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ABSTRACT OF THE DISSERTATION

Four neurons coordinate rhythmic activity brain-wide to support circuit development

by

Jun Reichl
Doctor of Philosophy in Neuroscience
University of California, Los Angeles, 2026

Professor Orkun Akin Chair

During development, the brain becomes electrically active even before it is ready to receive
sensory stimuli. Such intrinsic developmental activity has been studied for 3 decades in vertebrate
model systems and is known to be critical for the proper wiring of neural circuits. However, the
complexity of the vertebrate brain and the technical limitations of studying its development have
challenged progress towards identifying the precise mechanisms that initiate activity, whether and
how it occurs throughout the brain, and its relevance to adult behavior and health. The recent
discovery of patterned, stimulus-independent, neural activity (PSINA “see-nah™) in Drosophila
has made it feasible to begin addressing these open questions. PSINA begins at the onset of
synapse formation and engages the entire brain in highly coordinated and structured cycles of
activity throughout the last half of metamorphosis. The global activity patterns are further textured

with cell-type specific dynamics that are more correlated between future neuron-pairs compared

i



to neurons that do not synapse together. A small neuronal population (<2% of the brain) expressing
the cation channel 7rpy serves as an activity template for the rest of the brain. Attenuated PSINA,
either in frpy mutants or from pan-neuronal silencing approaches, leads to altered synaptic
structure at the cell-type level in the visual system. Here, I describe how neuropeptide signaling
functions to regulate the wildtype activity patterns of PSINA. Specifically, I detail how the Trpy+
neuron activity template is patterned by four neurons that produce the neuropeptide SIFamide
(SIFa). Signaling through the SIFa Receptor (SIFaR), SIFa modulates the activity of both SIFa
and Trpy+ neurons to establish the brainwide activity cycles of PSINA. In turn, Trpy+ neurons
regulate SIFa neuron activity through a recurrent interaction. This work highlights a novel role for
neuropeptide signaling in the modulation of developmental activity. Lastly, I conclude with a

chapter on how disrupted PSINA may lead to changes to adult behavior.
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Chapter 1

Patterned activity in the developing brain



1.1 Introduction

Who we are and the way we interact with the world is shaped, quite literally, by how our
brains are wired. Our thoughts and emotions, our personalities, our “natural-born” talents, as well
as our acquired knowledge and skills, are all rooted in the connectivity of our neural circuits. On
the other hand, major disruptions to neural circuit wiring underlie a vast number of neurological
disorders, from developmental to psychiatric to degenerative (Di Martino et al. 2014; Xiong et al.
2023). This is because the diverse functions of the brain are borne out of the ability of neurons to
communicate, which occurs along the connections of neurons with one another and with other cell
types. Neuroscience researchers have made significant progress in understanding how the
environment shapes neuronal connectivity, yet how the first connections are assembled during
early stages of development, which lays the foundation for experience-dependent adaptations, has
seen less advancements. Progress in understanding the early “connectome” has been hindered by
the technical challenges of studying the developing brain, while at the same time, the importance
of early brain architecture and its influence on long-term health trajectories is supported by a
continuously growing body of evidence (Exposito-Alonso and Rico 2022; G. Li et al. 2025). Thus,
elucidating the mechanisms that give rise to the early connectome remains a central goal of
developmental neurobiology.

Across the animal kingdom, brain development progresses similarly in a series of
overlapping stages — From neurogenesis to proliferation, differentiation to migration, neurite
growth to synaptogenesis, local circuit assembly to larger network integration, and ultimately to
the continued refinement and maintenance of these functional networks through experience
(Figure 1.1). Prior to synaptogenesis, brain development is primarily driven by the tightly timed

regulation of genetic programs and molecular guidance cues, with sparse bouts of electrical



activity occurring on a cell-by-cell basis (Spitzer 2006). As synapses first begin to emerge,
electrical activity becomes patterned and correlated across neighboring cells and eventually to
distant brain regions (Blankenship and Feller 2010a). These intrinsically driven activity patterns,
which I will frequently refer to as “developmental activity,” occurs before sensory stimuli can be
received and continues for days to weeks. The current consensus is that developmental activity
refines immature circuits into functional networks through correlated neuronal firing — disrupting
developmental activity leads to mis-wired topographic maps and altered circuit function (Wu et
al. 2024a). However, where developmental activity is generated, how it is coordinated across
separate regions, and the mechanisms that refine connectivity at the level of individual cell-types
and synapses is not fully understood. Furthermore, while changes to wiring that results from
disruptions to developmental activity leading to the emergence of pathologies (e.g.
neurodevelopmental disorders) is predicted (Iyer et al. 2015), a direct link has not been established.

Developmental activity was first discovered in vertebrates nearly 40 years ago (Fitzgerald
1987) and occurs in many regions throughout the vertebrate brain, including the retina, cochlea,
hippocampus, neocortex, cerebellum, brainstem, and spinal cord (Blankenship and Feller 2010a).
Activity is recorded through calcium imaging and/or electrophysiology and characterized by
cycles of large, slow depolarizations with periods of quiescence in-between. In the neural pathways
that process vision, hearing, and touch, developmental activity in the respective projection neurons
shapes the regionalization of upstream, higher-order brain regions: Silencing activity in these
sensory epithelia or in the corresponding cortical regions themselves alters the organization of
topographic maps and the segregation of sensory inputs (Leighton and Lohmann 2016).
Furthermore, in the auditory system, disrupting cochlear developmental activity changes the neural

responses to stimuli and reduces the size of auditory processing centers (Kersbergen et al. 2022a).



Comparable activity has also been observed in deeper, sub-cortical regions such as the
hippocampus, where the “giant depolarizing potentials” of pyramidal cells may activate silent (i.e.
pure-NMDA) synapses through Hebbian mechanisms (Kasyanov et al. 2004) to refine local
circuitry.

Developmental activity may also be integrated with spontaneous muscle movements in
motor-related regions to facilitate circuit maturation. Rhythmic activity patterns in the developing
spinal cord are linked to the spontaneous movements of embryonic limbs (Inicio et al. 2016) and
facilitates motor neuron axon pathfinding (Hanson et al. 2008), the balance of excitatory and
inhibitory synapses (Gonzalez-Islas and Wenner 2006), and the assembly of local pattern-
generating circuits (Marder and Rehm 2005; Myers et al. 2005). Rhythmic developmental activity
in the cerebellum (Watt et al. 2009), paired with muscle twitches (Sokoloff et al. 2015), may
facilitate the wiring of cerebellar outputs with downstream nuclei to support subsequent cerebellar-
dependent learning in early postnatal rats.

Remarkably, although the underlying circuit configurations and individual activity
dynamics vary from region to region (Blankenship and Feller 2010a), there are general parallels
in the overall structure and progression of activity patterns throughout development — activity is
initially sparse and occurs in small clusters of neurons, followed by larger and longer bouts that
are highly synchronous, and lastly, activity transitions into desynchronized patterns until the brain
is ready to process environmental input (Wu et al. 2024a). Despite these gross parallels, whether
and how activity is coordinated at a global level throughout the brain is a critical question that
remains unanswered — an interest that is further underscored by the fact that most behaviors require

cross-functional integration of multiple brain regions.



Figure 1.1
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Figure 1.1 Progression of nervous system development

Early neural progenitor cells are patterned by developmental events based on different positions
to produce distinct neuronal cell types. Post mitotic neurons then migrate to their destinations,
extend axons towards their post-synaptic partners, establish dendrite branching patterns, form
synaptic connections, and modify those synaptic connections. Patterned, intrinsic developmental
activity occurs in these last two stages, before the onset of receiving sensory input. Adapted from

Figure 7-1 (Luo 2020)



1.2 Patterned, Stimulus-Independent Neural Activity (PSINA) in the developing fruit fly,
Drosophila Melanogaster

Until recently, invertebrate brain development was thought to occur exclusively through
genetically hard-wired programs, independent of any influence from neural activity. The discovery
of comparable developmental activity in the fruit fly (Akin et al. 2019), Drosophila melanogaster,
has revealed that patterned activity is a fundamental and conserved process for nervous system
development across evolution (Akin and Zipursky 2020). Notably, the fly has greatly expanded
the experimental access to investigate the underlying mechanisms that drive developmental
activity to a level that was not possible in more complex model systems, through 1. A vast library
of driver lines that provide cell-type-specific access (Jenett et al. 2012); 2. A rich selection of
reagents to manipulate and measure neuronal activity (Simpson and Looger 2018); 3. An electron
microscopy (EM)-level connectome for the whole brain (Scheffer et al. 2020); 4. Single cell
sequencing methods to assess gene expression changes throughout development (Kurmangaliyev
et al. 2020; Ozel et al. 2021); and 5. A wealth of behavioral paradigms, mapped to defined circuits
(Griffith 2012).

Drosophila are holometabolous, undergoing two distinct periods of nervous system
development — the embryonic stage builds the larval brain, which is then largely re-organized into
the adult brain during the 100 hours of metamorphosis, or pupal development (Figure 1.2). In the
first 50 hours after puparium formation (hAPF), neurogenesis, morphogenesis, and axon guidance
are mediated by the expression of cell-surface molecules to orient the vast array of cell-types into
their appropriate regions (Hadjieconomou et al. 2011) — primed to assemble into functional neural
circuits and larger integrated networks. Coincident with the appearance of the first structural

synapses around S0hAPF (Y. Chen et al. 2014), flies expressing a genetically-encoded calcium



indicator (GECI), GCaMP6s (T.-W. Chen et al. 2013), in all neurons, begin to exhibit waves of
thythmic fluorescent activity that continues for the remainder of metamorphosis (Figure 1.3).
Interestingly, activity shuts off roughly 1 hour before the juvenile-adult fly emerges from its pupal
case (i.e. eclosion). This activity courses throughout the whole brain in highly structured and
stereotyped cycles comprising globally coordinated active and silent phases. Embedded within
each active phase are oscillatory peaks known as sweeps. Earlier, during the “periodic phase,” the
defining feature of PSINA is its steady rhythmicity, until it transitions ~75 hAPF to the “turbulent
phase”, where active phases become longer and silent phases become shorter.

At both the level of the whole brain and that of individual cell-types in the visual system,
GCaMP6s dynamics correlate with glutamate release and membrane voltage changes and is severe
attenuated with the application of tetrodotoxin. These results establish that the GCaMP6s reporter
reflects bona fide electrical activity. Furthermore, activity patterns in the optic lobes were
unchanged in blind animals compared to controls, indicating that visual system activity occurred
independent of sensory stimuli. Taken together, these characteristics lead to the naming of this
activity as patterned, stimulus-independent, neural activity (PSINA, “see-nah”). Notably,
simultaneous and orthogonal recordings of GECI changes in astrocytes and neurons revealed that
astrocytes oscillate in anti-phase with PSINA (Figure 1.4) (Akin et al. 2019; Bajar, Phi,
Randhawa, et al. 2022). Ablating astrocytes, which are known to contribute to synapse maturation
(Muthukumar et al. 2014) leads to a ~50% reduction in PSINA, while silencing all neurons nearly
abolishes calcium changes in astrocytes, indicating that neuron-astrocyte interactions are critical
for PSINA. The specific mechanisms by which neurons and astrocytes work together to drive

PSINA and contribute to synaptic development and circuit wiring remains unexplored.



An additional defining characteristic of PSINA is the stereotyped specificity of patterns at
the level of individual cell-types (Figure 1.5). PSINA in 15 different visual system neuron-types
was recorded with 2-photon microscopy and compared with both brain wide dynamics and with
one another. While the broader temporal structure of each individual neuron-type overlaps with
that of the whole brain, i.e. individual neuron-types are on or off in parallel with the rest of the
brain and dynamics progress similarly throughout development, the finer spatiotemporal
properties of activity are distinct from cell-type to cell-type in a stereotyped fashion across animals.
Furthermore, when comparing the type-specific activity patterns between visual system neurons,
they correlate more in neuron-pairs that are known to be future synaptic partners than with those
that do not wire together in the adult brain. The higher correlation between wired neuron-pairs is
lost when blocking synaptic vesicle release via expression of tetanus toxin in the pre-synaptic
component, while the correlations do not change with the same approach between neurons that do
not partner together. In other words, the synchrony in neuronal partners depends on synaptic
coupling, suggesting that PSINA may be playing an instructive role in assembling the adult

connectome (Akin et al. 2019).



Figure 1.2
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Figure 1.2. The fly life cycle and PSINA

(Top) The fly life cycle from fertilization to adulthood takes ~10 days at 25°C. Adapted from (Ong
et al. 2015). (Bottom) Pupal development lasts ~100 hours at 25°C and coincident with the
appearance of the first structural synapses around 50 hours after puparium formation (hAPF),
Patterned Stimulus-Independent Neural Activity (PSINA) courses throughout the brain in highly

structured cycles of active and silent phases until ~1 hour before eclosion.



Figure 1.3
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Figure 1.3 Key Features of PSINA

A. (Left) Average intensity projection (AIP) from wide-field fluorescence series of a pupa
expressing pan-neuronal GCaMP6s. CB, central brain. La, lamina. Re, retina. LoC, lobula
complex. Me, medulla. Scale bar, 200um. B. Panels span one active phase at 60 hAPF in control
pupae. Frames ~40 seconds apart. Scale bar, 200pm. C. Representative trace of PSINA, recorded
with wide-field fluorescence imaging from pupa expressing pan-neuronal GCaMP6s. This animal
eclosed at ~93 hAPF. Dotted lines mark limits of inset traces (right) from periodic (top) and
turbulent (bottom) stages. Highlights (magenta) mark individual sweeps; bars mark active (cyan)
and silent (orange) phases. Figure 1A-C Adapted from Figure 1 of (Bajar, Phi, Isaacman-Beck, et
al. 2022) D. Average traces of cycle metrics in the periodic stage (n = 54 columns from 6 flies).

Shaded area represents SD. Adapted from Figure 1 of (Akin et al. 2019).
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Figure 1.4
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Figure 1.4 PSINA requires neuron-astrocyte interactions

A. Representative traces comparing activity in astrocytes expressing GCaMP6s (blue) and activity
in all neurons expressing jJRCaMP1b (orange) between 62 and 63 hAPF. Active phases of the
neuronal cycles are shaded in gray. Adapted from Figure 3 of (Akin et al. 2019). B. (i.) Expression
control of Alrm-GAL4 driven UAS-hid (programmed apoptosis) with TARGET (McGuire et al.
2003); animals shifted from 18 to 29°C at 38 hAPF. (ii.) Quantification of astrocyte ablation in
control (black) and hid-expressing (teal) animals. Sample counts indicated in top right corner. (iii.)
Representative traces from neurons expressing jJRCaMP1b in control (black) and in genetic
background of astrocyte ablation (teal). (iv.) Active phase average amplitude binned by hour and
normalized to wildtype activity between 60 and 70 hAPF. Shaded areas, standard deviation. Colors
match genotypes in (ii.) Sample sizes in top right corner. C. (i.) Expression control of UAS-Kir2.1
or TNT with TARGET; animals shifted from 18 to 29°C at 38 hAPF. (ii. — iii.) Representative
traces of pupae expressing GCaMP6s in neurons (ii.) or astrocytes (iii.). Wildtype activity in the
empty-GAL4>Kir2.1 condition (black, top), and reduced activity in the pan-neuronal-
GAL4>Kir2.1 (blue, middle) and pan-neuronal-Gal4>TNT condition (magenta, bottom). (iv.)
Astrocyte calcium cycles per hour from 60 to 70 hAPF. Box-and-whiskers mark 5th, 25th, 50th,
75th, and 95th percentiles. ***, p <.0001 by Tukey’s post hoc test following ANOVA. Figure

1.4B and C adapted from (Bajar, Phi, Randhawa, et al. 2022).
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Figure 1.5
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Figure 1.5 Cell-type specific activity dynamics in PSINA

A. Schematic of visual system cell types described in Figures 1.5B-E. B. Cycle metrics in the
periodic stage, averaged over 15 cell types and 55 time series (i.e., flies). Shaded areas represent
SD. C. (i.) Coordination (left) and coherence (right) values calculated for different cell types.
Coordination is the average of the fraction of columns that participate in each sweep. Coherence
is the largest fraction of columns that peak within the same time point, averaged over all sweeps.
Round gray markers are individual time series, black bars are the average for each cell type. Data
from two to six flies shown for each cell type. Metrics for each time series calculated over 55-65
hAPF, using an average of 41 + 9 cycles and 10-20 columns per cycle. Asterisk indicates the
outlier coordination value of Tm4 is due to sparse labeling of this cell type with the driver used.
(ii.) Scatterplot of coordination versus coherence. Vertices of light gray polygons represent
individual time series, and black dots represent the average for each cell type. D. (i.-ii.) Tm3-T4
(i.) and Tm3-T5 (ii) net fluorescence intensity. E. (i.) 0-lag cross correlation values between 55
and 65 hAPF for Tm3-T4 (dark gray) and Tm3-T5 (light gray) for the time series used D. Markers
show the average correlation value for 10-20 columns per cycle, and gray vertical lines represent
SD. (ii.) 0-lag correlation values for pairs of cell types, averaged over 55-65 hAPF. Black markers
and vertical lines are the average and SD for each time series. Data from two or three flies shown
per pair. 43 £ 10 cycles with 15 + 3 columns per cycle used for each fly. The Tm3-Tm3 pair
represents the highest correlation we expect to observe for a perfect match given the signal-to-
noise statistics of the data. (iii.) TNT expression in Tm3 reduces Tm3-T4 correlation but has no
effect on Tm3-T5 correlation (data statistics as in (ii.)). Unperturbed pairs are reproduced from

(ii.) for ease of comparison. Figure 1.5 A-E adapted from Figures 3 and 4 in (Akin et al. 2019)
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1.3 Trpy+ neurons serve as the activity template for brain wide PSINA

The global coordination of PSINA points to a dedicated network that can organize activity
throughout the brain. We searched for the genetic basis of such a potential network and identified
the critical role of the Transient Receptor Potential gamma (Trpy) channel in PSINA (Bajar, Phi,
Isaacman-Beck, et al. 2022). In #rpy mutants, brain wide PSINA amplitude is attenuated by ~50%
and the sweep count per active phase is increased, while cycle frequency and duration are unaltered
compared to heterozygous controls (Figure 1.6). These mutant phenotypes can be rescued by the
expression of the isoform, Trpy-D, only when spatiotemporally targeted to the last half of pupal
development in Trpy+ neurons. Together, these results indicate 7rpy is both necessary and
sufficient for wildtype PSINA during the last half of pupal development. In addition, the cell-type
specific activity patterns in the visual system are disrupted in #7py mutants — generally, the trends
converge across the 10 cell-types examined where fewer cells of a given type were active, but
those that were showed greater synchrony compared to controls (Figure 1.7). Furthermore, whole-
animal loss of #py also alters synaptic development in visual system neurons, which can be rescued
with the heterologous expression of Trpy-D in Trpy+ neurons. Notably, the synaptic defects in the
visual system are due to a non-cell autonomous requirement for Trpy — in other words, it is the
activity of the Trpy+ neurons that influences synaptic structure rather than the expression of Trpy
in the visual system cell-types themselves. Furthermore, fully silencing PSINA with pan-neuronal
expression of the inward rectifying potassium channel, KiR2.1, or tetanus toxin, showed visual
system synaptic defects that were indistinguishable from #7py mutants, indicating that the
disruptions to cell-type specific activity dynamics from loss of Trpy is as severe a perturbation to

synapse development as the complete loss of developmental activity.
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Consistent with the importance of Trpy+ neuron electrical activity on synapse maturation,
spatiotemporally targeted expression of KiR2.1 in Trpy+ neurons during the last half of pupal
development nearly abolishes brain wide PSINA (Figure 1.9). Further restricting the silencing to
just the Central Brain sub-population of Trpy+ neurons also severely attenuates brain wide PSINA.
The converse approach, activation of Trpy+ neurons, produces a continuous train of sweeps,
suggesting that Trpy+ neurons are sufficient to generate brain wide oscillations during PSINA.
Lastly, comparing the activity dynamics of the ~2000 Trpy+ neurons with the rest of the brain
through orthogonal GECI reporter expression in each respective population in the same animals
reveals that brain wide PSINA correlates strongly with Trpy+ neuron patterns. Importantly, this
high correlation persists when comparing the two neuronal populations in #7py mutants,
establishing that Trpy+ neurons serve as the template of activity for brain wide PSINA. More
simply put, what happens to the Trpy+ population is what happens to the rest of the brain, and they
minimally function as a PSINA relay network.

Trpy is a cation channel with a preference for Ca** and has a wide range of reported
functions, from sensory processing including phototransduction (Xu et al. 2000),
mechanosensation (Akitake et al. 2015), and lipid metabolism (Nath et al. 2025), to complex
behaviors such as fine motor control (Akitake et al. 2015), food selection (Dhakal et al. 2022),
sleep, courtship, and learning and memory (Palacios-Muifioz et al. 2022). Notably, prior to our
study (Bajar, Phi, [saacman-Beck, et al. 2022), there were no known developmental roles for Trpy.
Trpy is expressed in ~2000 neurons (<2% of the brain), which includes all neurotransmitter types,
some neuromodulatory (dopaminergic and serotonergic), and a few neuropeptidergic (SIFamide,
DH44, and PDF). The expression of mCherry-nLS (nuclear localization signal) with the gene-trap

driver, Trpy-GAL4 (Akitake et al. 2015), which captures the endogenous expression domain of
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the gene, along with immunohistochemical staining with a Trpy antibody, shows that Trpy
production in the brain begins at ~24hAPF, peaks around 72hAPF, and is undetectable by 3 days
after eclosion (Figure 4 in (Bajar, Phi, [saacman-Beck, et al. 2022) and Figure 1.9). The relatively
sharp rise and fall of Trpy+ nuclei counts in the brain suggests this population may exist for the
sole purpose of coordinating PSINA during pupal development. The presence of transient
populations has been observed in mammalian models of developmental activity (Luhmann et al.
2016; Tritsch et al. 2007; Wang et al. 2015), raising the prospect that temporary, dedicated circuits
may be driving developmental activity across evolution.

