+ cells in blindly drawn MB soma regions of 
interest as compared to Odors only treatment. Mean ± SEM; n = 12, 11 flies (24, 22 
hemispheres); Mean ± SEM with statistical significance evaluated by two-tailed T-test, *p < 
0.05. Images 5-10 µm max projection stacks with Dapi (blue) and dGFP (green); scale bar 
50 µm.  
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Total 
Sequences 

Mapped 
Reads Coverage Exonic / Intronic / Intergenic  

Total Library  
Transcript 

Counts 

Odors_A 28143690 89.08% 16.51X 97% / 1.4% / 0.8% 15415177  

Odors_B 25682060 90.57% 15.85X 97% / 1.4% / 0.8% 14377060 

Odors_C 27611374 89.92% 23.7X 97% / 1.4% / 0.8% 21702932 

Odors_D 32291131 89.92% 16.88X 97% / 1.6% / 0.9% 15614864 

Trained_A 30846608 89.86% 17.68X 97% / 1.4% / 0.8% 16104880 

Trained_B 25722323 89.84% 15.03X 97% / 1.7% / 1% 14242031 

Trained_C 40237356 90.72% 16.21X 97% / 1.4% / 0.8% 15455975 

Trained_D 28078594 89.6% 20.36X 97% / 1.5% / 0.8% 17410191 

Supplemental Figure 7.  
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Supplemental Figure 7. Data support ‘in text’ Figure 6. (A) Normal gross morphology of 
mushroom body neurons expressing nuclear INTACT construct. Dapi (blue), αGFP (green); 
Max projection stack ~60 µm; scale bar 50 µm. (B) Expression of INTACT construct in MB 
neurons (shifted 2 days after eclosion from 18 à 30°C) did not alter alcohol associative 
preference; n = 29. (C) Table of RNA-sequencing information including total sequence 
reads, percent mapped reads, genomic coverage, percent reads mapped to exonic / 
intronic / intergenic regions, and total transcript counts per analyzed library.  
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Supplemental Figure 8.  
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Supplemental Figure 8. Data support ‘in text’ Figure 7, 8. (A) Transcriptomic analyses were 
performed on MB nuclei isolated by the INTACT method 24 hours after flies were 
conditioned with Odors (odor only) or Trained (odors + ethanol). (B) MA plot of the mean 
transcript expression in counts per million (CPM) compared to fold change between Odors 
vs Trained libraries. (C) Volcano plot of fold change compared to p-value statistics between 
Odors vs Trained libraries. (B-C) i: Highest expressed Notch-related (green) (in this paper) 
and MB-related (blue) transcripts (Brooks et al., 2011; Crittenden et al., 1998; Crocker et al., 
2016), ii: Dop2R isoforms (purple) and q-value < 0.05 (red) transcripts.  
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Supplemental Figure 9.  
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Supplemental Figure 9. Data support ‘in text’ Figure 1, 3, 5. See also Data File S7. 
Quantitative RT-PCR on whole heads of flies expressing respective RNAi tub-Gal80ts with 
pan-neuronal elav-Gal4. All 2-4 day old flies were shifted after eclosion from 18à30°C for 
three days. Mean ± SEM with statistical significance evaluated by ANOVA, posthoc 
Bonferroni compared to experimental, *p < 0.05. Please interpret data with caution - whole 
head transcript levels using elav knockdown are not likely an accurate reflection of cell-type 
specific mRNA dynamics. Each target has different basal expression and likely different 
protein half-life / turnover. Biologically relevant levels of transcripts are probably context-
dependent, and thus RNAi ‘efficacy’ remains contextual. (B) Previous publications using 
RNAi lines in this paper. In our hands, Notch-RNAi VDRC1112 is lethal and Sca- RNAiVDRC44527 
produces a rough eye phenotype when driven throughout development.  
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Supplementary Table 1. 
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Oligonucleotide Name Sequence 

CG13646F AGTTTGACATCCACCCCGTC 

CG13646R CTCACTGGCGATTCCGATGA 

NotchF TGGATTTTGTGGATCTCCGG 

NotchR TGAACTTTGTATCGAGGGCG 

DeltaF AAACCGAAGACAACCAGACCTT 

DeltaR AGCTGCACAGTTTGTTTCTAGC 

mbetaF TGGAGCACATGAAGAAGCTGCG 

mbetaR GCACGGAAACTCTCAGCGATGC 

Dop2RF CTGAACTGCACCAACGAGACGC 

Dop2RR CAGGATGTTGCCGAAGAGGGTC 

scaF GATGCACTGAACTACCAACA 

scaR CAGATTGTATCGCCCATTGA 

Su(H)F GAGCGCAACGACATGGTCATCG 

Su(H)R GCAACATCTCCTCGTACCGCC 



Supplemental Table 1. Related to Key Resources Table. Oligonucleotide sequences used 
for quantitative RT-PCR 
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Supplementary Table 2.  
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Oligonucleotide Name Sequence 

CG13646F AGTTTGACATCCACCCCGTC 

CG13646R CTCACTGGCGATTCCGATGA 

Dop2RpromF AGGGTGTTCGAATTTCCATCCT 

Dop2RpromR CTCACTCTCCATCGCCTGTC 

Dop2RintronF TGAGAAACAGGATGCGGACA 

Dop2RintronR AGCTGAGTTCTCAAACTGCCT 



Supplemental Table 2. Related to Key Resources Table. Oligonucleotide sequences used 
for ChIP-qPCR. 
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