The behavioral phenotypes reported in the various studies mentioned above did not include
temporal control of Trpy expression. Taken with how Trpy expression is not present in the brain
in 5-day old adults, there is a reasonable possibility that the reported behavioral phenotypes
originate in circuit disruptions because of altered PSINA from Trpy loss of function during pupal
development. I extensively explored whether altered PSINA directly resulted in adult behavioral

deficits in the context of sleep, in collaboration with Dr. Jeff Donlea, in Chapter 4.
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Figure 1.6
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Figure 1.6 Trpy is necessary and sufficient for wildtype PSINA

A. Expression control of UAS-Trpy-D with TARGET (GALS80ts); temperature shifts at 36 hAPF.

B. (i.) PSINA traces and (ii.) active phase average amplitude (left) and sweeps per cycle (right) in
control (black, n = 8 flies), trpy mutants (orange, 8 flies) and ‘on—off” pupae (magenta, n =5 flies)
binned by hour and normalized to control. C. (i.) PSINA traces and (ii.) active phase average
amplitude (left) and sweeps per cycle (right) in control (black, n = 3 flies), trpy (orange, n = 3 flies)
and ‘off—on’ pupae (cyan, n = 3 flies) binned by hour and normalized to control. *P < 0.05; **P <

0.01; ***P < 0.001 by Welch’s t-test following Shapiro—Wilk test, tested against control at 60

hAPF. Figure adapted from Figure 1 of (Bajar, Phi, Isaacman-Beck, et al. 2022)
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Figure 1.7
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Figure 1.7 Cell-type specific activity dynamics and synapse structure depend on Trpy

A. Schematic of visual system cell types studied. B. (i.) Average metrics pooled from two-photon
microscopy imaging of all cell types in control (black, n =31 flies) and trpy (orange, n = 33 flies)
pupae. Shaded areas indicate s.d. (ii.) Coordination (top) and coherence (bottom) values over 55—
65 hAPF calculated for different cell types in control (black) or trpy (orange) pupae. Round
markers are values from individual time series, bars are averages for each cell type. n = 2-3 time
series for each cell type. *P <0.05; **P <0.01; ***P <0.001 by Welch’s t-test following Shapiro—
Wilk test. C. (i.) Schematic of Mil, with processes in medulla layers M1, M5 and M9-10 (adapted
from ref. 41). (ii.) Micrographs of Mil neurons in control (left set) and trpy (right set) flies with
cell membranes (myr::tdTomato, magenta in merged) and presynaptic sites (BRP-VS5, cyan in
merged) labelled. Scale bar, 20 um. (iii.) Mil Brp puncta counts by layer in heterozygous control
(black, n = 35 cells) and trpy (orange, n = 36 cells) flies. Each data point shows the number of Brp
puncta counted in the arborization of one Mil neuron in one of three medulla layers. Box-and-
whiskers mark 5th, 25th, 50th, 75th and 95th percentiles. *P < 0.05; **P < 0.01; ***P < 0.001 by
Welch’s t-test following Shapiro—Wilk test. D. Cell-type-specific Brp puncta counts in trpy
mutants (black, n = 2665 cells per cell type), in the trpy, TrpyG4> UAS-Trpy-D rescue condition
(cyan, n = 24 cells for Dm9, n = 30 cells for Tm9), in flies expressing TNT (magenta, n = 43 cells
for Dm9, n = 35 cells for Tm9) or Kir2.1 (green, n = 40 for Dm9, n =25 for Tm9) pan-neuronally
displayed as change relative to control averages (n = 18—61 cells per cell type), calculated by
dividing raw Brp counts in the mutant set by the average of the corresponding control set and
subtracting 1 from each new ratio value. Data displayed as in c. Asterisks below cell type names

report tests of trpy mutants versus control. *P < 0.05; **P <0.01; ***P < 0.001 by Welch’s t-test
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following Shapiro—Wilk test or Tukey’s post hoc test following ANOVA for multiple groups.

Figure 1.7 A-D adapted from Figures 2 and 3 in (Bajar, Phi, Isaacman-Beck, et al. 2022).
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Figure 1.8
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Figure 1.8 Trpy+ neurons act as the activity template for brain wide PSINA

A. (i.) Expression control of UAS-KiR2.1 with TARGET; flies shifted from 18 °C to 29 °C at 40
hAPF. (ii.) PSINA traces from pan-neuronal GCaMP6s in control (empty-GAL4, black), panN-
GAL4>KiR2.1 (blue), and Trpy“*>KiR2.1 (orange) pupae. B. (i.) Expression control of
thermogenic channel TRPA1. Pupae were reared at 18 °C and shifted to 29 °C at 60hAPF. (ii.)
Activity from pan-neuronal GCaMP6s in control (empty-GAL4, black), panN-GAL4>TrpAl
(blue) and TrpyG4>TrpAl (orange) pupae. Initial graded response to temperature shift and
maximum sweep amplitude are marked. C. (i.) PSINA traces in control (top two, grayscale) and
trpy (bottom two, orange) pupae, recorded from co-expressed GCaMP6s in Trpy+ neurons (darker
hues) and pan-neuronal RCaMP1b (lighter hues). Traces acquired with wide-field imaging. (ii.)
Zero-lag correlation of PSINA in Trpy+ and pan-neuronal expression domains. Round markers
show a single time series; bars show genotype average. n = 9 control flies; n = 6 #rpy flies. (iii.)
Active phase average amplitude recorded in Trpy+ neurons binned by hour and normalized to
control. Shaded areas indicate s.d. n =9 control flies, n = 6 trpy flies. Figure 1.8A-C adapted from

Figures 4 and 5 in (Bajar, Phi, Isaacman-Beck, et al. 2022).

24



Figure 1.9
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Figure 1.9 Trpy expression in the brain severely diminishes post-eclosion

A. Maximum Intensity Projection (MIP) comparisons of native fluorescence of nuclei with Trpy-
GALA4 driven UAS-mCherryNLS in the Central Brain (CB) of adult flies. Note: This result stands
in contrast to the published measurements of Trpy+ nuclei in (Bajar, Phi, Isaacman-Beck, et al.
2022), which indicates that Trpy+ decreases after 72hAPF but maintains ~50% of peak nuclei
counts up to 5 days post-eclosion. The key distinction is that the nuclei counts in the report were
done with immunohistochemistry to maximize the visualization of cell bodies, whereas this figure
depicts native fluorescence. B. (i.) Representative MIPs of adult Antennal Lobes labelled with a
Trpy antibody in heterozygous control (Empty-GAL4, black) and homozygous #rpy mutant with
heterologous (Trpy-GAL4, orange) expression of UAS- Trpy-D. Dashed line represents

background levels.
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1.4 Summary

Developmental activity shapes the early formation of neural circuits throughout the animal
kingdom. A commonly shared feature is the emergence of intrinsically driven cycles of active and
silent phases coincident with the formation and refinement of synapses. While predicted, a direct
link between mis-wired circuits due to altered developmental activity and the advent of
neuropathologies has not been made. The discovery of developmental activity in the fly model
system opens a parallel track to tackle the most pressing questions about this process — what are
the fundamental mechanisms that drive and coordinate activity throughout the brain? In turn, how
exactly is the activity itself, let alone its unique patterns, facilitating the maturation of neural
circuits?

Patterned, Stimulus-Independent Neural Activity (PSINA) occurs as the earliest structural
synapses appear during pupal development. PSINA courses throughout the brain in highly
stereotyped cycles of active and silent phases and lasts until 1 hour before eclosion. Within each
global active phase, which ranges from 10-15 minutes, are cell-type specific activity patterns that
are more synchronous between synaptic neuron-pairs. In anti-phase with neuronal cycles are
oscillations of astrocytes, which themselves rely on neural electrical activity but when ablated,
reduces brain wide PSINA by ~50%. Furthermore, PSINA is coordinated by a small population of
neurons (<2% of the brain) marked by their expression of Trpy. Loss of Trpy leads to ~50%
decrease in brainwide activity and altered active phase patterns, while silencing the Trpy+ nearly
abolishes brain wide PSINA. Mutants of Trpy show disrupted cell-type specific activity dynamics
and display synaptic defects that are equivalent to flies with near total loss of electrical activity

during the last half of pupal development. Lastly, Trpy+ neurons serve as the template for
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brainwide PSINA — the cell-autonomous phenotype of Trpy loss is mirrored in the brain wide

activity patterns.
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Chapter 2

The role of neuropeptide signaling in developmental activity
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2.1 Neuropeptide signaling modulates pacemaker circuits

In current models of vertebrate systems, pacemaker-like neurons and recurrent network
interactions are thought to initiate and sustain cycles of developmental activity at a local level
(Blankenship and Feller 2010). Until more recently, most of the vertebrate studies of
developmental activity have been conducted in vitro, indicating that even isolated groups of
developing neurons can generate patterned activity. The rhythmic nature of PSINA in the fly
suggests that pacemakers or central pattern generators (CPGs), i.e. circuits that generate rhythmic
output without rhythmic input, are critical for organizing developmental activity across evolution.
Notably, with Trpy+ neurons silenced, low-amplitude peaks of periodic activity persist, suggesting
that a pacemaker-like module sits upstream of the Trpy+ domain (Bajar, Phi, Isaacman-Beck, et
al. 2022). Furthermore, when silencing the Central Brain (CB) subset of Trpy+ neurons, where the
core engine that drives PSINA is thought to reside, periodic activity continues in the optic lobes,
demonstrating that local generation of activity may be a shared feature of nascent circuits across
the animal kingdom. How these localized patterns of activity are coordinated throughout the
developing brain is still unknown.

The best studied CPGs, that of the crustacean stomatogastric nervous system (STNS)
(Bartos and Nusbaum 1997), are modulated by neuropeptide signaling (Blitz 2023). The STNS is
composed of several modulatory projection neurons that bridge sensory and higher-order inputs
with two feeding-related CPG outputs to facilitate context-appropriate behaviors. A hallmark of
neuromodulatory signaling is its ability to transform the functions of hard-wired circuits, i.e.
“circuit-switching,” by altering their intrinsic properties and synaptic strengths (Marder 2012). For
instance, in the crab STNS, one such modulatory projection neuron (MCNS) co-releases the

neuropeptide Gly-SIFamide and the neurotransmitter glutamate onto a CPG neuron (LPG) to
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transform its rhythmic output from a single network (filtering only) to a dual network (filtering
and chewing) role (Gnanabharathi et al. 2024). Furthermore, modulators can synchronize the
rhythms of two independent networks through selective strengthening of synapses — release of the
neuropeptide Red Pigment Concentrating Hormone (RPCH) in the STNS conjoins the rhythms of
cardiac and gastric CPGs, which otherwise operate independently from one another (Dickinson et
al. 1990). The ability of neuropeptide signaling to synchronize independent rhythms is of particular
interest in the context of PSINA.

Neuropeptides are the largest, most diverse, and possibly oldest class of neuroactive
compounds (Néssel and Zandawala 2019). Accordingly, they regulate virtually every
developmental, physiological, and behavioral process, are expressed in a vast array of cell-types
and tissues, and a given neuropeptide can have multiple functions. Neuropeptides are produced in
the soma through enzymatic cleavage of larger precursor proteins, are often further post-
translationally processed, and trafficked and stored in dense core vesicles to axonal terminations
or dendrites. Although in many cases neuropeptides act as co-transmitters alongside small-
molecule fast transmitters, a distinctive method of their delivery is extra-synaptic volume
transmission, which affects a much larger area and at longer time scales. Some neuropeptides are
even released into the circulation to act as hormones (Nissel and Zandawala 2022). Taken together,
neuropeptides represent a dynamic, higher order “chemical connectome” overlaid on the
conventional synaptic connectome to guide context-appropriate physiology and behavior (Jékely

and Yuste 2024).

31



2.2 A screen of neuropeptides involved in PSINA

In Drosophila, there are ~50 genes that encode neuropeptides and roughly the same number
for their receptors, which are predominantly G-Protein Coupled Receptors (GPCRs) (Néassel and
Zandawala 2019). We conducted a KiR2.1-mediated, neuronal silencing-based screen of
Drosophila neuropeptide expression domains and recorded their effects on PSINA through our
“widefield assay” (Figure 2.1 and Chapter 3 “Methods” for details). Briefly, using a standard
epifluorescence microscope, we simultaneously recorded up to 100 pupae expressing the
genetically encoded calcium indicator, GCaMP6s, in all neurons to visualize brain-wide activity.
We targeted effector expression (KiR2.1 and RNAI for follow up, see below) to different classes
of cells with the GAL4-UAS and LexA-LexAop systems. We restricted the timing of effector
expression to the last half of pupal development with GAL80ts (McGuire et al. 2003), which
inhibits GAL4 at 18°C, but allows for full expression at 29°C. Below, we refer to this approach as
temporally-targeted expression.

Starting with KiR silencing before individual genetic knockdown or knockout provided
several advantages — First, KiR silencing is expected to inhibit all forms of chemical and electrical
transmission to produce the strongest possible phenotype. Second, the KiR approach was fully
modular, giving us the ability to target multiple GAL4 expression domains at once (during early
stages this was around 4-5 different groups of 5-6 replicates each but has since expanded to double
the groups and replicates) and thus was much faster and efficient. Our expectation, therefore, was
that there would be many hits, some of which would be false positives with respect to the gene of
interest. As detailed below, the plan was to then follow up on KiR hits with targeting the
neuropeptide gene. Lastly, we also hoped that some smaller expression domains identified as KiR

hits could reveal new PSINA-active neurons, even if we confirmed that they were not participating
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through peptidergic signaling (i.e., a negative result from the genetic manipulations), which would
have served our broader research objective of mapping the circuitry that drives PSINA.

For many neuropeptide genes, individual research groups have generated gene-derived,
synthetic promoter driven GAL4s to label the expression domains. More recently, a number of
driver collections which incorporate GAL4 into native genetic loci have become available (Deng
etal. 2019b; Diao et al. 2015). We were partial to utilizing these so-called gene-trap GAL4 drivers,
which are expected to better capture the native expression domain of the gene of interest. We
followed up on all cell-silencing hits with pan-neuronal RNAi-mediated knockdown of the given
neuropeptide. When available, we tested multiple independent RNAi constructs in genetic
backgrounds heterozygous for the targeted gene to improve the specificity and efficacy of the
knockdown. If expression knockdown qualified as a hit, we assessed how mutants (i.e. whole-
animal loss of function) of the given neuropeptide gene, if viable, would influence PSINA.

Across the screening pipeline, we classified a “hit” as a >20% change in global signal
amplitude or any alterations to the stereotyped spatiotemporal structure of PSINA relative to
controls. While we utilize several metrics to quantify the spatiotemporal properties of PSINA, such
as active phase duration, cycle counts, and sweeps per cycle, the most powerful approach to
visualize the overall temporal organization of PSINA is calculating the power spectral density
(PSD). The PSD provides the power distribution of the different frequencies that make up the total
original signal (i.e. a PSINA trace). In wildtype PSINA, most of the signal power is carried by a
band around 10-*Hz, which corresponds to a cycle period of 10-15 minutes. By focusing on this
stereotyped feature of wildtype PSINA, we can easily detect relative changes to the temporal

structure that may result from our manipulations.

33



After about ~35 neuropeptide and neuropeptide-receptor domains screened, we identified a
select few hits to ask if neuropeptide signaling is required for PSINA. First, temporally targeted
silencing with the pan-neuropeptide driver, c929- aka dimm-GAL4, leads to a complete loss of
PSINA cycles (Figure 2.2). This early result was one of the motivators of the neuropeptide screen.
Notably, the qualitative changes to PSINA from silencing dimm-GAL4 cells are similar to the
effects of removing neuromodulatory input in the crustacean STNS — a temporary loss of activity
which later recovers with altered dynamics (Khorkova and Golowasch 2007). Our screen
ultimately identified 3 specific neuropeptides that are critical for wildtype PSINA — ion transport
peptide, isoform D (ITP.D), SIFamide (SIFa), and myoinhibitory peptide (MIP, aka Allatostatin
B).

Temporally targeted silencing of the ITP.D-GAL4 domain severely disrupts PSINA — the
periodic cycles are abolished and what remains are unstructured, high frequency oscillations with
regular, high-amplitude single peaks (Figure 2.3). While homozygous mutants of ITP are
embryonic-lethal (Gélikova et al. 2018), temporally-targeted knockdown of all 5 ITP isoforms (C-
E) with ITP.D-GALA4 in a heterozygous background led to comparable changes to PSINA as with
silencing, albeit with fewer oscillations and even higher amplitude single peaks. ITP.D-GAL4
captures sparse populations of neurons; it also targets 4 of the 5 classes of fly glia (Deng et al.
2019) (astrocytes, cortex glia, ensheathing glia, and perineural glia). Notably, ITP.C-GAL4, which
appears to label the same small neuronal population as ITP.D-GAL4 but has no expression in glia,
does not alter PSINA in the context of KiR silencing. We have shown that astrocytes are required
for wildtype PSINA (Bajar, Phi, Randhawa, et al. 2022), but where and how ITP.D functions

during pupal development to regulate PSINA has yet to be explored.
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SIFa is produced in four neurons in the Pars Intercerebralis, a neuroendocrine region
analogous to the mammalian hypothalamus, while its only known receptor, SIFa-R, is broadly
expressed throughout the brain. Silencing the four SIFa neurons abolishes the characteristic
periodicity that defines wildtype PSINA. Furthermore, whole-animal loss (i.e., mutants), as well
as temporally targeted knockdown of SIFa and SIFa-R reproduce the cell-silencing phenotype,
indicating that SIFa and SIFa-R operate as an exclusive ligand-receptor module during the last half
of pupal development to regulate PSINA cycles brain-wide. I extensively cover the roles of SIFa
and SIFaR in PSINA in Chapter 3.

Two other neuropeptides, Hugin and MIP, directly influence SIFa neuron activity in the
adult brain to regulate feeding behavior (Martelli et al. 2017). Although silencing with Hugin-
GALA4 did not affect PSINA, silencing with MIP-GAL4 led to a semi-penetrant phenotype — about
half of the pupae showed altered cycle structure (Figure 2.4). When we followed up with
temporally targeted pan-neuronal knockdown of MIP and its receptor, sex peptide receptor (SPR),
we found that the duration of late-stage PSINA active phases was reduced, which contributed to a
~20% decrease in average global signal. We also observed the same brain-wide phenotype with
temporally targeted knockdown of SPR in just the four SIFa neurons, suggesting that MIP-SPR
signaling influences SIFa neuron activity to regulate the cycle structure of late-stage PSINA. As
of this writing, we are actively investigating the genetic and circuit-level mechanisms by which
MIP and SPR participate in PSINA.

As anticipated, we identified several hits in our primary KiR2.1 screen. However, in most
cases, our initial cell-silencing hits did not hold up when testing for a genetic requirement (see
Dh44, Dh44-R, Gyc76C, Nplpl, sNPF, and TkR in Tables 2.1-2.3), confirming that the silencing

phenotype we observed resulted from targeting PSINA-active neurons captured by the driver
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domain that do not require the expression of the expected gene of interest. For instance, the Dh44-
R1-derived driver line 21A07-GAL4 produces a strong loss of cycles phenotype when silenced,
similar to the effect of silencing SIFamide neurons (see below, and Chapter 3) — yet we found that
PSINA was unaltered in Dh44-R1 mutants. We noted that the 21A07-GAL4 also labels the four
SIFamide neurons when we looked at the expression of the built-in fluorescent cell-marker
(TdTomato) of the KiR2.1 construct in dissected pupal brains, suggesting that the observed
silencing phenotype was due to the 21A07- driver capturing the SIFa neurons. For the case of
sNPF-R, which did demonstrate phenotypes across the entire screening pipeline (from silencing to
genetic loss of function), we did not further investigate its involvement in PSINA due to its very
broad expression domain (FlyBase) and the fact that its only known ligand, sSNPF (Mertens et al.
2002), showed no genetic requirement for PSINA. In the similar situation with TkR99D, where
silencing TkR99D-GAL4+ neurons lead to a severe disruption to PSINA but targeting the TkR99D
gene did not. Here, my colleagues in the Akin Lab founds that the expression domain comprised
~4,000 neurons, twice the size of the Trpy+ population, and efforts to fractionate this set were not

successful.
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2.3 Summary

The discovery of a central role for neuropeptide signaling in coordinating developmental activity
creates a new path for investigating the underlying mechanisms of neural circuit maturation. Due
to volume transmission, i.e., paracrine signaling, neuropeptides are not bound by the
spatiotemporal constraints of conventional synaptic signaling and offer a fitting mode of
organizing brain-wide developmental activity in circuits that are undergoing continuous changes
to synaptic structure. As our knowledge of brain architecture deepens with continued advances in
mapping connectomes across model organisms, there may also be a growing appreciation of the
non-synaptic, “chemo-connectome” and its ability to steer the organization and function of neural
circuits. In addition, these findings that indicate a novel role for neuropeptide signaling were only
possible because of the expansive tool kit that the fly model system offers. We hope that these
insights can inform future investigations to enhance the decades of research on developmental

activity in mammalian model systems.
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Figure 2.1 Widefield assay and neuropeptide screen pipeline

A. (Left) Example widefield imaging preparation for recording brain wide PSINA from 68 pupae.
Snapshot at 76hAPF. (Right) Labels associated with example run of 8 genotypes with 7-9
replicates each. B. (i.) (Left) 65 hAPF D. melanogaster pupa. Cuticle around the head (boxed) has
been removed for widefield imaging. Brain is outlined: CB, central brain; OL, optic lobe. Scale
bar, 500um. (Right) Montage of pupal heads from one widefield imaging session. Signal is
fluorescence from pan-neuronally expressed GCaMP6s. Yellow rectangle (top-right) is typical
region-of-interest (ROI) used to extract PSINA traces. All time axes in this and following figures
are in units of hAPF. Scale bar, 500um. (ii.) Wildtype PSINA recorded from enumerated pupae in
(i.); sampling rate is 0.5Hz. (iii.) Expanded view of PSINA from the blue highlighted 1h span
above depicting the active (ON) and silent (OFF) phases of activity cycles, sweeps, and average
signal metric used in analyses. PSD, power spectral density: PSINA traces were filtered to remove
sweeps (coral overlaid profile), and PSD was calculated using the Discrete Fourier Transform
(‘F’). Adapted from Figure 1 of (Reichl et al. 2025). C. Temperature regime used to temporally

target KiR2.1 and RNAI expression to pupal development. D. Neuropeptide screen pipeline.
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Figure 2.2
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Figure 2.2 KiR silencing with Dimm-GAL4 leads to loss of PSINA cycles

A. Temperature regime used to temporally target KiR2.1 expression to pupal development. B.
Representative PSINA traces during two, two-hour segments, of control (Empty“4, black), and
experimental (Dimm®4, red). C. Average signal normalized to control (Empty%*, black). Shaded
areas are standard deviation. Sample sizes indicated. Closed circles mark where experimental
distribution differs from control (p>0.05) by two-sample KS test. D. Average Power Spectral
Density (PSD) from control (Empty“?, left), and experimental (Dimm%*, right). Sample sizes

indicated.
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Figure 2.3
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Figure 2.3 ITP.D is necessary for wildtype PSINA

A. Temperature regime used to temporally target KiR2.1 and RNAi expression to pupal
development. B. Representative PSINA traces from KiR silencing of control (Empty“?, black) and
experimental (ITP.D%, orange), color matched to genotypes shown above. C. Hourly normalized
PSDs of PSINA from KiR silencing. n=8 per genotype. D. Representative PSINA traces from
ITP(isoforms C-E) knockdown of control (Empty“4, black) and experimental (ITP.D%, purple),
color matched to genotypes shown above. E. Hourly normalized PSDs of PSINA from ITP

knockdown.
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Figure 2.4
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Figure 2.4 MIP and SPR are required for late-stage PSINA cycle structure

A. Temperature regime used to temporally target RNAi expression to pupal development. B.
Representative PSINA traces during two, two-hour segments, of control (Empty“4, black), and
experimental (57C1094, pan-neuronal) knockdown with UAS-MIP-RNAI (blue) and UAS-SPR-
RNAI (green). Blue highlights mark single active phases. C. Active phase duration (left) and
average signal (right), normalized to control (Empty“4, black, N=18), of pan-neuronal knockdown
with UAS-MIP-RNAi (blue, N=11) and UAS-SPR-RNAi (green, N=15). D. Same as (C.)
normalized to control (Empty%*, black, N=22), of SIFa% driven knockdown with UAS-SPR-RNAI
(green, N=24). For C-D., shaded areas are standard deviation and closed circles indicate where

experimental distributions differ from control (p<0.05) by two-sample KS test.
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Table 2.1 KiR2.1 silencing of neuropeptide-driver expression domains

Symbol | Gene Name BDSC # | driver Result Notes
AstA Allatostatin A 84593 AstA[2A-GALA4] Marginal effects
AstC Allatostatin C 84595 AstC[2A-GALA4] Marginal effects
Capa Capability 84597 Capa[2A-GALA4] No phenotype
putative ITP
CG30340 | N/A 84611 CG30340[2A-GALA4] No phenotype
receptor
Crz Corazonin 51977 Crz-GAL4.391 No phenotype
CCAP Crustacean cardioactive peptide | 25686 CCAP-GAL4.P No phenotype
84623 Dh31[2A-AC.GAL4] Marginal effects
Dh31 Diuretic hormone 31
84624 Dh31[2A-D.GALA4] Marginal effects
80985 Kurs58-GAL4 (Dh44 + SIFa) | No phenotype
93500 Dh44[CR60171-TG4.0] No phenotype
Dh44 Diuretic hormone 44
84627 Dh44|2A-GALA4] Altered cycles
39387 GMR65C11-GAL4 No phenotype
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Brief flat line early,

then low activity

83237 Dh44-R1[CR00985-TG4.2]
with high amp.
single spikes
Similar effects to
SIFa silencing.
Loss of cycles. Dh44R1 gene not
Dh44-R1 | Dh44-Receptor-1
Sparse bouts early | required and this
49855 GMR21A07-GAL4 and unstructured driver labels the
oscillations ~65- SIFa neurons,
70hAPF and on suggesting
phenotype is due
the SIFa neurons
STE06-GAL4 No phenotype
Similar to Dh44-
Dh44-R2 | Dh44-Receptor-2 66865 Dh44-R2[M109411-TG4.2]
R1[CR00985-

47




TG4.2], but higher

oscillatory activity

Loss of cycles.
Sparse activity
early to

increasingly higher

dimm dimmed 25373 c929-GAL4
frequency,
unstructured
oscillations by
65hAPF and on
Dsk Drosulfakinin 84630 Dsk[2A-GALA4] No phenotype
EH Eclosion Hormone 6301 Eh-GAL4 No phenotype
Stock no longer
Fs Follistatin 66838 Fs[MI104308-TG4.1] Marginal effects
available
Loss of cycles. (Kondo et al.
Gyc76C | Guanylyl Cyclase at 76C Gyc76C[2A-GALA4]
Single sweeps to 2020)
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unstructured

oscillations
84646 Hug[2A-GAL4] No phenotype
Hug Hugin
58769 Hug-GAL4 No phenotype
Ip1 Insulin-like peptide 1 66006 Ilp1-GAL4.L No phenotype
Sweep amplitude
ITP.D Ion Transport Peptide Isoform D | 84702 ITP[2A-D.GALA4] greatly increased
and loss of cycles
ITP.C ITP Isoform C ITP.C-GAL4 (DK|0165) Marginal effects
Lk Leucokinin 51993 Lk-GAL4.TH Marginal effects
84651 Mip[2A-GAL4] No phenotype
51984 MiP-GAL4 (2nd Chrom) No phenotype
Mip Myoinhibiting peptide precursor Semi-penetrant;
51983 Mip-GAL4 (3rd Chrom) ~half with altered
cycles
Ms Myosuppressin 84652 Ms[2A-GAL4] No phenotype
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Ligand for Tk-

Natalisin | Natalisin 84668 natalisin[2A-GAL4] Marginal effects
R86C
NPF neuropeptide F 25681 NPF-GALA4.1 No phenotype
Major decrease in
Nplpl Neuropeptide-like precursor 1 86349 | Nplp1[CRO1375-TG4.0]
activity
Nplp4 Neuropeptide-like precursor 4 84674 | Nplp4[2A-GALA4] Marginal effects
Proc Proctolin 51972 Proc-GAL4.TH Marginal effects
Loss of cycles.
Gene trap Kkills
Sparse bouts early
SIFa neurons and
84690 SIFa|2A-GALA4| and unstructured
has dominant
SIFa SIFamide oscillations ~65-

70hAPF and on

negative effect

SIFa-GAL4 (2nd Chrom)

Similar to 2A, but

less severe

Vecsey (601)
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SIFa-GAL4 (3rd Chrom)

Similar to 2A, but
less severe than

SIFa-GAL4(601)

Vecsey (516)

Loss of cycles.

Sparse bouts early

Sine Oculus

49257 | 14F05-GAL4 and unstructured
derived

oscillations ~65-
70hAPF and on

76670 SIFaR[MI05376-TG4.1] Abolished activity
Decreased cycle

84689 SIFaR[2A-AC.GALA4| frequency late

SIFa-R SIFa Receptor PSINA
49087 GMR24F06-GAL4 No phenotype
49061 GMR24A12-GAL4 No phenotype
GMF23G06-GAL4 No phenotype

51




~50% decrease in

sNPF short Neuropeptide F precursor | 84706 sNPF[2A-GAL4] amplitude and
fewer cycles
~50% decrease in
84691 SNPFR[2A-GALA4] amplitude and
sNPF-R | sNPF-Receptor fewer sweeps/cycle
46547 GMR64H09-GAL4 No phenotype
39384 GMR66A02-GAL4 No phenotype
51973 Tk-GAL4.TH Marginal effects
Tk Tachykinin
84693 Tk[2A-GALA4] Marginal effects
TkR86C | Tachykinin-like receptor at 86C TkR86C[2A-GAL4] Loss of cycles
TkR99D | Tachykinin-like receptor at 99D TkR99D-GALA4 Loss of cycles
Misc
Near pan-neuronal
StacL Stac-Like 66831 Stacl[M102279-TG4.1] Abolished activity

expression domain
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Tdc2

Tyrosine decarboxylase 2

9313

Tdc2-GALA4

No phenotype

Octopamine

precursor

Tim

Timeless

Tim-GAL4

No phenotype
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Table 2.2 RNAIi screen of neuropeptide KiR hits

Gene BDSC # driver Result
Dh44 25804 TRiP.JF01822 No phenotype
28780 TRiP.JF03208 No phenotype
Dh44-R
29610 TRiP.JF03289 No phenotype
Gyc76C TRiP.HMS04516 No phenotype
ITP 25799 TRiP.JF0187 Sweep amplitude greatly increased and loss of cycles
MIP UAS-MIP-RNAI Decreased late stage active phase duration
Proc 29570 TRiP.JF03249 No phenotype
TRiP.JF03364 Loss of cycles
SIFa
TRiP.HMS22876 Loss of cycles
TRiP.HMS00299 Loss of cycles
SIFa-R
TRiP.JF01899 Loss of cycles
sNPF UAS-sNPF-RNAi No phenotype
sNPF-R UAS-sNPFR-RNAIi No phenotype
SPR UAS-SPR-RNAI Decreased late stage active phase duration
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Tk-R86C 13392.GD UAS-TkR86C-RNAi No phenotype
27513 TRiP.JR02663 No phenotype
55732 TRiP.HMC03749 No phenotype
Tk-R99D
43329.GD UAS-TkR99D No phenotype
1372.GD UAS-TkR99D No phenotype
Table 2.3 Neuropeptide mutant analysis
Gene Genotype Result
Dh44[attp]
Df(3R)BSC468/ Dh44[attp]
Dh44 No phenotype
Dh44[2A-GAL4]/ Dhé44[attp]
Dh44[CRIMIC-TG4]/ Dh44/attp]
Dh44-R1[attp]
Dh44-R1 | Dh44-R1[DsRed]/ Dh44-R1[attp] No phenotype
Df(2R)ED2354/ Dh44-R1]attp]
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http://43329.gd/
http://1372.gd/

Df(2R)BSC700/ Dh44-R1[attp]

Dh44-R1[CRIMIC-TG4]/ Dh44-

R1[attp]

Dh44-R2

Dh44-R2[174]

Df(2R)BSC305/ Dh44-R2[174]

Df(2R)BSC829/ Dh44-R2[174]

Dh44-R2[Trojan-TG4]/ Dh44-

R2[174]

No phenotype

Df(2R)ED4061/ ITP[attp](7)

Df(2R)BSC602/ ITP[attp](7)

ITP Homozygous mutants embryonic lethal

ITP[attp](7)
ITP[attp](2)
Df(2R)BSC608/ nplp1[attp]

Nplpl No phenotype
nplp1[attp]
SIFa[1]

SIFa Loss of cycles
SIFa[2]/ SIFa[1]
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Df(2R)BSC780/ SIFa|[1]

SIFa[2A-GAL4]/ SIFa[1]

SIFalattp]/ SIFa[1]

SIFa-R

Df(3R)ED10845/ SIFaR[attP]

Df(3R)BSC677/ SIFaR[attP]

SIFaR[MI05376-TG4.1]/

SIFaR][attP]

SIFaR[GFSTF]/ SIFaR|attp]

Loss of cycles

sNPF

sNPFJattp]

sNPF[MI01807]/ sNPF[attp]

sNPF[2A-GAL4]; sNPF[attp]

Df(2L)Exel7077/ sNPF[attp]

sNPF[attp]/ sNPF[MI01807]

sNPF[MI01807](MIMIC)

sNPF[2A-GAL4]/ sNPF[MI01807]

Df(2L)Exel7077/ sSNPF[MI01807]

No phenotype
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sNPF-R

Df(3L)BSC731/ sNPFR[M108722]

Df(3L)BSC830/ sNPFR[M108722]

SNPFR-GAL4/ sNPFR[M108722]

sNPFR]attp]/ sNPFR[M108722]

sNPFR[M108722]

Df(3L)BSC731/ sNPFR|attp]

Amplitude climbs from -60% to +60% relative to hets from 50-80hAPF

Df(3L)BSC830/ sNPFR|attp]

sNPFR-GAL4/ sNPFR]attp]

sNPFR|attp]

sNPFR[M108722]/ sNPFR[attp]

Amplitude climbs from +20% to +50% from 70-80hAPF

Tk

Df(3R)Excl7312/ Tk[attp]

Df(3R)Excl8155/ TkJattp]

ATk1, UAS-Tk [attp2]/ Tk[attp]

ATk2, UAS-Tk [attp2]/ Tk[attp]

Tk[attp]

No phenotype

TkR99D

Df(3R) BSCG20/ TkR99DJattp]

No phenotype
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Df(3R) Excl6213/ TkR99DJattp]

TkR99D[Mi10336-TG4-2]/

TkR99D[attp]

TkR99D[attp]

Df(3R) BSCG20/ TKR99D (S222)

Df(3R) Excl(6?)213/ TkR99D

No phenotype
(S222)
TkR99D[Mi10336]/ TkR99D (S222)
Df(3R)Excl6159(A86)/
TkR86CJattp]
TkR86C No phenotype

Df(3R)Excl529(A86)/ TkR86C[attp]

TkR86CJattp]
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Chapter 3

Four neurons pattern brain-wide developmental activity through neuropeptide signaling

ABSTRACT

The developing brain becomes electrically active before it is ready to process sensory input. During
neural circuit maturation, developmental activity is thought to refine synaptic connections by
driving neuronal co-activation in rhythmic patterns. The source of this brainwide activity and the
mechanisms which regulate its patterns are not well understood. Here we describe cellular
interactions that shape developmental activity and their molecular basis. In Drosophila, patterned
stimulus independent neural activity (PSINA) engages the entire brain in highly stereotyped,
globally coordinated cycles of activity. A molecularly-defined population of ~2,000 neurons
(Transient Receptor Potential Gamma, 77py+ neurons) act as an activity template for PSINA. We
show that this activity template is patterned by four neurons expressing the neuropeptide SIFamide
(SIFa). Signaling through the SIFa Receptor, SIFa modulates the activity of both SIFa and Trpy+
neurons to establish the brainwide activity cycles of PSINA. In turn, 7rpy+ neurons regulate SIFa
neuron activity through a recurrent interaction. Neuropeptides act through synapse-free, or
wireless, signaling; a fitting mode of communication for a process tasked with refining on-going
synapse formation. By placing neuropeptide signaling at the core of developmental activity, this
work highlights the rich neurophysiological potential of the chemical connectome in shaping the

developing brain.
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3.1 Introduction

At the onset of synaptogenesis, before the nervous system is ready to process sensory input,
the developing brain exhibits waves of patterned rhythmic activity. Such developmental activity
occurs in many parts of the mammalian brain, including the visual, auditory, and olfactory systems,
the spinal cord, thalamus, and the cortex (Blankenship and Feller 2010b; Wu et al. 2024b; Martini
et al. 2021). Altering the activity in sensory systems, where it has been studied in greatest depth,
leads to disruptions in topographic mapping (Thompson et al. 2017; Kersbergen et al. 2022b;
Anton-Bolafios et al. 2019) and circuit function (Ge et al. 2021; Tiriac et al. 2022). Changes to the
activity in the developing cortex are thought to be linked to neurodevelopmental disorders (Wu et
al. 2024), highlighting the significance of understanding how this process contributes to the
assembly of the brain. While specifics are outstanding, and likely to be case-specific, the consensus
view is that the function of the activity is to mediate neuronal co-activation (Willshaw et al. 1976):
Selective strengthening or weakening of synapses through Hebbian plasticity (Matsumoto et al.
2024). This framework elevates the importance of the spatiotemporal patterns of activity (Crair
1999) and, by extension, the mechanisms which generate them.

For the few cases where molecular and cellular factors necessary for wildtype activity
patterns have been identified (Sernagor and Hennig 2013; Nakashima et al. 2019; Kersbergen and
Bergles 2024), they have proved to be valuable handles on the biology of developmental activity.
The best studied example is the so called ‘retinal waves’ (Galli and Maffei 1988; Meister et al.
1991) which initiate in the developing retina and spread to other visual areas, including the superior
colliculus and the visual cortex (Ackman et al. 2012). In rodents, retinal waves appear two days
before birth and persist for two weeks, until eye opening. For much of this time, the waves depend

on cholinergic signaling from the network of starburst amacrine cells (SACs), both to each other
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and to retinal ganglion cells (RGCs) (Sernagor and Hennig 2013). Loss of the B2 subunit of the
nicotinic acetylcholine receptor, which mediates this cholinergic communication, severely alters
retinal waves (Bansal et al. 2000) and leads to RGC projection defects in higher visual areas
(McLaughlin et al. 2003; Rossi et al. 2001). While network interactions among SACs are thought
to be sufficient to initiate retinal waves (Sernagor and Hennig 2013), coordination of the activity
between the two eyes (Ackman et al. 2012) indicates that there are additional regulatory
mechanisms which shape the patterns. Notably, how the core mechanisms that initiate
developmental activity are regulated to give rise to the final patterns is not well understood in any
part of the developing brain. A promising candidate for bi-lateral retinal wave coordination is a
subtype of RGCs which project to the contralateral retinas (Murcia-Belmonte et al. 2019). In
addition, brain-to-retina projecting histaminergic neurons from the hypothalamus have been
shown to modulate visual responses in mice (Warwick et al. 2024), suggesting that regulation need
not arise autonomously in the eyes. The potential for such long-range activity modulation was
highlighted by a recent report showing that hypothalamic peptidergic neurons project into nearly
all areas of the mouse brain (Jiao et al. 2025).

The discovery of developmental activity in the fruit fly Drosophila melanogaster (Carreira-
Rosario et al. 2021; Akin et al. 2019) indicates that this phenomenon fundamental to
neurodevelopment. The adult fly brain is built during the 100 hours of metamorphosis, or pupal
development. Patterned, stimulus-independent neural activity (PSINA, ‘see-nah’) starts ~50 hours
after puparium formation (hAPF) (Akin et al. 2019), co-incident with the appearance of the first
structural synapses(Y. Chen et al. 2014a; Muthukumar et al. 2014). For the following two days
until an hour before the adult fly emerges, PSINA engages the whole brain in cycles of activity

comprising globally coordinated active and silent phases (Figure 3.1a-c). Embedded within each
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global active phase are stereotyped cell-type-specific activity patterns which are more correlated
between future synaptic partners (Akin et al. 2019).

PSINA relies on a population of ~2,000 neurons, genetically defined by their expression
of the cation channel Trpy(Bajar, Phi, Isaacman-Beck, et al. 2022). Loss of #7py gene function
alters PSINA patterns both across the brain and at the single cell-type-level and disrupts synaptic
development in a non-cell autonomous manner. Brainwide PSINA in #py mutants mirrors the
activity recorded from 77py+ neurons (Bajar, Phi, Isaacman-Beck, et al. 2022), indicating that this
small population acts as an activity template for the rest of the brain.

Here, we report that the Trpy+ activity template is modulated by the neuropeptide SIFa.
SIFa is a highly conserved (Verleyen et al. 2004) arthropod neuropeptide produced principally by
four neurons in the Pars Intercerebralis (PI) region (Terhzaz et al. 2007a; Wolff et al. 2025) (Figure
3.1d), a neuroendocrine command center homologous to the mammalian
hypothalamus(Hartenstein 2006). SIFa neurons (aka DNc01/2 (Namiki et al. 2018)) are present in
the larva and undergo extensive remodeling during pupal development to extend processes
throughout the adult brain and ventral nerve cord (Terhzaz et al. 2007). The SIFa Receptor, SIFaR
(Jergensen et al. 2006), is a G protein-coupled receptor (GPCR) expressed broadly throughout the
brain (Fig.1d). In the adult, SIFa-SIFaR signaling has been implicated in a range of adult behaviors,
including feeding (Martelli et al. 2017), activity rhythms (Dreyer et al. 2019), sleep (Bai et al.
2018; Park et al. 2014), and courtship (Terhzaz et al. 2007a; Sellami and Veenstra 2015). We find
that, during pupal development, this signaling module acts on 7rpy+ neurons to pattern the
brainwide activity cycles of PSINA. By identifying four defined neurons that shape brainwide

activity through a specific ligand-receptor interaction, our work brings into focus a genetically-
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programmed neural engine of discrete composition driving this fundamental phase of

neurodevelopment.
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3.2 SIFa and SIFaR are necessary for PSINA cycles

To observe PSINA, we use a live imaging approach we term the widefield assay
(Supplementary Video 1). We use genetically encoded calcium indicators to visualize neural
activity: GCaMP6s (T.-W. Chen et al. 2013) for single cell class recording (e.g., pan-neuronal,
PanN, for brainwide PSINA), and GCaMP6s and RCaMP1b (Dana et al. 2016) when imaging two
different classes of cells. For independent genetic access to different classes of cells, we use the
GAL4-UAS (Andrea H. Brand and Perrimon 1993) and LexA-LexAop (Lai and Lee 2006)
expression systems. When needed, we control the timing of GAL4-driven expression using
GALS8Ots (McGuire et al. 2003), which inhibits GAL4 at 18°C, but allows for full expression at
29°C. Below, we refer to this approach as temporally-targeted expression. We stage and genotype
flies at the onset of pupal development, and, at ~48hAPF, prepare them for imaging by removing
the cuticle around their heads (Figure 3.1a,b). Using a standard long-working-distance
fluorescence microscope, we can record simultaneously from up to 80 pupae for two days; that is,
until the flies complete metamorphosis and emerge as adults. This medium-throughput assay made
it possible to carry out the neuropeptide screen which identified SI/Fa.

To first assess how total loss of SIFa affects PSINA, we recorded brain-wide activity in
whole-animal S/Fa mutants. Compared to PSINA in controls, S/FFa mutants show lower signal
intensity and altered duty cycle, with less time active per hour during early stages (65-75hAPF)
shifting to more time active after ~75hAPF (Figure 3.1e,f). Most prominently, the temporal
organization of PSINA is altered in SIFa mutants: In the wildtype, PSINA is organized into cycles
of active and silent phases with periods of 10-15 minutes (Figure 3.1¢). We visualized these cycles
in the frequency domain by taking the Fourier transform of the PSINA traces and calculating the

power spectral density (PSD, Extended Data Fig.1); the PSD displays how the power in the
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original signal is distributed across different frequencies. Most of the power in wildtype PSINA is
carried by a band around 10-*Hz (Figure 3.1g, 15t column), which corresponds to the 10-15 minute
cycle period. Using the PSD representation, we compared wildtype and experimental (Figure 3.1g,
2" column) sets of traces across pupal development and found that the 10-*Hz band is absent in
SIFa mutants (Figure 3.1g, 3" column, bottom panels). This change to the PSD is equivalent to
~50% of the signal power in the wildtype being carried by other frequencies in S/Fa mutants
(Figure 3.1g, 3" column, top panels). In effect, the stereotyped activity cycles are lost in SIFa
mutants. Complementation analysis with a deficiency and rescue with a chromosomal duplication
confirmed that the S/Fa mutant alleles are true nulls and the phenotype is monogenic in origin,
respectively (Figure 3.1e-g, Extended Data Figure 3.2a). We conclude that S/Fa is necessary for
the stereotyped cycles of PSINA.

We next asked how whole-animal loss of SIFaR, the only known receptor for SIFa
(Jorgensen et al. 2006), affects PSINA. When paired with a deficiency, the SIFaR™" allele led to
the same PSINA phenotypes we observed in SIFa mutants (Figure 3.1h-j): altered duty cycle,

reduced signal, and lost cycles. We tested a protein trap, SIFaR“"STF

, and a gene trap GAL4 driver,
SIFaR%?, in combination with SIFaR™" and saw similar changes to PSINA, indicating that these
are strong loss-of-function (LoF) alleles (Figure 3.1h-j, Extended Data Figure 3.2b-d).
Hereafter, we refer to SIFaR®™S™ as SIFaR™f. As with SIFa, rescue with a chromosomal
duplication confirmed the monogenic origin of the S/FaR phenotypes (Figure 3.1h-j, Extended
Data Figure 3.2b-d). We conclude that SIFaR is also necessary for the stereotyped cycles of
PSINA.

To ask how SIFa and SIFaR interact, we carried out double mutant analysis using SIFa/1]

homozygotes and heteroallelic combinations of SIFaR™! with SIFaR™F or SIFaR°? (Extended

66



Data Figure 3.2e-g,h-j). The SIFaR single mutants, particularly those carrying the SIFaR%? allele,
differed from the double mutants in how they affected duty cycle and average signal. We attribute
these differences to the SIFaR " and SIFaR%? alleles not being complete nulls. However, for the
most prominent phenotype—Iloss of cycles—the single mutants were indistinguishable from the
doubles. The absence of an additive effect in the double mutants is consistent with SIFa and SIFaR
functioning as an exclusive ligand-receptor module. Taken together, our findings indicate that

SIFa-SIFaR signaling is required for the stereotyped cycles of PSINA.
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Figure 3.1
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Figure 3.1 SIFa and SIFaR are necessary for PSINA cycles

a. 65 hAPF D. melanogaster pupa. Cuticle around the head (boxed) has been removed for
widefield imaging. Brain is outlined: CB, central brain; OL, optic lobe. Scale bar, 500um. b.
Montage of pupal heads from one widefield imaging session. Signal is fluorescence from pan-
neuronally expressed GCaMP6s. Yellow rectangle (top-right) is typical region-of-interest (ROI)
used to extract PSINA traces. All time axes in this and following figures are in units of hAPF.
Scale bar, 500um. ¢. Top: Wildtype PSINA recorded from enumerated pupae in (b); sampling rate
is 0.5Hz. Bottom: Expanded view of PSINA from the blue highlighted 1h span above depicting
the active (ON) and silent (OFF) phases of activity cycles, sweeps, and principal metrics used in
analyses. PSD, power spectral density: PSINA traces were filtered to remove sweeps (coral
overlaid profile), and PSD was calculated using the Discrete Fourier Transform (‘F’). d. Maximum
intensity projection (MIP) of 72hAPF brain with SIFaR%? driving mCherry.NLS (native
fluorescence, cyan-hot look-up table (LUT)); brain also stained against SIFa (orange-hot LUT)
and N-Cadherin (magenta). Green rectangle boxes SIFa soma. CB, central brain; OL, optic lobe;
PI, Pars Intercerebralis. Scale bar, 100um. e-g. SIFa mutant analysis e. Representative PSINA
traces, color-matched to genotypes shown; numbers are sample sized used in (f) and (g). Df,
deficiency; Dp, genomic duplication. f. Duty cycle and average signal, normalized to control
genotype (black). Inset in duty cycle plots true values of metric. Shaded areas, standard deviation.
Closed circles mark where experimental distribution differs from control (p<0.05) by two-sample
KS test. g. Average PSDs from control (first column) and experimental (second column) animals.
PSD for each PSINA trace was calculated at every hour within a 2-h sliding window and
normalized to remove contribution from changes in signal amplitude. Displayed PSDs are averages

of replicates for each condition. Labels color-matched to (e,f); sample sizes indicated. PSD
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comparison of SIFal!//SIFal?! to +/SIFa!! omitted for brevity. In third column, bottom panel of
each set maps p values from KS tests of control and experimental PSD distributions at each
frequency-time coordinate; p<0.05 displayed in magenta. Top panel is fraction of control signal
power re-assigned to different (p<0.05) frequencies in the experimental data. See also Extended

Data Fig.1. h-j. SIFaR mutant analysis with SIFaRF (i.e., SIFaR"S™F); data presented as in (e-

g)
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3.3 SIFa gene function and SIFa neuronal activity are necessary during PSINA

Analysis of whole-animal mutants does not address when and where SIFa and SIFaR are
required to influence PSINA cycles. To ask whether S/Fa is necessary during PSINA, we used a
GALA4 driver which specifically labels the four large SIFa neurons in the PI (Wolff et al. 2025)
(SIFa%? (Terhzaz et al. 2007), Extended Data Figure 3.3a) to knockdown SIFa expression in a
temporally-targeted manner. The resulting PSINA phenotypes were comparable to that seen in the
mutants (Figure 3.2b,c, Extended Data Figure 3.3b). We conclude that SIFa expression in the
four SIFa neurons during pupal development is necessary for wildtype PSINA.

Neuropeptidergic signaling operates alongside co-transmission of other neuroactive
compounds (Néssel 2018). We asked if electrical silencing, by exacerbating the S/Fa mutant
PSINA phenotype, would reveal a co-transmitter requirement in SIFa neurons. Contrary to
expectation, SIFa®* driven, temporally-targeted expression of the hyperpolarizing channel KiR2.1
(Baines et al. 2001) resulted in a weaker PSINA phenotype (Figure 3.2d,e, Extended Data Figure
3.3d). This suggested that the strength of the driver was limiting the severity of the perturbation,
so we tested another GAL4 which labels the SIFa neurons, SIFa®¥? (Aso et al. 2014) (Extended
Data Figure 3.3b). Temporally-targeted KiR2.1 expression by both drivers altered PSINA in
similar fashion, and SIFa®*? led to a more penetrant phenotype, matching and not exceeding the
SIFa mutant phenotype (Figure 3.2d,e, Extended Data Figure 3.3d). These results are consistent

with S/Fa expression being the dominant contribution of SIFa neurons to PSINA.
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3.4 SIFaR gene function during pupal development is necessary and sufficient for PSINA

We pursued a similar strategy to establish the spatiotemporal requirements for SIFaR
function. Temporally-targeted knockdown of SIFaR expression with the pan-neuronal PanN%*
driver phenocopied the SIFaR mutant phenotype (Figure 3.2f,g, Extended Data Figure 3.3e).
Knockdown with SIFaR%? also disrupted PSINA, but was less effective compared to PanN®?,
likely due to the dependence of gene trap expression to transcription from the native locus. We
conclude that SIFaR gene function is necessary during PSINA.

SIFaR%? captures an expression domain that expands throughout pupal development to
include many thousands of neurons, including the SIFa set (Extended Data Figure 3.4). This
broad expression domain is consistent with a recent fluorescence in sifu hybridization based
characterization of S/FaR transcript localization (Wolff et al. 2025). Notably, we found that
temporally-targeted knockdown of SIFaR with SIFa®? or Trpy® also disrupted PSINA (Figure
3.2f,g, Extended Data Figure 3.3e). These results suggest that wildtype PSINA relies on both
SIFa autocrine signaling in SIFa neurons and paracrine signaling through 7rpy+ neurons. We
present further findings on the relationship between SIFa and 77py+ neurons below.

In a complementary set of experiments, we asked whether SIFaR expression during PSINA is
sufficient to rescue the loss of cycles. Temporally-targeted expression of UAS-SIFaR (Park et al.
2014) with SIFaR%? or PanN®* in a SIFaR"" background led to an overexpression phenotype
(Extended Data Figure 3.5a-d): Beyond restoring the cycles, SIFaR expression from either driver
extended the duration of active phases, which also increased the duty cycle and average signal. We
were able to match wildtype PSINA more closely by rearing the animals below the fully permissive
temperature for GAL8Ots, (Extended Data Figure 3.5e-g) which is expected to reduce the

expression levels of the rescue construct. Under both temperature regimes, SIFaR%? and PanN?
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yielded comparable results, indicating that the SIFaR®? gene trap captures the functional
expression domain of S/FaR. These findings indicate that SIFaR expression during PSINA is

sufficient for wildtype activity cycles and that active phase duration can be regulated by SIFaR

levels.
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Figure 3.2 SIFa and SIFaR are necessary during PSINA

a. Temperature schedule used to temporally target RNAi knockdown and KiR2.1 expression to
pupal development. b,c. Temporally-targeted knockdown of SIFa. b. PSINA traces, color-matched
to genotypes shown. c¢. Average PSDs from control and experimental animals; presented as in
Fig.1g. d,e. Temporally-targeted KiR2.1 expression in SIFa neurons; presented as in (b,c). f,g.
Temporally-targeted knockdown of SIFaR; presented as in (b,c). h. Temporally-targeted SIFaR%*-

driven KiR2.1 expression; one control and three experimental traces shown.
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3.5 SIFaR in the central brain is necessary for cycles

We had previously reported that electrically silencing only the central brain (CB) subset of
Trpy+ neurons resulted in loss of brainwide PSINA (Bajar, Phi, Isaacman-Beck, et al. 2022). This
finding had led to the working model of the PSINA engine: a CB-based network of defined neural
circuits that generates the patterned activity and relays it across the brain. To ask whether SIFa-
SIFaR signaling is consistent with this model, we used a similar approach (Bajar, Phi, [saacman-
Beck, et al. 2022) to spatially fractionate the broad SIFaR expression domain, which, when
silenced in full, leads to complete loss of PSINA (Figure 3.2h) This approach takes advantage of
how the fly optic lobes (OLs) are positioned as satellite neuropils, whose physical separation from
the CB make it possible to assess distinct spatial participation in PSINA (Figure 3.1a,d). We
restricted GAL4 expression to either the CB or OLs using conditional GAL80 constructs and a
mostly OL-specific FLP recombinase (Nern et al. 2015). Within this framework (Figure 3.3a), we
drove temporally-targeted KiR2.1 expression using PanN%*, TrpyS*, or SIFaR%* (Figure 3.3b-e).
Silencing the CB fraction of these expression domains virtually abolished PSINA in both the CB
and the OLs (Figure 3.3¢,d). Silencing the OL fraction reduced signal in the OLs by 50-75% and
in the CB by ~30% without altering PSINA cycles in either spatial domain (Figure 3.3c,e). The
non-local effect of OL silencing on signal in the CB may be due to the incompleteness of our
spatial fractionation approach or to feedforward/centripetal connections between the OL and the
CB (Nern et al. 2025). These results indicate that the CB subset of all three expression domains,
including SIFaR®’, contain neuronal populations whose activity is necessary for PSINA
throughout the brain.

To assess whether there is also a spatial specialization to gene function, we used the same

approach to knock down S/FaR in either the CB or the OLs (Figure 3.3f-h). Consistent with the
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silencing results, knockdown in either spatial domain reduced PSINA signal. However, only CB
knockdown altered cycles across the brain (Figure 3.3f,g). We conclude that while SIFaR is used
throughout the brain to support wildtype signal amplitude, it is necessary only in the CB for PSINA
cycles.

Taken together, these results are consistent with the CB-based PSINA engine model and
also suggest a new layer of amplitude modulation through the brainwide influence of neuropeptide

signaling.
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Figure 3.3

GAL8Ots Xo4 (CB) > Effector
OL-FLP
FRT-STOP-FRT
-GAL80 ) U2 S caLsy
- y
X% (OL) > Effector
OL-FLP GAL80
FRTGALBO'FAT ‘ .
RNAI KiR
29°C (X% on) - i
18°C (X% Off) =mmmmm F A— /
T T T T 1
0 25 50 75 100 S
Central N o Optic N
b w—PanN == SIFaR™ " = PanNe*  w= SIFaR®
c B o i so B S, Som So
-4 =
% [ o
o n=13
o
SO ot oo .
e LI R ] dsa st s
X
ge A n=12
O S I R A e
T L L L T e LI
68 69 70 78 79 80 68 69 70 78 79 80
d . Ave. Signal (Norm)  Empty®/(CB) (n=12) ~ SIFaR™ (CB) (n=11)
-
8 ¢ o,
Zoe £
04 g?
02 &
0 0 Pl
65 75 85 95 65 75 85 95 65 7% 85
Ave. Signal (Norm.) Empty®(CB) (n=12)  SIFaR™ (CB) (n=11)

7585

95
Ave. Signal (Norm.)

Norm. Power/Freq. (AU)

Freq (Hz, x10%)

sonerd

95 65

Freq (Hz, x10°)
P

20—

75

85

&

Empty®(OL) (n=7)  SIFaR* (OL) (n=15)

Freq (Hz, x10%)

>°.
&

7% 85
Empty*(OL) (n=7)

!
A

— "
3

95 65 7% 85
SIFaR® (OL) (n=15)

Freq (Hz, x10°)

P

65 85 9565

77

b PanN% (CB) >

SIFaR® (CB) > KiR2.1-T2A-tdTOM

O AR

Central 4 Optic
8 ean . A Lobe
Recording w=CTRL == PanN™ Recording w=CTRL w= PanN>
WL MM A AR Ak U O PR LU 1 TELY e

b A

L. B

E VN ENENL

ITINAL

68

G80

g

14
12

Ave. Signal (Norm.)

95

95

8 95
14 Ave. Signal (Norm.)

12

=508 Mmoo
<06

04

02

[
65

LY

R

70 78

Norm. Power/Freq. (AU)

Lok Ak ,L':Wl“,hul\)'_n,e
oL “‘u"‘ LIS

70 78

80

7

, CTAL (CB) (n=10)

PanN®** (CB) (n=13)

Freq (Hz, x1

22

75 85 95 65 75 85
CTRL (CB) (n=10)  PanN®* (CB) (n=13)

!mll 4 I

CTRL (OL) (n=10)

Freq (Hz, x10°)

PanN® (OL) (n=9)

6

5

="

£ <

g2g o %

£ | ptr e | iR Y . £
. i,
0 ol

s 75 85
CTRL (OL) (n=10)

95 65 75 85
PanN® (OL) (n=9)

95

2

Freq (Hz. x10°)



Figure 3.3 SIFaR in the central brain is necessary for wildtype PSINA cycles

a. Spatial fractionation of GAL4 expression. Both schemes carry two variants of tubP-GALS0:
GALSO0ts and one of two FLP-responsive conditional alleles. In the optic lobes, OL-FLP (29C07-
FLP(Nern et al. 2015)) either turns on GALS80 expression by removing the interruption cassette (‘-
STOP-*, top) or turns it off by locally excising the FRT-flanked ORF (bottom). Animals are reared
at 18°C and shifted 29°C at in the early pupa to unmask these differential GALS0 expression
domains ahead of PSINA onset; GAL4-driven effector expression is disinhibited in the
complementary domains (blue). CB, central brain. OL, optic lobe. b. Anterior-posterior (A/P) and
dorso-ventral (D/V) MIPs of 60hAPF brains with PanN-, Trpy-, or SIFaR-GAL4 driving UAS-
KiR2.1-T2A4-tdTOM expression principally in the CB (top row) or the OLs (bottom row). PanN
labeling reveals some posterior OL neurons in the CB-designated fraction and Kenyon cells in the
OL-designated fraction. KiR2.1 expression domain detected through tdTOM native fluorescence
(cyan-hot LUT); reference stain is N-Cadherin (magenta). Scale bar, 100um. c,f. Representative
PSINA traces from animals in which KiR2.1 (¢) or SIFaR-RNAI (f) expression was targeted to the
CB (top set) or OL (bottom set) with the indicated GAL4s. CB (left columns) or OL (right columns)
recordings are from the same animal in each condition. d,g. Left: Normalized average signal from
animals in which KiR2.1 (d) or SIFaR-RNAIi (g) expression was spatially targeted to the CB and
recorded from the CB (top) or OL (bottom). Genotypes color-matched to (c) and (f); sample sizes
indicated in Right. Closed circles mark where experimental distributions differ from control
(p<0.05) by two-sample KS test. Right: Average PSDs from control and experimental conditions
described for Left; presented as in Fig.1g. e;h. Data from animals in which KiR2.1 (e) or SIFaR-

RNAI (h) expression was spatially targeted to the OLs; presentation as in (d,g).
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3.6 SIFa neuron activity patterns brainwide PSINA cycles

We sought to determine the relationship between the activity of SIFa neurons and
brainwide PSINA. The proximity of the oversized SIFa neuronal soma to the dorsal surface of the
head made it possible to record from these cells in the widefield assay using GCaMP6s; we
followed brainwide PSINA in parallel with RCaMP1b (Figure 3.4a). At the level of cycles, SIFa
neuron activity is very similar to PSINA (Figure 3.4b,c). Closer inspection reveals that SIFa
neuron active phases both initiate before and end after PSINA active phases (Figure 3.4b,d). We
compared this SIFa neuron lead and lag relative to PSINA in the CB to an internal control—the
lead and lag spread between PSINA in the CB and the OL (Figure 3.4d). Whereas the PSINA
active phases across the brain were aligned to within a few seconds, SIFa neurons started out with
a lead of tens of seconds and a lag of ~4 minutes relative to PSINA. These spreads decreased
steadily until ~80hAPF, and SIFa neuron active phases continued to envelope those of PSINA
until the end of pupal development. The consistent temporal lead of SIFa neuron active phases
suggests a direct role for these neurons in patterning brainwide PSINA cycles.

Using the same imaging approach, we studied how loss of SIFa affects SIFa neuron
activity. We found that SIFa neurons also lose their activity cycles in S/Fa mutant animals (Figure
3.4b,e); active and silent phases are replaced by an apparently unstructured train of sweeps (Figure
3.4b). Thus, the SIFa neuropeptide regulates the activity patterns of SIFa neurons themselves. The
requirement for SIFaR expression in SIFa neurons (Figure 3.2f,g) indicates that this is achieved,
at least in part, through direct autocrine signaling; below, we explore whether SIFa neurons receive
feedback from other neurons.

We next asked whether loss of S/Fa has differential effects on PSINA across different parts

of the brain. Comparing PSINA recorded from the CB and the OL in controls and S/Fa mutants,
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we found that the activity remains highly correlated across these different regions in both
genotypes (Figure 3.4f,g). The persistence of the global coordination of PSINA in the absence of
SIFa suggests that SIFa-SIFaR signaling operates upstream of an independent brainwide activity
template (Bajar, Phi, Isaacman-Beck, et al. 2022).

We studied the patterning roles of SIFa neurons and SIFa-SIFaR signaling in two gain-of-
function approaches. First, we overexpressed SIFaR with SIFaR“? (Extended Data Figure 3.6).
This increased the active phase duration of both SIFa neuron activity and brainwide PSINA by >2-
fold (Extended Data Figure 3.6b,c). SIFa neuron active phases still enveloped those of PSINA
with SIFaR overexpression (Extended Data Figure 3.6a,d). We did observe some hourly changes
in the lead and lag times with overexpression (Extended Data Figure 3.6d); however, these
changes were not robust enough to establish whether SIFaR expression levels regulate relative
timing of active phases. Taken together with the increase in SIFaR%* expression during pupal
development (Extended Data Fig.4), these results suggest that, in the wildtype, SIFaR levels
control the increase in the active phase duration over the course of PSINA.

As a second gain-of-function approach, we used the thermogenic cation channel TrpAl
(Pulver et al. 2009) to activate SIFa neurons (Figure 3.4h-1). TrpAl-expressing SIFa neurons
responded to the activating temperature step with a gradual fluorescence increase; low amplitude
activity cycles were visible on top of this graded response (Figure 3.4h:Insef). Compared to
controls, the cycle frequency of activated SIFa neurons increased by ~80% (Figure 3.4i), resulting
in a corresponding reduction in the period of ~40%. The lower amplitude of TrpAl-activated SIFa
neuron cycles precluded reliable two-channel imaging, so we recorded the response of brainwide
PSINA in separate experiments (Figure 3.4j-1). We found that PSINA cycles were similarly sped

up in response to SIFa neuron activation (Figure 3.4j,k). We did not observe any significant
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changes to brainwide PSINA when SIFa neurons were activated in S/Fa mutants (Figure 3.4j,1).
These results indicate that SIFa neurons can set the cycle period of both their own activity and that
of brainwide PSINA in a SIFa-dependent manner.

The only other gene we know to have a specific effect on the cycle period is the
phospholipase CB (PLCP) NorpA (Akin et al. 2019), an important downstream effector of GPCR
signaling. The cycle period in norpA nulls is significantly longer, ranging from 200 to 125% of
controls between 65-90hAPF (Extended Data Figure 3.7). Expression of UAS-NorpA in SIFa
neurons during pupal development fully restores the cycle period in norpA nulls (Extended Data
Figure 3.7), indicating that this intracellular signaling factor is important for the patterning role of
SIFa neurons.

Based on this set of results, we conclude that SIFa neuron activity, which itself is shaped
through the interactions of SIFa, SIFaR, and NorpA, patterns PSINA cycles by modulating the

brainwide activity template.
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Figure 3.4
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Figure 3.4 SIFa neuron activity patterns brainwide PSINA cycles

a-g. PSINA v. SIFa neuron activity in wildtype and S/F'a mutant animals. a. 2-channel recording
of SIFa neuron activity (cyan) and brainwide PSINA (magenta). Left: Pan-neuronal>RCaMP and
SIFa neuron>GCaMP overlay of pupal head at 69.5 hAPF. Right: Progressive frames from boxed
span #1 in (b). Color-matched ROIs from /eft shown; intensities adjusted to display fluorescence
changes. b. Left: Representative traces for the indicated conditions. PSINA, as reported by pan-
neuronal RCaMP, was recorded from the SIFa neuron ROI in the central brain (CB). Right:
Expanded views for numbered boxes in /eft; SIFa neuron active phases marked in light blue. c.
PSD comparison of CB PSINA, as reported by pan-neuronal RCaMP, and SIFa neuron activity in
control animals. d. Active phase lead (fop) and lag (bottom) time differences between left optic
lobe (OL) and CB (black) or SIFa neurons and CB (red) in control animals. ~30 data points per
hourly distribution compiled from 12 data sets; shaded areas, s.d. Closed circles mark where the
red distributions differ from black (p<0.05) by two-sample KS test. e. PSD comparison of SIFa
neuron activity in control and S/Fa mutant animals; sample sizes as indicated. f. Representative
PSINA traces recorded from the left OL (top pair) or the SIFa neuron ROI in the CB (bottom pair)
in control (magenta) or S/Fa mutant (purple) animals. g. Zero-lag correlation of PSINA recorded
from SIFa neuron ROI in the CB and the left OL in control (magenta) and S/Fa mutant (purple)
animals; sample sizes as indicated. h-l. TrpAl activation of SIFa neurons h. Top: Temperature
schedule used. Bottom: SIFa neuron activity response to temperature shift, without (black) and
with (blue) TrpAl. Inset: Expanded view of gray highlighted span. In our hands, both baseline and
change in fluorescence recorded from GCaMP6s varies inversely with temperature. When shifted
from 22 to 29°C, SIFa neurons in control animals move to a lower baseline (compare to dashed

lines marking the baseline at 22°C), and, following a pause of ~1hr, resume periodic activity cycles
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at a lower signal amplitude. TrpA1l-expressing SIFa neurons respond to the temperature up-shift
with a graded fluorescence increase which builds up until the down-shift back to 22°C. i. Left: PSD
comparison of SIFa neuron activity at 29°C without and with TrpA1; sample sizes as indicated.
Right: SIFa neuron cycle period for the same conditions. Shaded areas, s.d. Closed circles mark
where experimental distributions (blue) differ from control (black) (p<0.05) by two-sample KS
test. j. Representative brainwide PSINA traces at 29°C for the indicated genotypes. k. Left: PSD
comparison of brainwide PSINA activity at 29°C without and with TrpAl; sample sizes as
indicated. Right: Brainwide PSINA cycle period for the same conditions. Shaded areas, s.d. Closed
circles mark where experimental distributions (magenta) differ from control (black) (p<0.05) by
two-sample KS test. 1. PSD comparison of brainwide PSINA activity at 29°C without and with

TrpAl in SIFa™" animals; sample sizes as indicated.
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3.7 SIFa neuron activity is regulated by 7rpy+ neurons

Next, we studied how SIFa neurons interact with the 7rpy+ population. During pupal
development, Trpy is expressed in ~2,000 neurons, including the SIFa set (Bajar, Phi, Isaacman-
Beck, et al. 2022). Electrically silencing 7rpy+ neurons in the CB eliminates brainwide PSINA
(Figure 3.3 and (Bajar, Phi, Isaacman-Beck, et al. 2022). To ask whether silencing non-SIFa
Trpy+, or Trpy+ neurons, alters SIFa neuron activity, we devised a set difference approach (Figure
3.5a,b): Using the GAL4-UAS system, we expressed KiR2.1 in 77py+ neurons while excluding
SIFa neurons from silencing with LexA-LexAop driven GALS80. The published, cell-type-specific
SIFa"* driver (Martelli et al. 2017) (used for SIFa neuron recordings in Figure 3.4) uses the
transcriptional activation domain of GAL4 and was therefore not compatible with our approach.
As an alternative, we identified two other drivers, SIFa*4-? and SIFa"*3, which make use of the
GALS8O-insensitive p65 activation domain and are expressed in SIFa neurons during pupal
development (Extended Data Figure 3.8a,b). Using these drivers in combination to drive GAL8S0
and GCaMP6s (Figure 3.5b, Extended Data Fig.8c), we were able to both suppress KiR2.1
expression in SIFa neurons and record their activity during PSINA (Figure 3.5¢-e). Silencing
Trpy+ neurons had two major effects on SIFa neuron activity: First, the silent phases are not as
clearly defined as they are in controls: Instead of returning to baseline; SIFa neurons continue to
engage in sweeps between major active phases (Figure 3.5¢). This altered pattern, which manifests
as broadening of the characteristic frequency band toward higher values in the PSD representation
(Figure 3.5e), is consistent with the loss of an inhibitory input from 7rpy+ neurons due to KiR2.1
silencing. Secondly, past ~80hAPF, active phase duration does not increase as dramatically as in

controls (Figure 3.5d), leading to a reduction in both duty cycle and average signal beyond this
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time point. This suggests that the SIFaR-dependent active phase extension (Figure 3.6) is acting

through Trpy+ neurons. In sum, we conclude that 7rpy+ neurons regulate SIFa neuron activity.
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Figure 3.5
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Figure 3.5. SIFa neuron activity is regulated by 7rpy+ neurons

a. Set Difference: The composite Trpy+ driver is generated by combining Trpy®* with SIFate4 >
LexAop-GALS80. b. MIP of the PI region from a 72hAPF brain with SIFal4?*-3 driving LexAop-
GCaMPo6s (anti-GFP, cyan-hot LUT) and 7rpy+ driving UAS-KiR2.1-T2A-tdTOM.HA (anti-HA,
orange-hot LUT); cyan dashed outline marks SIFa soma location in right panel. See Extended
Fig.8c for full brain MIP. ¢. Representative traces of SIFa neuron activity in CTRL animals (black)
or with Trpy+ driving UAS-KiR2.1 (red). d. Normalized and true-valued (inset) duty cycle,
normalized average signal, and true-valued active phase duration for the conditions and sample
sized indicated in (c). Shaded areas, s.d. Closed circles mark where the experimental distributions
differ from CTRL (p<0.05) by two-sample KS test. e. Average PSDs from control and

experimental animals; presented as in Fig.1g.
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3.8 SIFaR expression in Trpy+ neurons is sufficient to rescue PSINA cycles

The results presented thus far regarding where SIFaR expression is necessary (i.e., PanN-
, SIFaR-, Trpy-, and SIFa-GAL4 expression domains., Figure 3.2f,g) and sufficient (i.e., PanN-
and SIFaR-GAL4 expression domains; Extended Data Figure 3.5) are consistent with the
possibility that SIFaR expression in just the four SIFa neurons is sufficient for wildtype PSINA
patterning. We found that this is not the case; SIFa®? driven UAS-SIFaR did not restore wildtype
PSINA in SIFaR mutants (Figure 3.6). We confirmed the efficacy of this cell-type-specific driver
in an overexpression experiment (Figure 3.6:‘OE’): Between 65-80hAPF, the cycle frequency
increased by ~37% (Fig.6c¢), resulting in a corresponding decrease in the period of ~25% (Figure
3.6b). Later, from 80-90hAPF, cycle structure was more variable, as seen in the broader frequency
spread in the PSD representation (Figure 3.6¢), and the average active phase duration was longer
(Figure 3.6b). These effects—increased cycle frequency and extended active phases—are well-
aligned with results from SIFa neuron activation (Figure 3.4h-1) and SIFaR%’-driven
overexpression (Extended Data Figure 3.6), respectively, and are consistent with autonomous
SIFaR expression levels regulating the activity patterns of SIFa neurons.

We next asked if SIFaR expression in the 7Trpy+ population is sufficient to rescue PSINA
in SIFaR mutants. We found that Trpy“? driven UAS-SIFaR restored activity cycles (Figure 3.6a).
Compared to controls, PSINA in these animals started out with a lower cycle period and
maintained higher duty cycle and longer active phases for most of the duration of observation.
These differences were similar to what we had observed with PanN- and SIFaR-GAL4 rescue,
which had to be titrated down to match wildtype PSINA (Extended Data Figure 3.5). Consistent
with this overexpression inference, increasing the dosage of Trpy“? driven UAS-SIFaR (Figure

3.6:‘2x’) in the context of rescue amplified the differences in duty cycle and active phase duration
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(Figure 3.6b). We conclude that SIFaR expression in the full 77py+ domain, i.e., SIFa and Trpy+

neurons, is sufficient to pattern the PSINA activity cycles.
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Figure 3.6
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Figure 3.6 SIFaR expression in 7Trpy+ neurons is sufficient to restore brainwide PSINA cycles

a. Representative brainwide PSINA traces for the indicated conditions. ‘OE’; overexpression. b.

Normalized duty cycle and average signal, true-valued active phase duration and cycle period for

the conditions and sample sized indicated in (a). Shaded areas, s.d. Closed circles mark where the

experimental distributions differ from CTRL (p<0.05) by two-sample KS test. ¢. Average PSDs

from control and experimental animals; presented as in Fig.1g.
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3.9 SIFa neurons pattern PSINA by modulating 7rpy+ neurons

Previously, we had shown that brainwide PSINA mirrors the activity recorded from 7Trpy+
neurons (Bajar, Phi, Isaacman-Beck, et al. 2022) in #7py mutants. As the Trpy+ neuron activity
reflects the cell autonomous phenotype of the #py mutation, this result indicated that the 7Trpy+
population acts as an activity template for the rest of the brain. The findings presented here
predicted that disruption of 7rpy+ neuron activity underlies the changes to brainwide PSINA seen
in SIFa mutants. This is what we observed using two-channel imaging: In S/Fa mutants, Trpy+
neurons exhibit the same activity phenotypes we described for brainwide PSINA: the two signals
are nearly identical (Figure 3.7a-c). We conclude that SIFa neurons pattern the cycles of PSINA

by modulating the activity of Trpy+ neurons through SIFa-SIFaR signaling (Figure 3.7d).
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Figure 3.7
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Figure 3.7 SIFa neurons pattern PSINA by modulating 7rpy+ neurons

a-c. PSINA v. Trpy+ neuron activity in wildtype and S/Fa mutant animals. a. Representative traces
from 2-channel recordings of 77py+ neuron activity and brainwide PSINA in control and SIFa
mutant animals. b. Zero-lag correlation of 77py+ neuron activity to brainwide PSINA in control
and SIFa mutant animals. ¢. PSD comparison of 7rpy+ neuron activity and PSINA in control (top)
and S7Fa mutant (bottom) animals; sample sizes as indicated. d. Model of the core PSINA engine.
In the absence SIFa signaling (left, ‘No SIFa’), neither SIFa (blue) nor 7rpy+ (magenta) neurons
have stereotyped cycles. SIFa-SIFaR signaling patterns both activity profiles into cycles (right,
‘With SIFa’). SIFa neurons regulate their activity through autocrine signaling, and they receive
additional input from 77py+ neurons. Brainwide PSINA follows the 7rpy+ neuron activity
template. SIFaR expression (light gray gradient ramp) and activity levels (dark gray triangles)

control the duration of active phases. See Discussion for more details.
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3.10 Discussion

We report that the neuropeptide gene S/Fa and its receptor SIFaR are required in the
developing central brain to establish the characteristic activity cycles of PSINA (Figure 3.1-3).
SIFa neurons themselves have cycles which initiate before brainwide activity (Figure 3.4b,d).
Consistent with this implied lead role in patterning PSINA, activating SIFa neurons increases the
frequency of brainwide cycles (Figure 3.4). Additionally, restoring NorpA expression in just these
four cells rescues the reduction in cycle frequency seen in norpA mutants (Extended Data Figure
3.7). SIFaR is necessary in SIFa neurons for wildtype brainwide PSINA (Figure 3.2f,g and
Extended Data Fig.3e) and S/Fa is autonomously required for SIFa neuron activity (Figure
3.4b,e), indicating that these neurons are autocrine regulated. Wildtype SIFa neuron activity
requires additional input from 7rpy+ neurons (Figure 3.5). In turn, SIFa neurons pattern the cycles
of brainwide PSINA by modulating the activity of 7rpy+ neurons (Figure 3.6,7).

These results build on previous work (Bajar, Phi, Isaacman-Beck, et al. 2022) and suggest
a working model of how the core PSINA engine—a set of genetically-defined neural circuits in the
central brain—patterns brainwide developmental activity (Figure 3.7d): SIFa-SIFaR signaling
transforms the oscillations of SIFa neurons into cycles. When electrically isolated from 7rpy+
neurons, the silent phases of SIFa neuron cycles are interrupted by sweeps and the active phases
do not extend appreciably over the course of development. SIFa-SIFaR signaling also patterns
Trpy+ neuron activity into cycles. Trpy+ neuron active phases grow progressively longer, in
parallel with the developmental increase in SIFaR expression (Extended Data Figure 3.4),
suggesting that receptor availability and activation-dependent desensitization regulate this feature
of PSINA. Next, 7rpy+ neurons feedback onto SIFa neurons to establish true silent phases and

extend their active phases. Finally, brainwide PSINA follows the Trpy+ neuron activity template.
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The SIFa-SIFaR dependent patterning of SIFa neuron activity has a precedent in one of the
best characterized central pattern generating (CPG) circuits—the crustacean stomatogastric
ganglion (STG). In the crab, Cancer borealis, SIFa re-organizes the rhythms of the two
interdependent CPGs driving food intake and processing (Blitz et al. 2019). Specifically, one
defined neuronal type within these circuits responds to SIFa by adding a low frequency bursting
pattern on top of an existing high frequency rhythm (Fahoum and Blitz 2021). In the STG, which
is subject to significant neuromodulation (Marder 2012), the response to SIFa depends on both the
concentration of the neuropeptide as well as the physiology of the responding cells and circuits
(Blitz et al. 2019). Our observations are consistent with this expected diversity of responses: In the
optic lobes, which appear to follow the central brain generated activity template (Figure 3.3 and
(Bajar, Phi, Isaacman-Beck, et al. 2022)), SIFaR acts as a signal amplifier (Figure 3.3h). By
contrast, in SIFa and 7rpy+ neurons, both of which may be intrinsically active populations, SIFaR
patterns activity into cycles.

The molecular mechanisms of SIFa-SIFaR neuromodulation are not known. Our results
implicate the PLCP NorpA (Akin et al. 2019) (Extended Data Figure 3.7) as a candidate effector
of SIFaR signaling. Most neuropeptide receptors, including SIFaR, are GPCRs. The primary
transducer of GPCR signaling is the heterotrimeric G protein complex comprising a Ga subunit
and a GPy dimer (Hanlon and Andrew 2015). In response to receptor activation, Ga dissociates
from Gfy to interact with downstream signaling effectors, which, for the Gaq class of Ga proteins,
are PLCPs. Recruitment of PLCP to the plasma membrane ultimately leads to the activation of
protein kinase C and mobilization of Ca?" from intracellular stores. NorpA may be the principal
effector of SIFaR signaling; however, PSINA cycles remain intact in NorpA nulls (Extended Data

Figure 3.7). There is a second PLCP in the fly, Plc21C, which can act redundantly with NorpA
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(Shieh et al. 2023). It will be possible to resolve this matter and further develop SIFa neurons into
an in vivo model for neuropeptide signaling using the experimental access established in this work.

Neuropeptides are one of the largest and possibly the oldest class of neuro-active
compounds (Beets and Watteyne 2025; Hauser et al. 2022). Bilaterian genomes contain many
dozens to over 100 neuropeptide genes; this diversity, along with a similar complement of GPCRs,
underscores the neurophysiological potential of the chemical connectome (Ripoll-Sanchez et al.
2023; Deng et al. 2019a; Smith et al. 2019). In the developing brain, neuropeptides have been
implicated in neurogenesis, morphogenesis, migration, survival, and circuit assembly (Bakos et al.
2016; Z.-H. Li et al. 2024; Hevesi et al. 2024). While predicted (Hevesi et al. 2025), a direct
involvement of neuropeptide signaling in developmental activity had not been demonstrated until
the present study.

A defining feature of neuropeptide signaling is extra-synaptic volume transmission. This
mode of communication frees neuropeptidergic cells from the constraints of specific post-synaptic
contacts, giving them the reach and flexibility to integrate internal and external stimuli to regulate
virtually every physiological and behavioral process in the adult (Beets and Watteyne 2025; Jékely
and Yuste 2024; Néssel and Zandawala 2019, 2022). During development, the same synapse-free
access to neuromodulation would allow neuropeptide signaling to persist through on-going
synaptogenesis, resolving the conceptual tension borne by developmental activity as a process
tasked with refining synaptic connections it depends on. The possible precedence of neuropeptide
signaling in developmental activity also aligns, in ontogeny recapitulates phylogeny fashion, with
the chemical brain hypothesis (Jékely 2021). According to this view, neuropeptide signaling,

which may predate metazoan origins (Yafiez-Guerra et al. 2022), organized the earliest neural
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networks prior to the emergence of synaptic transmission, after which neuropeptides took on the
more familiar modulatory role.

Activity in the developing mammalian brain has been studied in discrete regions, and, in
some cases, circuits or mechanisms which serve as local pattern generators have been identified
(Blankenship and Feller 2010). How these distinct, local activity profiles are coordinated to
mediate circuit integration (Guillamon-Vivancos et al. 2022) across disparate areas of the brain is
not known. In the much smaller fly system, we show that cross brain coordination is driven by a
CPG and relay circuit, the PSINA engine, which minimally comprises the SIFa and 7rpy+ neurons.
Notably, silencing the central PSINA engine reveals local oscillators in the optic lobes (Figure
3.3¢), suggesting that even at the scale of the fly, global coordination of local foci of activity is a
built-in feature. SIFa neurons reside in the PI, the neuropeptide and hormone center of the fly
brain, and functional homolog of the mammalian hypothalamus. It was recently reported that
hypothalamic peptidergic neurons project into nearly all areas of the mouse brain (Jiao et al. 2025),
confirming that the mammalian nervous system has the infrastructure to mediate long-range
neuropeptide-mediated coordination; it remains to be seen whether this infrastructure is used
during development.

Altering developmental activity is expected to affect behavior, and changes to spontaneous
network activity in the developing mammalian cortex are thought to be linked to
neurodevelopmental disorders (Wu et al. 2024). In the fly, disruption of SIFa-SIFaR signaling
affects a range of behaviors; whether these phenotypes are due to loss of neuropeptide signaling
in the adult or during development is a matter of interest (Huang et al. 2021). The advantages of
the fly and our improving handle on the PSINA engine will make it possible to address how PSINA

contributes to the emergence neurotypical behavior.
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3.11 Methods
Experimental model and subject details

Flies were reared at 18°C, 25°C, or 29°C on standard cornmeal/molasses medium;
developmental time was matched to the 25°C standard (1x) using relative rates of 0.5x and 1.25x
for 18°C and 29°C(Bainbridge and Bownes 1981), respectively. Pupal development was staged
relative to white pre-pupa formation (w.p.p., OhAPF) or head eversion (h.e., 12hAPF).
GAL4/UAS(A H Brand and Perrimon 1993) and LexA/LexAop(Lai and Lee 2006) expression
systems were used to drive cell-type-specific transgene expression.

The available molecularly-defined null allele of SIFaR, SIFaR!“""/(Deng et al. 2019),
appeared to be homozygous lethal. However, complementation tests indicated that a second site

attP

mutation was the cause of the lethality, and we recovered a viable SIFaR[®*] [ine through out-

crosses. Complete genotypes used in each experiment can be found in Supplementary Table 1.

Widefield imaging

Bottle-scale (~100 virgins, 10-20 males) crosses were setup for each genotype of each
experimental set and reared at 18°C-29°C depending on experimental design. Pupae were
genotyped and staged at w.p.p. or h.e. All data shown were collected from female pupae; mutant
phenotypes of SIFa and SIFaR (Fig.1) were also confirmed in males (not shown). Imaging sessions
typically started ~SOhAPF and lasted until eclosion (~100hAPF). To prepare the pupae for
imaging, the cuticle around the head was removed with fine forceps and the animals were fixed to
a metal plate (McMaster-Carr) with double-sided adhesive tape (3M). The metal plate was placed
in a custom environmental chamber to maintain temperature and humidity. This chamber

comprised: a PTC1 temperature-controlled breadboard (Thorlabs) to maintain sample temperature
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at a designated set-point; a set of four 35-mm dishes filled with deionized water to maintain
humidity; and a 150-mm petri-dish lid to provide enclosure. To improve imaging quality, a large
format coverslip was fitted into a rectangular opening made in the lid. This coverslip sat in the
optical path, between the pupae and the objective lens, and was treated with Barbasol shaving
cream (Perio) to prevent condensation during temperature shifts.

Images were acquired using either a Zeiss (1- and 2-channel imaging) Axio Zoom.V16
epifluorescence microscope equipped with a Retiga R1 CCD Camera (QImaging) and X-Cite
TURBO 6-Channel LED Light Source (Excelitas Technologies), or a Leica (1-channel imaging)
MI165FC epifluorescence microscope with a Leica.K5 Camera and CoolLED 3-Channel Light
Source (CoolLED). Images were acquired at 0.5 Hz with 100ms exposure time for GCaMP6s and
200ms exposure time for JRCaMP1b (5-20mW under objective power). Acquisition was controlled
by Slidebook software (Intelligent Imaging Innovations) on the Zeiss microscope and LAS X
(Leica Inc) on the Leica microscope. Time series were processed with Fiji(Schindelin et al.

2012)(ImageJ) and analyzed using MATLAB (Mathworks); see below.

Immunofluorescence and confocal microscopy

Brains were dissected in cold Schneider Medium (Gibco 21720-024) and fixed with
4% v/v PFA (Electron Microscopy Sciences 15710) in Schneider Medium for 20 min at room
temperature. Brains were then washed out of fixative into PBS (Quality Biological), solubilized in
PBST (0.5% Triton-X100 (Sigma T9284) in PBS) for 1 h, and blocked in PBTN (5% Normal
Donkey Serum (Jackson ImmunoResearch no. 017-000-121) in PBST) for 1-2h, all at room
temperature. Brains were sequentially incubated in primary and secondary antibodies diluted in

PBTN for 24-48 h at 4 °C, with at least 3 washes through PBST over 2 h at room temperature in
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between and afterwards. Brains were post-fixed with 4% v/v PFA in Schneider Medium for 20 min
at room temperature, followed by multiple washes into PBST over 10 min. Brains were finally
transferred to Everbrite mounting medium (Biotium 23001) and mounted on to slides for imaging.

Primary antibodies and dilutions used in this study were as follows: chicken anti-GFP
(Abcam ab13970, 1:1,000), mouse monoclonal anti-V5 (Novus Biologicals NBP2-52703—-0.2 mg,
1:150), rat monoclonal anti-Ncad (DSHB DN-Ex 8-c, 1:100), mouse monoclonal anti-Brp (DSHB
nc82-c, 1:150), and rabbit polyclonal anti-SIFamide(Terhzaz et al. 2007) (1:1,000).

Secondary antibodies and dilutions used in this study were as follows: Alexa 488 donkey
polyclonal anti-chicken (Jackson ImmunoResearch 703-545-155, 1:400), Alexa 488 donkey
polyclonal anti-mouse (Jackson ImmunoResearch 715-545-151, 1:400), Alexa 488 donkey
polyclonal anti-rabbit (Jackson ImmunoResearch 712-545-153, 1:400), Alexa 568 donkey
polyclonal anti-mouse (Jackson ImmunoResearch 715-575-150, 1:400), Alexa 568 donkey
polyclonal anti-rabbit (Invitrogen A10042, 1:400), Alexa 647 donkey polyclonal anti-rat (Jackson
ImmunoResearch 712-605-153, 1:400), and Alexa 647 donkey polyclonal anti-rabbit (Jackson
ImmunoResearch 711-605-152, 1:400)

Immunofluorescence images were acquired using a Zeiss LSM 780 confocal microscope
with 20x%/0.8 air, 40%/1.4 oil immersion or 40x/1.2 glycerol immersion objectives (Zeiss). Images

were prepared for publication using Fiji(Schindelin et al. 2012)(Imagel).

Analysis of widefield imaging data
User-defined ROIs from time series were selected in Fiji(Schindelin et al. 2012) (ImageJ).
Custom scripts written in MATLAB (Mathworks) were used in all subsequent analysis. Raw

fluorescence traces from per frame ROI pixel averages (F) were fit to a baseline (Fo) and
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AF/Fy (signal) was calculated by subtracting the baseline from the raw signal and dividing by the
baseline. Between 75-85hAPF, the raw fluorescence recorded from intact pupae exhibits a
stereotyped sigmoidal decrease in intensity correlated with the maturation of the cuticle around the
head. By comparing this trend, captured by the baseline fit (Fo), to staged animals, we found that
the inflection point of the curve corresponds to ~80hAPF. In all analyses, this internal, genotype-
independent feature was used to synchronize the developmental ages of the animals. The pace of
PSINA (e.g., cycle frequency) is temperature sensitive. To compare data collected at different
temperatures, we scaled the time axes of the recordings to match the 25°C standard (1x) using the
coefficient Tcoer=100/(-0.0465*T3+4.263*T2-133.49*T+1500), where T is the recording
temperature in degrees Celsius. The formula is derived from the best fit third order polynomial to
the measured temperature-dependent duration of metamorphosis(Bainbridge and Bownes 1981).
Active phase limits were defined using a threshold set to 4% of average maximum signal recorded
from control genotypes with a minimum floor of 0.5% AF/F for low signal-to-noise data (e.g.,
SIFa neuron recordings).

PSDs were calculated for each hour of recording using a 2-h sliding window(Uhlén 2004).
In preparation for Fast Fourier Transform and PSD estimation, each 2-h segment was filtered to
isolate target frequencies (standard 120s Gaussian window to remove sweeps or defined low pass
cutoffs as noted in Figure legends), centered on the time axis by subtracting its mean, and
multiplied with the Hanning window function to reduce spectral leakage. The PSD for each 2-hr
segment was normalized relative to its discrete integral over all frequencies; this step effectively
removes the contribution of signal amplitude changes to the PSD in order to focus on frequency
changes for subsequent comparisons. Each experimental condition thus yielded a distribution of

normalized PSD values (as many as replicate number) at each frequency-time coordinate.
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Statistical tests between different experimental conditions were carried out between these
distributions. PSDs from all replicates of an experimental condition were averaged to generate the
average PSD panels shown in the Figures. All statistical analyses were carried out using the non-
parametric two-sample Kolmogorov-Smirnov test; p values less than 0.05 were considered

significant.
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3.12 Extended data figures

Extended data Figure 3.1

a

Fly #1:

Fly #2:

PSINA trace
@ 80+1 hAPF

+/ SIFa'! (n=12)

PSD
@ 80+1 hAPF

PSD
65-95 hAPF

80

w

N

Norm. Power /
Freq. (AU, x10°)
o -

)
~
=)

@

o
o
®

Norm. Power / Norm. Power /
Freq. (AU, x10°) Freq. (AU, x109)
6 4 m o 4

o
~
IS
>

n=12

3
Y
8% 2
&2
E 1
2 J“L
Zr

0

0 2 4 6
Freq (Hz, x10°%)

o

1

Norm. Power /
Freq. (AU, x10%)
n

Norm. Power /
Freq. (AU, x10%)

o s o

Freq (Hz, x10%)
)

o

Freq (Hz, x10)
R e s

@2 =

+/ SIFal" (n=12)
SIFat" (n=15)

A+A A +A A +...
B R A L7 3
Ao

1 2
Freq (Hz, x10%)

(W) “basd/smog “wioN

Fly #1:

Fly #2:

Fly #3:

104

PSINA trace
@ 80+1 hAPF

SIFal'l (n=15)

PSD
@ 80+1 hAPF

PSD
65-95 hAPF

now

Norm. Power /

Freq. (AU, x10°)

Norm. Power /

Norm. Power /
Freq. (AU, x10°)

n=15

v ow

Norm. Power /

Freq. (AU, x10%)

0 SN

0 2 4 6
Freq (Hz, x10™%)

(%) 1omod
paubissy-ayY

sonjen d

0.05

o
x
N
kS
o
o
o

Freq (Hz, x10°%)
S

22 =



Extended Data Figure 3.1. Power Spectral Density based analysis of PSINA; related to
Figure 3.1

Data displayed in Fig.1g (+/SIFa’ v. SIFa’; framed in light blue) is used to illustrate the steps of
our PSD-based analysis. a. For each fly (e.g., Fly#1) of a genotype (+/SIFa’ v. SIFa'), a 2-h long
PSINA segment (light gray traces in first column of plots) centered around each hour of recording
(e.g., 8OhAPF) was processed (black overlaid traces, see Methods) to prepare for Discrete Fourier
Transform (‘F’) and PSD calculation (second column of plots). Concatenating these hourly PSDs
(third column of plots) show how the PSINA signal is distributed across different frequencies from
65-95 hAPF. Average hourly PSDs (bottom row of second column; shaded areas, s.d.) were
calculated for each genotype and similarly concatenated to generate the PSD representation
(bottom row of third column) shown in main figures. This heat map plot only displays the average
and not the spread (e.g., s.d.) of the PSD distribution calculated for each genotype. Note that the
heat map values for (Normalized Power / Freq.) are plotted in log scale to better display the PSD
dynamic range. b. First column, top plot: The 80hAPF PSD distributions from +/SIFa’ (black,
n=12) and SIFa’ (red, n=15) animals in (a) are overlaid; shaded areas, s.d. Bold line segments
(magenta) mark where the SIFa’ distribution differs from +/SIFa’ (p<0.05) by two-sample KS
test. First column, center plot: p values calculated at 80hAPF across the displayed frequency range
are plotted. Magenta flood line marks where p<0.05; these regions correspond to the bold line
segments in the top plot. Second column, bottom plot: Hourly p values are concatenated to show
when and at what frequency PSINA in the experimental (SIFa’) genotype differs from control
(+/SIFa"). First column, bottom plot: The fraction of normalized signal power in the control PSD
at frequencies where the experimental PSD is significantly different is calculated by taking the

ratio of the area under the curve at p<0.05 regions to the total area. We defined this fraction, or
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100x of this fraction, as percent of control signal power re-assigned to different frequencies. This
scalar metric offers a salience measure to the statistical test by describing how much of PSINA

power is lost to changes in the PSD. Second column, top plot: Hourly re-assigned power values

are concatenated across developmental time.
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Extended data Figure 3.2
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Extended Data Figure 3.2. SIFa and SIFaR genetic analysis; Related to Figure 3.1

a. Duty cycle and average signal of indicated genotypes, normalized to control in Fig.1le. Inset in
duty cycle plots true values of metric. Shaded areas, s.d. Closed circles mark where +/SIFa/I] +
Dp (blue) distribution differs from SIFa/1] + Dp (green, reproduced from Fig.1f) (p<0.05) by
two-sample KS test. The similarity of these data suggests that the differences between genomic
rescue and control (Fig.1f) is due to positional effects from the relocated genomic duplication. b-
d. STFaR mutant analysis with STFaR%; data presented as in Fig.1e-g. e-g. Double mutant analysis
with SIFaR™F; data presented as in Fig.le-g. Statistical tests carried out against double mutant
(magenta) in (f,g). h-j. Double mutant analysis with SIFaR’¢?; data presented as in Fig.le-g.

Statistical tests carried out against double mutant (magenta) in (i,j).

108



Extended Data Figure 3.3
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Extended Data Figure 3.3 Related to Figure 3.2.

a. MIP of 72hAPF central brain with SIFa® driving myr::SM-V5 (cyan-hot LUT); brain also
stained against SIFa (orange-hot LUT) and N-Cadherin (magenta). Green square marks location
of SIFa soma. Scale bar, 50um. b. MIP of 72hAPF brain with SIFa“*? (i.e., 14F05°%) driving
myr::SM-V5 (cyan-hot LUT); brain also stained against SIFa (orange-hot LUT) and N-Cadherin
(magenta). Green square marks location of SIFa soma. Scale bar, 100um. c-e. Duty cycle and
average signal from c¢. SIFa knockdown (Fig.2b,c), d. KiR2.1 expression in SIFa neurons

(Fig.2d,e), e. SIFaR knockdown (Fig.2f,g) experiments.
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Extended Data Figure 3.4
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Extended Data Figure 3.4. SIFaR"%/ developmental expression domain.

Left: MIPs of brains at the indicated ages with SIFaR™ driving mCherry.NLS (native
fluorescence, cyan-hot LUT); brain also stained against SIFa (yellow-hot LUT) and N-Cadherin
(magenta). Green boxes mark location of SIFa soma panels in Right. Raw image stacks acquired
with 20X objective using consistent image acquisition settings; mCherry.NLS and SIFa channel
MIPs displayed with same contrast settings. Scale bar, 100um. Right: MIPs of SIFa soma (yellow)
and mCherry.NLS (native fluorescence, cyan-hot LUT) from brains in Left. Raw image stacks
acquired with 40X objective using consistent image acquisition settings; SIFa channel MIPs

displayed with same contrast settings. Arrowheads mark SIFa neuron nuclei. Scale bar, 20um.
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Extended Data Figure 3.5
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Extended Data Figure 5. Temporally targeted and tuned rescue of PSINA in S/FaR mutants.
a. Temperature schedule and genotypes. b-d. GALS80ts targeted GAL4-UAS rescue of SIFaR
phenotype at 28°C. b. PSINA traces, color-matched to genotypes in (a). e¢. Duty cycle, average
signal, and active phase duration, all normalized to control genotype (black). Plots color-matched
to genotypes in (a); sample sizes indicated in (d). Shaded areas, s.d. Closed circles mark where
experimental distributions differ from control (p<0.05) by two-sample KS test. d. Average PSDs
from control and experimental animals; presented as in Fig.1g. e-g. GALS80ts targeted GAL4-UAS

rescue of STFaR phenotype at 24°C; presented as in (b-d).

114



Extended Data Figure 3.6
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Extended Data Figure 3.6. SIFaR overexpression increases active phase duration; Related to
Figure 3.4.

a. Lefi: Representative traces of SIFa neuron activity (cyan and dark blue) and brainwide PSINA
(magenta and purple) in CTRL animals or with SIFaR overexpression. PSINA, as reported by
SIFaR%*>RCaMP, was recorded from the SIFa neuron ROI. Right: Expanded views for numbered
boxes in /eft; SIFa neuron active phases demarcated in light blue shaded region. b,c. Normalized
duty cycle, average signal, and active phase duration, and true-valued duty cycle (inset) and active
phase duration plotted for the indicated conditions. Shaded areas, s.d. Closed circles mark where
the experimental distributions differ from CTRL (p<0.05) by two-sample KS test. d. Active phase
rise and fall time differences and ratio of active phase durations between SIFa neurons and
brainwide PSINA (recorded from SIFa neuron ROI) in CTRL (black) animals or with SIFaR
overexpression (red). ~20 data points (range: 8-56) per hourly distribution compiled from each
experimental set. Shaded areas, s.d. Closed circles mark where the red distributions differ from
black (p<0.05) by two-sample KS test. Both genotypes included the same GALS80ts allele (see
Supplementary Table S1); rearing and data collection were carried out at 29°C to allow for

uninhibited expression of the UAS construct.
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Extended Data Figure 3.7
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Extended Data Figure 7. NorpA expression in SIFa neurons rescues major norpA mutant

phenotype.

a. Top: Temperature schedule used. Bottom. Representative PSINA traces at 29°C for the indicated
genotypes. b. Duty cycle, normalized to control, and major period duration for the genotypes and
sample sizes in (a). Inset in duty cycle plots true values of metric. Major period corresponds to the
dominant frequency in the PSD. Shaded areas, s.d. Closed circles mark where experimental
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Extended Data Figure 3.8

QA 72hAPF: SlIFa, SIFa-*#?>SM-V5, a-NCad

b 72hAPF: o SIFa, SIFat***>SM-V5, a-NCad

Extended Data Figure 3.8. SIFal**! drivers; Related to Figure 3.5.

a. MIP of 72hAPF brain with SIFa'4? (i.e., 14F05"4) driving myr::SM-V5 (cyan-hot LUT);
brain also stained against SIFa (orange-hot LUT) and N-Cadherin (magenta). Yellow square marks
location of SIFa soma. Scale bar, 100um. b. MIP of 72hAPF brain with SIFa’*43 (i.e., 59406"4)
driving myr::SM-V5 (stained, cyan-hot LUT); brain also stained against SIFa (orange-hot LUT)
and N-Cadherin (magenta). Yellow square marks location of SIFa soma. ¢. MIP of a 72hAPF brain
with SIFale4-2*3 driving LexAop-GCaMP6s (anti-GFP, cyan-hot LUT) and Trpy+ driving UAS-
KiR2.1-T2A-tdTOM.HA (anti-HA, orange-hot LUT). Brain also stained against N-Cadherin
(magenta); native fluorescence of td7OM 1is also visible in this channel. Yellow square marks

location of SIFa soma. Yellow asterisks mark trachea, visible due to autofluorescence.
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Supplementary Table 1 Chapter 3 genotypes

Label in
Figure Figure Genotype Notes
W
3.1b-c SIFa[l] / +;
13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20)/ +
W
3.1d Sp-CyO / + ;
UAS-mCherry.NLS / SIFaR[MI105376-TG4.1]
W
+/
SIFa[l] / +;
SIFa[1]
13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20) / +
3.1e-g w,
Df/
SIFa[l] / Df(2R)BSC780;
SIFa[1]

13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20) / +

SIFa[1]

w,
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SIFa[l];

13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20) / +

W
SIFa[2]/
SIFa[2] /SIFa[l];
SIFa[1]
13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20) / +
W
SIFa[1]+ | SIFa[1];
Dp 13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20) /
Dp(2;3)GV-CH321-58404 (VK31)
FLP element not used in
+/ SIFaR | w, hs-FLP.D5 (attP3) / w; experiments
null R57C10-lexA (attP40) , 13XLexAop2-opGCaMP6s (su(Hw)attP5) / +;
3.1h-j SIFaR[attP] / +
Df/ FLP element not used in
SIFaR w, hs-FLP.D5 (attP3) / w; experiments
null R57C10-lexA (attP40) , 13XLexAop2-opGCaMP6s (su(Hw)attP5) / +;
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SIFaR[attP] / Df(3R)ED10845

SIFaR FLP element not used in
LoF / w, hs-FLP.D5 (attP3) / w; experiments
SIFaR R57C10-lexA (attP40) , 13XLexAop2-opGCaMP6s (su(Hw)attP5) / +;
null SIFaR[attP] / SIFaR[MI05376-GFSTF.1]
FLP element not used in

SIFaR

w, hs-FLP.D5 (attP3) / w; experiments
LoF/

R57C10-lexA (attP40) , 13XLexAop2-opGCaMP6s (su(Hw)attP5) /
SIFaR

Dp(3;2)GV-CH321-04D21 (VK37),
null + Dp

SIFaR[attP] / SIFaR[MI105376-GFSTF.1]

UAS-Dcr2, w/w;
Empty R57C10-lexA (attP40) , tubP-GALS80[ts](10), 13XLexAop2-

3.2b,c G4 opGCaMP6s (su(Hw)attP5) / +;

TRiP.JF03364 / empty-GAL4 (attP2)

SIFa G4

UAS-Dcr2, w/w;
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R57C10-lexA (attP40) , tubP-GALS80[ts](10), 13XLexAop2-
opGCaMP6s (su(Hw)attP5) / SIFa-GAL4,

TRiP.JF03364 / +

3.2d,e

Empty

G4

ww, UAS-Kir2.1-24-tdTOM-3xHA (attP3) / w;
tubP-GALS80[ts](10) / +;
UAS-His-RFP, 13XLexAop2-opGCaMPb6s (su(Hw)attP1), R57C10-

lexA (VK20) /empty-GAL4 (attP2)

SIFa G4

yw, UAS-Kir2.1-24-tdTOM-3xHA (attP3) / w;
tubP-GALS0[ts](10) / SIFa-GAL4,

UAS-His-RFP, 13XLexAop2-opGCaMPb6s (su(Hw)attP1), R57C10-

lexA (VK20) /+

SIFa G4-

2

ww, UAS-Kir2.1-24-tdTOM-3xHA (attP3) / w;
tubP-GALS80[ts](10) / +;
UAS-His-RFP, 13XLexAop2-opGCaMPb6s (su(Hw)attP1), R57C10-

lexA (VK20) /RI14F05-GAL4 (attP2)

3.21,g

UAS-Dcr2, w/w;
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Empty

G4

R57C10-lexA (attP40) , tubP-GALS80[ts](10), 13XLexAop2-
opGCaMP6s (su(Hw)attP5) / +;

TRiP.JF01849 /empty-GAL4 (attP2)

SIFaR G4

UAS-Dcr2, w/w;
R57C10-lexA (attP40) , tubP-GALS80[ts](10), 13XLexAop2-
opGCaMP6s (su(Hw)attP5) / Sp-CyO;

TRiP.JF01849 /SIFaR[MI05376-TG4.1]

PanN G4

UAS-Dcr2, w/wy;
R57C10-lexA (attP40) , tubP-GALS80[ts](10), 13XLexAop2-
opGCaMP6s (su(Hw)attP5) / R57C10-GAL4 (JK22C);

TRiP.JF01849 /SIFaR[attP]

Trpy G4

UAS-Dcr2, w/w;
R57C10-lexA (attP40) , tubP-GALS80[ts](10), 13XLexAop2-
opGCaMP6s (su(Hw)attP5) / TroGamma[G4];

TRiP.JF01849 /SIFaR[attP]

SIFa G4

UAS-Dcr2, w/w;
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R57C10-lexA (attP40) , tubP-GALS80[ts](10), 13XLexAop2-
opGCaMP6s (su(Hw)attP5) / SIFa-GAL4,

TRiP.JF01849 /SIFaR/[attP]

yw, UAS-Kir2.1-24-tdTOM-3xHA (attP3) / w;

Empty tubP-GALS80[ts](10) / +;
G4 UAS-His-RFP, 13XLexAop2-opGCaMP6s (su(Hw)attP1), R57C10-
lexA (VK20) /empty-GAL4 (attP2)
3.2h
ww, UAS-Kir2.1-24-tdTOM-3xHA (attP3) / w;
tubP-GALS80[ts](10) / Sp-CyO;
SIFaR G4
UAS-His-RFP, 13XLexAop2-opGCaMPb6s (su(Hw)attP1), R57C10-
lexA (VK20) /SIFaR[MI05376-TG4.1]
ww, UAS-Kir2.1-24-tdTOM-3xHA (attP3) / R29C07-FLP1
(su(Hw)attP$8),
Empty
3.3b-e tubP-GALS80[ts](10), tubP(FRT.stop) GAL80}2 / +;
G4 (CB)

13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20) /

empty-GAL4 (attP2)
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yw, UAS-Kir2.1-24-tdTOM-3xHA (attP3) / R29C07-FLPI

(su(Hw)attP$8);

PanN G4
tubP-GALS0[ts](10), tubP(FRT.stop) GALS80}2 / +;

o 13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20) /
R57C10-GAL4 (attP2)
ww, UAS-Kir2.1-24-tdTOM-3xHA (attP3) / R29C07-FLP1

Trpy G4 | (su(Hw)attP§);

(CB) tubP-GALS0[ts](10), tubP(FRT.stop) GALS80}2 / TroGamma[G4];
13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20) / +
ww, UAS-Kir2.1-24-tdTOM-3xHA (attP3) / R29C07-FLP1
(su(Hw)attP$8);

SIFaR G4
tubP-GALS0[ts](10), tubP(FRT.stop) GALS80}2 / +;

o 13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20) /
SIFaR[MI105376-TG4.1]

Empty ww, UAS-Kir2.1-24-tdTOM-3xHA (attP3) / R29C07-FLP1

G4 (OL) | (su(Hw)attP$8);
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tubP-GALS80[ts](10), alphaTub84B(FRT.GALS80)}2 / +;
13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20) /

empty-GAL4 (attP2)

yw, UAS-Kir2.1-24-tdTOM-3xHA (attP3) / R29C07-FLPI

(su(Hw)attP$8);
PanN G4
tubP-GALS80[ts](10), alphaTub84B(FRT.GALS80)}2 / +;
(OL)
13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20) /

R57C10-GAL4 (attP2)

ww, UAS-Kir2.1-24-tdTOM-3xHA (attP3) / R29C07-FLP1
Trpy G4 | (su(Hw)attP§);
(OL) tubP-GALS0[ts](10), alphaTub84B(FRT.GALS80)}2 / TroGamma[G4];

13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20) / +

ww, UAS-Kir2.1-24-tdTOM-3xHA (attP3) / R29C07-FLP1
SIFaR G4
(su(Hw)attP$8);
(OL)
tubP-GALS80[ts](10), alphaTub84B(FRT.GALS80)}2 / +;
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13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20) /

SIFaR[MI105376-TG4.1]

3.3f-h

UAS-Der2, w/ R29C07-FLPI (su(Hw)attP8);

CTRL tubP-GALS80[ts](10), tubP(FRT.stop) GAL80}2 / +;
(CB) 13XLexAop2-opGCaMPo6s (su(Hw)attP1), SIFaR[attP], R57C10-lexA
(VK20) / TRiP.JF01849
UAS-Dcr2, w/ R29C07-FLP1 (su(Hw)attP8);
tubP-GALS80[ts](10), tubP(FRT.stop) GAL80}2 / R57C10-GAL4
PanN G4
(JK22C);
(CB)
13XLexAop2-opGCaMPo6s (su(Hw)attP1), SIFaR[attP], R57C10-lexA
(VK20) / TRiP.JF01849
UAS-Dcr2, w/ R29C07-FLP1 (su(Hw)attP8);
CTRL tubP-GALS80[ts](10), alphaTub84B(FRT.GALS80)}2 / +;
(OL) 13XLexAop2-opGCaMPo6s (su(Hw)attP1), SIFaR[attP], R57C10-lexA

(VK20) / TRiP.JF01849

UAS-Der2, w/ R29C07-FLPI (su(Hw)attP8);
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tubP-GALS0[ts](10), alphaTub84B(FRT.GALS80)}2 / R57C10-GAL4

PanN G4 | (JK22C),;
(OL) 13XLexAop2-opGCaMPo6s (su(Hw)attP1), SIFaR[attP], R57C10-lexA
(VK20) / TRiP.JF01849
Recombinant of two independent
13XLexAop2-opGCaMP6s
13XLexAop2-opGCaMPo6s (?, su(Hw)attp8) / w; insertions
CTRL
SIFa[l] / +;
R57C10-GAL4(attP2), 20XUAS-1VS-NES-jRCaMP1b-p10 (VK5) /
SIFa-LexA.GAD
3.4a-g
Recombinant of two independent
13XLexAop2-opGCaMP6s
13XLexAop2-opGCaMPo6s (?, su(Hw)attp8) / w; insertions
SIFa null

SIFa[l];
R57C10-GAL4(attP2), 20XUAS-IVS-NES-jRCaMP1b-p10 (VKS) /

SIFa-LexA.GAD
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Recombinant of two independent

13XLexAop2-opGCaMP6s

13XLexAop2-opGCaMPo6s (?, su(Hw)attp8) /w; insertions
CTRL
SIFa[l] /+;
R57C10-GAL4(attP2), 20XUAS-1VS-NES-jRCaMP1b-p10 (VK5) /
SIFa-LexA.GAD
3.4h,i
Recombinant of two independent
13XLexAop2-opGCaMP6s
13XLexAop2-opGCaMPo6s (?, su(Hw)attp8) /w; insertions
TrpAl
SIFa[l] / 13XLexAop2-1VS-dTrpA1-WPRE (su(Hw)attP5);
R57C10-GAL4(attP2), 20XUAS-1VS-NES-jRCaMP1b-p10 (VK5) /
SIFa-LexA.GAD
Recombinant of two independent
Het, 13XLexAop2-opGCaMP6s
3.4j-1
CTRL 13XLexAop2-opGCaMPo6s (?, su(Hw)attp8) / w; insertions

SIFa[1] / +;
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R57C10-GAL4(attP2), 20XUAS-IVS-NES-jRCaMP1b-p10 (VKS) /

SIFa-LexA.GAD

Recombinant of two independent

13XLexAop2-opGCaMP6s

Het, 13XLexAop2-opGCaMPo6s (?, su(Hw)attp8) / w; insertions
TrpAl SIFa[l] / 13XLexAop2-1VS-dTrpA1-WPRE (su(Hw)attP5);
R57C10-GAL4(attP2), 20XUAS-1VS-NES-jRCaMP1b-p10 (VK5) /
SIFa-LexA.GAD
Recombinant of two independent
13XLexAop2-opGCaMP6s
SIFanull, | /3XLexAop2-opGCaMPéb6s (?, su(Hw)attp8) / w; insertions
CTRL SIFa[l];

R57C10-GAL4(attP2), 20XUAS-IVS-NES-jRCaMP1b-p10 (VKS) /

SIFa-LexA.GAD
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Recombinant of two independent

13XLexAop2-opGCaMP6s

SIFanull, | /3XLexAop2-opGCaMPb6s (?, su(Hw)attp8) / w; insertions
TrpAl SIFa[l1] / 13XLexAop2-1VS-dTrpA1-WPRE (su(Hw)attP5), SIFa[l];
R57C10-GAL4(attP2), 20XUAS-1VS-NES-jRCaMP1b-p10 (VK5) /
SIFa-LexA.GAD
Recombinant of two independent
13XLexAop2-opGCaMP6s
13XLexAop2-opGCaMPo6s (?, su(Hw)attp8) / w; insertions
CTRL
RI4F05-lexA (attP40) , Trpy[CR70048-TG4.2] / R59406-LexA
(attP40);
3.5b-e
8XLexAop2-1VS-GALSO-WPRE (attP2) / +
13XLexAop2-opGCaMPo6s (?, su(Hw)attp8) / yw, UAS-Kir2.1-2A4-
Trpyx > | tdTOM-3xHA (attP3) ;
KiR2.1 RI4F05-lexA (attP40) , Trpy[CR70048-TG4.2] / R59406-LexA

(attP40);
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8XLexAop2-IVS-GALSO-WPRE (attP2) / +

3.6a-c

W,
UAS-SIFaR / +;
CTRL
13XLexAop2-opGCaMPo6s (su(Hw)attP1), SIFaR[attP], R57C10-lexA
(VK20) / empty-GAL4 (attP2)
W,
OE: SIFa
UAS-SIFaR / SIFa-GAL4;
G4>UAS-
13XLexAop2-opGCaMPo6s (su(Hw)attP1), SIFaR[attP], R57C10-lexA
SIFaR
(VK20) /+
SIFaR w;
LoF/ UAS-SIFaR / +;
SIFaR 13XLexAop2-opGCaMP6s (su(Hw)attP1), SIFaR[attP], R57C10-lexA
null (VK20) / SIFaR[MI05376-GFSTF.1]

Wi

UAS-SIFaR / SIFa-GAL4;
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+ SIFa

13XLexAop2-opGCaMPo6s (su(Hw)attP1), SIFaR[attP], R57C10-lexA

G4>UAS-
(VK20) / SIFaR[MI105376-GFSTF.1]
SIFaR
W,
+Trpy G4
UAS-SIFaR / TrpGamma[G4];
>UAS-
13XLexAop2-opGCaMPo6s (su(Hw)attP1), SIFaR[attP], R57C10-lexA
SIFaR
(VK20) / SIFaR[MI105376-GFSTF.1]
+Trpy W;
G4.2 >2x | UAS-SIFaR / UAS-SIFaR, Trpy[CR70048-TG4.2];
UAS- 13XLexAop2-opGCaMPo6s (su(Hw)attP1), SIFaR[attP], R57C10-lexA
SIFaR (VK20) / SIFaR[MI105376-GFSTF.1]
w, 20XUAS-1VS-opGCaMP6s (su(Hw)attP8) / w;
Fluorescent eye marker was
3.7a-c CTRL R57C10-lexA (attP40) , 13XLexAop2-jRCaMP1b (su(Hw)attP5), removed from Trpy[CR70048-

SIFa[l1] / Trpy[CR70048-TG4.2];

20XUAS-1VS-opGCaMPb6s (su(Hw)attPl1) / +

TG4.2] using Cre
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SIFa null

w, 20XUAS-1VS-opGCaMP6s (su(Hw)attP8) / w;

R57C10-lexA (attP40) , 13XLexAop2-jRCaMP1b (su(Hw)attP5),
SIFa[l] / Trpy[CR70048-TG4.2], SIFa[2];

20XUAS-1VS-opGCaMPo6s (su(Hw)attP1) / +

Fluorescent eye marker was
removed from Trpy[CR70048-

TG4.2] using Cre

W
+/
SIFa[l] / +;
SIFa[1]
13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20) / +
ED3.1a,b
W
SIFa[1] SIFa[l];
13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20) / +
W
+/
SiFa[l] /Sp - CyO - +;
SIFa[1] +
ED3.2a 13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20) /
Dp

Dp(2;3)GV-CH321-58404 (VK31)

w,
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SIFa[1];

SIFa[1] +
13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20) /
Dp
Dp(2;3)GV-CH321-58404 (VK31)
FLP element not used in
+/ SIFaR | w, hs-FLP.D5 (attP3) / w; experiments
null R57C10-lexA (attP40) , 13XLexAop2-opGCaMP6s (su(Hw)attP5) / +;
SIFaR[attP] / +
FLP element not used in
Df/
ED3.2b- w, hs-FLP.D5 (attP3) / w; experiments
SIFaR
d R57C10-lexA (attP40) , 13XLexAop2-opGCaMP6s (su(Hw)attP5) / +;
null
SIFaR[attP] / Df(3R)ED10845
FLP element not used in
SIFaR G4
w, hs-FLP.D5 (attP3) / w; experiments
/ SIFaR
R57C10-lexA (attP40) , 13XLexAop2-opGCaMP6s (su(Hw)attP5) / +;
null

SIFaR/[attP] / SIFaR[MI105376-TG4.1]
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FLP element not used in

SIFaR G4 | w, hs-FLP.D5 (attP3) / w; experiments
/ SIFaR R57C10-lexA (attP40) , 13XLexAop2-opGCaMP6s (su(Hw)attP5) /
null + Dp | Dp(3,2)GV-CH321-04D21 (VK37),
SIFaR[attP] / SIFaR[MI05376-TG4.1]
SIFa[1]; FLP element not used in
SIFaR w, hs-FLP.D5 (attP3) / w; experiments
LoF / SIFa[l];
SIFaR 13XLexAop2-opGCaMP6s (su(Hw)attP1), SIFaR[attP], R57C10-lexA
null (VK20) / SIFaR[MI05376-GFSTF.1]
ED3.2e-g
FLP element not used in
SIFa[l]; w, hs-FLP.D5 (attP3) / w; experiments
+/SIFaR | SIFaf1];
null 13XLexAop2-opGCaMP6s (su(Hw)attP1), SIFaR[attP], R57C10-lexA

(VK20) / +
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+/

FLP element not used in

SIFa[l]; | w, hs-FLP.D5 (attP3) /w; experiments
SIFaR SIFaf1] / +;
LoF /

13XLexAop2-opGCaMPo6s (su(Hw)attP1), SIFaR[attP], R57C10-lexA
SIFaR

(VK20) / SIFaR[MI105376-GFSTF.1]
null

FLP element not used in

SIFa[l];

w, hs-FLP.D5 (attP3) / w; experiments
SIFaR G4

SIFa[l];
/ SIFaR

13XLexAop2-opGCaMPo6s (su(Hw)attP1), SIFaR[attP], R57C10-lexA
null

(VK20) / SIFaR[MI105376-TG4.1]

ED3.2h-j
FLP element not used in

SIFa[1]; | w, hs-FLP.D5 (attP3) /w; experiments
+/SIFaR | SIFa[1];
null 13XLexAop2-opGCaMP6s (su(Hw)attP1), SIFaR[attP], R57C10-lexA

(VK20) / +
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+/

FLP element not used in

SIFa[l]; w, hs-FLP.D5 (attP3) / w; experiments
SIFaR G4 | SIFa[1] / +;
/ SIFaR 13XLexAop2-opGCaMP6s (su(Hw)attP1), SIFaR[attP], R57C10-lexA
null (VK20) / SIFaR[MI105376-TG4.1]
w, 10XUAS-1VS-myr::smGdP-V5 (attP18) / w;
ED3.3a SIFa-GAL4 / ap[Xa];
Sb / +
w, 10XUAS-1VS-myr::smGdP-V5 (attP18) / w;
ED3.3b +/ Sp;
RI14F05-GAL4 (attP2) / +
UAS-Dcr2, w/w; Same as in Fig2b,c
Empty R57C10-lexA (attP40) , tubP-GALS80[ts](10), 13XLexAop2-
ED3.3c G4 opGCaMP6s (su(Hw)attP5) / +;
TRiP.JF03364 / empty-GAL4 (attP2)
SIFa G4 UAS-Dcr2, w/w; Same as in Fig2b,c
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R57C10-lexA (attP40) , tubP-GALS80[ts](10), 13XLexAop2-
opGCaMP6s (su(Hw)attP5) / SIFa-GAL4,

TRiP.JF03364 / +

ED3.3d

Empty

G4

ww, UAS-Kir2.1-24-tdTOM-3xHA (attP3) / w;
tubP-GALS80[ts](10) / +;
UAS-His-RFP, 13XLexAop2-opGCaMPb6s (su(Hw)attP1), R57C10-

lexA (VK20) /empty-GAL4 (attP2)

Same as in Fig2d,e

SIFa G4

ww, UAS-Kir2.1-24-tdTOM-3xHA (attP3) / w;
tubP-GALS80[ts](10) / SIFa-GAL4,
UAS-His-RFP, 13XLexAop2-opGCaMPb6s (su(Hw)attP1), R57C10-

lexA (VK20) /+

Same as in Fig2d,e

SIFa G4-

2

ww, UAS-Kir2.1-24-tdTOM-3xHA (attP3) / w;
tubP-GALS80[ts](10) / +;
UAS-His-RFP, 13XLexAop2-opGCaMPb6s (su(Hw)attP1), R57C10-

lexA (VK20) /RI14F05-GAL4 (attP2)

Same as in Fig2d,e

ED3.3e

UAS-Dcr2, w/w;
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Empty

G4

R57C10-lexA (attP40) , tubP-GALS80[ts](10), 13XLexAop2-
opGCaMP6s (su(Hw)attP5) / +;

TRiP.JF01849 /empty-GAL4 (attP2)

SIFaR G4

UAS-Dcr2, w/w;
R57C10-lexA (attP40) , tubP-GALS80[ts](10), 13XLexAop2-
opGCaMP6s (su(Hw)attP5) / Sp-CyO;

TRiP.JF01849 /SIFaR[MI05376-TG4.1]

Same as in Fig2f,g

PanN G4

UAS-Dcr2, w/wy;
R57C10-lexA (attP40) , tubP-GALS80[ts](10), 13XLexAop2-
opGCaMP6s (su(Hw)attP5) / R57C10-GAL4 (JK22C);

TRiP.JF01849 /SIFaR[attP]

Same as in Fig2f,g

Trpy G4

UAS-Dcr2, w/w;
R57C10-lexA (attP40) , tubP-GALS80[ts](10), 13XLexAop2-
opGCaMP6s (su(Hw)attP5) / TroGamma[G4];

TRiP.JF01849 /SIFaR[attP]

Same as in Fig2f,g

SIFa G4

UAS-Dcr2, w/w;
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R57C10-lexA (attP40) , tubP-GALS80[ts](10), 13XLexAop2-
opGCaMP6s (su(Hw)attP5) / SIFa-GAL4,

TRiP.JF01849 /SIFaR/[attP]

ED3.4

W
Sp-CyO / + ;

UAS-mCherry.NLS / SIFaR[MI05376-TG4.1]

Same as in Figld

ED3.5

CTRL

w, 20XUAS-1VS-opGCaMP6s (su(Hw)attP8) / +;
R57C10-lexA (attP40) , 13XLexAop2-jRCaMP1b (su(Hw)attP5), UAS-
SIFaR / tubP-GALS80[ts](10),

SIFaR[MI105376-GFSTF.1] / +

Only RCaMP channel recorded

SIFaR

LoF

w, 20XUAS-1VS-opGCaMP6s (su(Hw)attP8) / +;
R57C10-lexA (attP40) , 13XLexAop2-jRCaMP1b (su(Hw)attP5), UAS-
SIFaR / +;

SIFaR[MI105376-GFSTF.1] / +

Only RCaMP channel recorded
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w, 20XUAS-1VS-opGCaMP6s (su(Hw)attP8) / +;

R57C10-lexA (attP40) , 13XLexAop2-jRCaMP1b (su(Hw)attP5), UAS-

Only RCaMP channel recorded

PanN G4
SIFaR / tubP-GALS80/ts](10);
rescue
SIFaR[MI105376-GFSTF.1] / R57C10-GAL4 (attP2), SIFaR[MI105376-
GFSTF.1]
w, 20XUAS-1VS-opGCaMP6s (su(Hw)attPS) / +; Only RCaMP channel recorded
SIFaR G4 | R57C10-lexA (attP40) , 13XLexAop2-jRCaMP1b (su(Hw)attP5), UAS-
rescue SIFaR / tubP-GALS80[ts](10),
SIFaR[MI105376-GFSTF.1] / SIFaR[MI105376-TG4.1]
Recombinant of two independent
13XLexAop2-opGCaMP6s
13XLexAop2-opGCaMPo6s (?, su(Hw)attp8) / w; insertions
ED3.6 CTRL Crosses and progeny reared at

tubP-GALS80[ts](10) / +;

20XUAS-1VS-NES-jRCaMP1b-p10 (VKS5), SIFa-LexA.GAD /

SIFaR[MI105376-TG4.1]
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Recombinant of two independent

13XLexAop2-opGCaMP6s

SIFaR G4 | 13XLexAop2-opGCaMPo6s (?, su(Hw)attp8) / w; insertions

> UAS- Crosses and progeny reared at
tubP-GALS80[ts](10) / UAS-SIFaR;

SIFaR 290C throughout development
20XUAS-1VS-NES-JRCaMP1b-p10 (VKS5), SIFa-LexA.GAD /
SIFaR[MI05376-TG4.1]
w, norpA[36] / w;
SIFa[l] / +;

CTRL
13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20), tubP-
GALSO[ts](7)/ +

ED3.7 w, norpA[36];
norpA[36 | SIFa[l]/+;

13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20), tubP-

GALSO[ts](7)/ +

w, norpA[36];
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norpA[36 | SIFa[l]/R57C10-GAL4 (JK22C);
], PanN 13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20), tubP-
G4 GALSO0[ts](7)/ UAS-norpA.K
w, norpA[36];
norpA[36
SIFa[l] / SIFa-GAL4,
], SIFa
13XLexAop2-opGCaMPo6s (su(Hw)attP1), R57C10-lexA (VK20), tubP-
G4
GALSO0[ts](7)/ UAS-norpA.K
w, 10XUAS-1VS-myr::smGdP-HA (attP18), 13XLexAop2-1VS- UAS element not used in
SIFa myr::smGdP-V5 (su(Hw)attP8) / w; experiment
ED3.8a
LexA.2 RI4F05-LexA (attP40) / Sp ;
+
w, 10XUAS-1VS-myr::smGdP-HA (attP18), 13XLexAop2-1VS- UAS element not used in
SIFa myr::smGdP-V5 (su(Hw)attP8) / w; experiment
ED3.8b
LexA.3 R59A4006-LexA (attP40) / Sp ;

+
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ED3.8c

SIFa

LexA.2+3

13XLexAop2-opGCaMPo6s (?, su(Hw)attp8) / yw, UAS-Kir2.1-2A4-
tdTOM-3xHA (attP3) ;

RI14F05-lexA (attP40) , Trpy[CR70048-TG4.2] / R59406-LexA
(attP40);

8XLexAop2-IVS-GALSO-WPRE (attP2) / +

Recombinant of two independent
13XLexAop2-opGCaMP6s

insertions

Same as in Fig5b-e
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Chapter 4

Developmental activity and adult behavior
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4.1 Introduction

Sleep is a fundamental process conserved across evolution and necessary for human health: Sleep
deprivation and dysfunction of the circadian clock network increase the risk for pathogenesis,
including neurodevelopmental, metabolic, immune, and neurodegenerative disease (Beckwith and
French 2019). Like us, flies sleep as well. Indeed, the fly has been at the cutting edge of sleep
research: groundbreaking work on circadian timekeeping mechanisms carried out in the fly was
recognized in 2017 by the Nobel Prize in Physiology.

As in other animals, Drosophila sleep is regulated by homeostasis and the circadian clock
network (Huang et al. 2021). Although these two processes are tightly linked to control sleep, their
underlying pathways are distinct. The sleep homeostat, which increases sleep pressure with more
time spent awake, is mediated by several neurochemically-defined processes in Drosophila.
Working alongside the sleep homeostat, the Drosophila circadian network consists of 1. the ~150
clock neurons with endogenous, uncoupled rhythms, 2. the sensory inputs that synchronize them,
and 3. the output pathways that control behavior. In addition, growing evidence points to the
importance of neuropeptides in modulating and integrating these three major components.
Circadian behavior in flies is highly stereotyped: under light-dark (LD) conditions (12hr light and
12hr dark), flies exhibit peaks of activity around the times of lights-on and lights-off. As flies
entrain to LD conditions, they increase their activity in anticipation to the light transitions.

To record sleep and circadian behavior in flies, I loaded individual, LD-entrained, 4-6 day
old adult male and female flies into Daily Activity Monitoring (DAM) tubes and placed them into
Trikinetics monitors at 25°C, or at 18°C and 29°C for TARGET experiments (see below). Periods
of inactivity (no beam crossings) lasting at least 5 minutes were categorized as sleep. After a 36-

48-hour acclimation period, I binned the number of infrared beam crossings every 1 minute over
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the course of 48-72 hours and analyzed the data using SCAMP (Vecsey et al. 2024). These outputs
were then compiled across multiple runs with Microsoft Excel and statistically tested (2-way

ANOVA) and plotted using GraphPad PRISM.

4.2 Trpy is necessary and sufficient for wildtype sleep

I first asked how whole animal loss of function of Trpy would affect adult sleep. 7rpy mutants
exhibit sex-specific sleep deficits relative to wildtype controls: #py mutant females sleep
significantly more during the day and marginally less at night, while #7py mutant males sleep
marginally more during the day and significantly less at night (Figure 4.1). While the relative
trends for total sleep levels in mutants was reciprocal between sexes, the trends for average sleep
episode duration, a metric for sleep consolidation, more so overlapped: both sexes of #7py mutants
have fractured sleep at night, with shorter, more frequent sleep episodes compared to controls,
whereas ¢rpy mutant females also showed an increase in average sleep bout duration during the
day compared to wildtype females.

These initial investigations into sleep with ##py mutants would occasionally yield variable
results (Not shown). This was especially true for #7py mutant females, where the relative daytime
sleep increase and nighttime sleep decrease phenotypes were inconsistent across repeated trials. In
addition, frpy mutant males sometimes showed prominent decreases to daytime sleep as well.
Notably, the nighttime sleep loss phenotype in #py mutant males was repeatedly observed across
separate trials and became the focus of my subsequent rescue experiments.

Chronic expression of UAS-Trpy-D with Trpy-GAL4 in males homozygous for the trpy
mutation restored night-time sleep loss (Figure 4.1). Together, these results indicate that Trpy is

necessary and sufficient for wildtype sleep in male flies. These findings are consistent with a recent
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study that reported similar trends, where #7py mutant males showed decreased sleep relative to
controls that was restored by introducing a wildtype copy of the Trpy gene using a genomic rescue
construct (Palacios-Munoz et al. 2022). They also found that #7py mutant females showed
inconsistent sleep phenotypes relative to controls. Notably, this study was motivated by the
homology between Trpy and the human gene TRPC6, an autism-candidate gene, and they
identified several parallels in behavioral anomalies between trpy mutant flies with those seen in
Autism-Spectrum Disorder patients, including social behavior changes (courtship), hyperactivity,

learning and memory deficits, and sex-specific sleep defects.
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Figure 4.1
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Figure 4.1 Trpy is necessary and sufficient for wildtype sleep in male flies.

A-D. Sleep analysis comparing wildtype females (WT females, charcoal) and males (WT males,
black) with #7py mutant females (#7py females, red) and #7py mutant males (#7py males, orange). A-
B. Group averages of sleep binned every 30min comparing #py mutant and wildtype females (A)
and males (B) over two days. C-D. Total sleep averages (C) and Average sleep epidode duration
(D) and SEM of 24hr, Day (ZT0-12), and night (ZT0-12), color matched to genotypes and sexes
with corresponding N’s. E-G. Sleep analysis comparing male flies that are heterozygous (Het,
black), homozygous frpy mutants (¢rpy, orange), and heterozygous flies expressing Trpy-GAL4
driven UAS-Trpy-D (Rescue, purple). E. Group averages of sleep binned every 30min. F. Total
sleep averages and SEM. G. Average sleep episode duration and SEM. Shaded regions represent
night. Two-way ANOVA analysis for all total sleep and average sleep episode duration

comparisons. p values: * <0.05, **<0.005, ***<0.005, ****<(0.0001, ns = not significant.
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4.3 Temporally targeted rescue of sleep was inconclusive

The analysis of whole-animal #7py mutants alone cannot determine when the Trpy gene is required
for wildtype sleep. We next investigated whether the sleep deficits in male #7py mutants was due
to disrupted PSINA (Chapter 1), and presumably from changes to sleep circuitry development,
and/or due to the concurrent requirement for 77py in actively regulating sleep in adults. In a similar
fashion to our approaches to establish whether a gene or a cell population was required specifically
during PSINA, what we referred to as “temporally targeted expression” (Chapter 2.2), we adapted
the use of GAL8O0ts to determine when 7rpy expression is required for adult sleep. Specifically,
we sought to control the timing of Trpy-GAL4 driven expression of UAS- Trpy-D in males
homozygous for the frpy mutation by keeping them at the restrictive (18°C) and permissive (29°C)
temperatures during development or post-eclosion and monitored sleep and daily activity.

We first monitored sleep in experimental and control male flies at 29°C throughout
development and adult life to validate the efficacy of the TARGET rescue construct, with the
expectation that sleep would be restored to similar levels to controls as seen in our rescue
experiments without GAL8Ots (Figure 4.1). Across three attempts spanning over six months, there
were no significant differences between groups; that is, control, mutant, and experimental
genotypes were indistinguishable from each other. Notably, each attempt revealed the same
pattern, where experimental and control flies carrying at least one copy of the ##py mutation and
one allele of a 3™ chromosome insertion of GAL80ts (P{tubP-GALS80[ts]}2, BDSCID #7017,
henceforth referred to as GAL8Ots 2), all showed decreased nighttime sleep, with a characteristic
negative slope of decreasing sleep throughout the night (Figure 4.2). We subsequently tested flies
carrying just one copy of GAL80ts 2 at 25°C and found no sleep deficits relative to controls (not

shown), suggesting that the phenotype we observed in our rescue attempts at 29°C could perhaps
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be from an unknown genetic interaction, a second site mutation, or a temperature dependent effect.
I did not further explore the different possibilities to determine the cause of this peculiar decreasing
nighttime sleep effect and instead decided to attempt the same experimental approach with a
different allele of GALSOts, this time on the 2"¢ chromosome (P {tubP-GAL80[ts]} 10, BDSCID
#7108, henceforth referred to as GAL8O0ts_10).

Using this allele restored the expected sleep differences across genotypes at constant 29°C
(Figure 4.2C,D). However, in the subsequent experiment where we reared these same groups at
18°C during development and shifted them to 29°C post-eclosion, we observed a similar
phenomenon as with the GAL80ts 2 runs described above, where all groups showed decreasing
nighttime sleep and negative and positive controls were indistinguishable from one another. How
this similar pattern emerged across conditions, especially given the successful rescue in chronic
29°C conditions with GAL80ts 10, is unclear.

I also conducted experiments using immunohistochemistry with a Trpy-specific antiserum
to measure Trpy levels in the brain, which revealed that Trpy is transiently expressed only during
pupal development (Figure 1.9). While this would suggest that the adult sleep loss in #7py mutants
is due to Trpy’s role during PSINA, the behavioral experiments to corroborate this possibility
produced inconsistent results that were difficult to interpret. We ultimately suspended our attempts
at investigating whether altered PSINA can lead to adult sleep deficits until we discovered new
genetic handles on PSINA — namely SI/Fa and SIFaR, which were also reported to be involved in

regulating adult sleep.
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Figure 4.2
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Figure 4.2 Temporally targeted rescue with UAS-Trpy-D was inconclusive

A. Expression control of Trpy-GAL4 driven UAS-Trpy-D with GAL8O0ts 2 at constant 29°C. B.
Group averages of sleep binned every 30min (left) and total sleep averages and SEM (right) over
two days of male flies that were heterozygous (Het, black), homozygous #rpy mutants (frpy,
orange), and heterozygous expressing Trpy-GAL4 driven UAS-Trpy-D (Rescue, cyan). C.
Expression control of Trpy-GAL4 driven UAS-Trpy-D with GAL8Ots 10 at constant 29°C. D.
Group averages of sleep binned every 30min (left) and total sleep averages (right) and SEM over
two days of male flies heterozygous (Het, black), homozygous #7py mutants (trpy, orange), and
heterozygous expressing Trpy-GAL4 driven UAS-Trpy-D (Rescue, blue). E. Expression control of
Trpy-GAL4 driven UAS-Trpy-D with GAL80ts 10 reared at 18°C and shifted to 29°C at eclosion.
F. Group averages of sleep binned every 30min (left) and total sleep averages (right) and SEM
over two days of male flies with same genotypes as D. Corresponding N’s indicated next to
genotype labels. Shaded regions represent night. Two-way ANOVA analysis for all total sleep

comparisons. p values: * <0.05, **<0.005, ***<0.005, ****<(0.0001, ns = not significant.
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4.4 Temporally targeted sifa knockdown suggests a rearing-temperature effect on adult sleep
Our discovery of the first known developmental role for SIFa-SIFaR signaling provided a new
opportunity to establish whether altered PSINA could lead to changes in adult behavior. Previous
studies on SIFa and SIFaR indicate their involvement in a wide range of behaviors, including
courtship (Terhzaz et al. 2007b; Sellami and Veenstra 2015), feeding (Martelli et al. 2017a; Dreyer
et al. 2019), and sleep (Cavanaugh et al. 2014; Park et al. 2014; Deng et al. 2019a; Huang et al.
2021). Importantly, these studies used chronic manipulations without temporal control, raising the
question of whether the reported phenotypes were due to altered PSINA and/or a concurrent
requirement of SIFa-SIFaR signaling for adult physiology.

To this end, we temporally targeted knockdown of SIFa expression with GAL80ts 10 in
male flies and monitored sleep (Figure 4.3). We controlled the timing of SIFa-GAL4 driven
expression of UAS-SIFa-RNA|, restricting the knockdown to either development or adult life and
compared them to positive (S/Fa mutants) and negative (emtpy-GAL4) controls, as well as to all
groups kept at constant 18°C or 29°C. Across all four conditions, homozygous S/Fa mutants slept
less than negative controls, consistent with the findings from the literature. Flies with SIFa
knockdown only during development slept at levels comparable to negative controls (empty-
GAL4), while flies with SIFa knockdown only during adult life showed decreased sleep levels
comparable to S/Fa mutants. While these findings would be consistent with a concurrent
requirement of SIFa for adult sleep, parallel trends occurred in groups kept at constant 18°C or
29°C throughout the experiment. In other words, experimental flies that were kept at constant 18°C
were also more similar to S/Fa mutants, while those kept at constant 29°C were more similar to
negative controls. Furthermore, the relative difference between positive and negative controls also

followed these same trends according to rearing temperature: SIFa mutants showed more sleep
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loss when reared at 18°C and less sleep loss when reared at 29°C relative to negative controls.
These results suggest that the trends pointing to SIFa expression only being required during
adulthood for normal sleep could also be explained by the influence of rearing temperature on flies
with disrupted SIFa expression. I discuss the implications and possible mechanisms underlying

this phenomenon in the summary section at the end of this chapter.
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Figure 4.3
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Figure 4.3 Temporally targeted knockdown of SIFa revealed a rearing temperature
influence on adult sleep

A-H. Sleep analysis of male flies that are heterozygous (Empty, black), homozygous S/Fa mutants
(SIFa[1], red), and heterozygous with temporally targeted SIFa-GAL4 driven UAS-SIFa-RNA1
(SIFa-GALA4, blue). N’s indicated next to genotype labels for each condition. A,C,E,G. Expression
control of SIFa-GAL4 driven UAS-SIFa-RNAi with tubP-GALS80ts_10 at 18°C and/or 29°C. Flies
were shifted within one day of eclosion for C and G. B,D,F,H. Group averages of sleep binned
every 30min (left) and total sleep averages (right) and SEM over three days of genotypes described
above. Shaded regions represent night. Two-way ANOVA analysis for all total sleep comparisons.

p values: * <0.05, **<0.005, ***<0.005, ****<0.0001, ns = not significant.
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4.5 Conditional disruption of SIFaR to assess sleep was inconclusive

A key takeaway from our collective efforts at behavioral analysis was to keep rearing temperatures
constant across groups going forward, which essentially voided the traditional application of
TARGET. We decided to adapt a recombinase-based, conditional gene disruption and rescue tool
known as FlpStop (Fisher et al. 2017). With FlpStop, conditional null or rescue alleles of a
modified gene can be irreversibly activated in target cells of interest, along with the red fluorescent
marker tdTomato for validation, by controlling the expression of Flp-recombinase. We produced
two independent FlpStop alleles for the SIFaR gene, allowing us to induce either heteroallelic
mutant cells in heterozygous flies (conditional nulls) or heterozygous cells in heteroallelic mutant
flies (conditional rescue).

We first used FlpStop to study the role of SIFaR during PSINA. By bringing the expression
of Flp under the precise control of the TARGET system, we spatiotemporally regulated SIFaR
expression during pupal development in target cell populations, ranging from all neurons (57C10-
GALA4), to the 2000 Trpy+ neurons (Trpy-GAL4), to the four SIFa neurons (SIFa-GAL4) and
recorded PSINA with our widefield assay. Both contexts of conditional disruption and rescue of
SIFaR with FlpStop closely mirrored the results from temporally targeted knockdown and rescue
of SIFaR in the respective expression domains (Not shown). For instance, conditional mutagenesis
of SIFaR in the four SIFa neurons during pupal development with FlpStop matched the effect of
SIFaR knockdown in SIFa neurons during that same period: brainwide PSINA cycles were
disrupted.

After confirming that conditional disruption of SIFaR in the four SIFa neurons during pupal
development could disrupt brainwide PSINA, we decided to apply the FlpStop tool to assess the

requirement for SIFaR in adult sleep. The technical advantage of using FlpStop in this context is
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found in the irreversible nature of Flp-recombinase to induce the conditional disruption. Our
expectation was that Flp expression was only required for a brief period. We reasoned that we
could temporarily disinhibit SIFa-GAL4 driven UAS-Flp expression by exposing flies to the
permissive temperature of 29°C for 3-5 days. By strategically timing when this occurred, we could
conditionally disrupt SIFaR expression in the four SIFa neurons either before PSINA or after
eclosion while keeping the rearing temperature constant during pupal development across all
groups.

For our behavioral assays, conditional disruption of SIFaR during development was carried
out by rearing flies at 29°C until the 3™ instar larval stage, moving them to 18°C during pupal
development, and shifting newly eclosed flies to 25°C for 6 days at 12:12 LD before monitoring
sleep at this same temperature. On the other hand, conditional disruption during adult life was
carried out by rearing flies at 18°C until eclosion, shifting to 29°C for 3 days at 12:12 LD, and
returning them to 25°C for 3 days before monitoring sleep. We independently confirmed that SIFa-
GALA4 is expressed during both of the time points that flies would be kept at 29°C. Although the
rearing temperature prior to metamorphosis was different between these conditions, this approach
ensured that the temperature during pupal development was the same for all groups (18°C) and
allowed us to monitor sleep at 25°C. Negative controls were heterozygous flies carrying one copy
of the null allele SIFaR[attp] and similarly heterozygous flies that also carried the SIFaR “non-
disrupting” FlpStop allele. Positive controls were heteroallelic SIFaR mutants carrying
SIFaR[attp] and SIFaR[GFSTF]. The experimental groups carried SIFaR[attp], SIFa-GAL4, and
the SIFaR “non-disrupting” FlpStop allele. Lastly, all groups had one copy each of GAL8Ots 10

and 20X-UAS-Flp.
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Notably, SIFaR mutants slept significantly more compared to both negative controls across
all conditions (Figure 4.4), which contrasts with the sleep loss from SIFa knockdown described
above, as well as with the sleep loss from SIFaR knockdown reported in other studies (Park et al.
2014). Notwithstanding, flies that underwent conditional disruption of SIFaR in the four SIFa
neurons during development slept at levels close to SIFaR mutants, while flies that underwent
conditional disruption after eclosion slept at levels comparable to negative controls. Together,
these results suggest that the increase in sleep from SIFaR loss of function is due to a requirement
for the SIFaR gene during pupal development only. When validating whether the inversion of the
SIFaR FlpStop allele from “non-disrupting” to “disrupting” occurred in the four SIFa neurons by
checking for the expression of tdTomato, the native expression of DsRed from the SIFaR[attp]
genetic background masked the ability to distinguish between the two because SIFa neurons also
fall within the SIFaR expression domain.

To address this critical validation step, we rebuilt our reagents with SIFaR[GFSTF], which
does not express DsRed in the SIFaR expression domain. We also added an additional negative
control group of heterozygous SIFaR[GFSTF] flies carrying SIFa-GAL4. Running the behavioral
assay described above with reagents built with the SIFaR[GFSTF] allele yielded complicated
results that were inconsistent with the earlier runs using SIFaR[attp]. First, our negative controls
showed significant differences across conditions. Across the two conditions (developmental vs
adult SIFaR disruption), homozygous SIFaR[GFSTF] mutants did not consistently sleep more than
negative controls. While our experimental group did sleep more with conditional disruption during
development and less with conditional disruption post-eclosion, the inconsistent trends in our

positive and negative controls hindered the ability to make reliable conclusions from this dataset.

163



Figure 4.4
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Figure 4.4 Conditional disruption of SIFaR in SIFa neurons using FlpStop to assess sleep
was inconclusive.

A-H. Sleep analysis of males with developmental or adult disruption of SIFaR in SIFa neurons
compared to controls in the SIFaR[attp] null background (A-D) or SIFaR[GFSTF] null background
(E-H). N’s indicated next to genotype labels for each condition. Full genotypes listed in
supplementary table 2 at end of chapter. A,C,E,G. Expression control of SIFa-GAL4 driven UAS-
Flp.D5 with tubP-GALS8Ots 10 at 18°C, 25°C, 29°C. For developmental disruption (A-B, E-F),
flies were reared at 29°C until wandering 3™ instars, kept at 18°C through pupal development, and
kept at 25°C for 6 days until loaded into DAM assay. For adult disruption (C-D, G-H) flies were
reared at 18°C until eclosion, kept at 29°C for 3 days, and moved to 25°C for 3 days until loaded
into DAM assay. B,D,F,H. Group averages of sleep binned every 30min (left) and total sleep
averages (right) and SEM over three days of listed genotypes. Shaded regions represent night.
Two-way ANOVA analysis for all total sleep comparisons. p values: * <0.05, **<0.005,

*#%20.005, ****<0.0001, ns = not significant.
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4.6 Summary

While the link between disruptions to developmental activity and the emergence of
neurodevelopmental disorders is predicted, definitive evidence does not exist to support that
conclusion across any model system. Our discovery of the genetic handles on developmental
activity in the fly created an exciting opportunity to begin empirically addressing this open
question through approaches using spatiotemporal regulation of gene expression. My initial
findings showing that 77py is necessary and sufficient for adult sleep in male flies was a promising
first step towards this effort. Subsequent sleep experiments aimed at regulating the timing of 7rpy
expression, and later S/Fa and SIFaR, were not only technically challenging to execute, but
produced inconsistent results that made it difficult to reliably draw conclusions. Importantly, they
revealed that the approaches we used for regulating gene expression introduced a significant
confound when studying adult sleep: temperature, and more specifically, the temperature
conditions during development.

A recent study investigated the relationship between developmental temperature conditions
and adult sleep patterns. They reported enduring effects on sleep architecture from long-term
exposure to non-optimal temperatures during development (Yadav et al. 2025). Notably, flies that
were reared at 29°C slept longer and had shorter sleep latencies (the time it takes to enter a sleep
state) compared to those reared at 19°C and 25°C. These findings support our observations that
rearing temperature can have a lasting influence on sleep/wake behavior during adult life.

before monitoring adult sleep patterns and represents an exciting new direction of research.
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Supplementary Table 2 Chapter 4 genotypes

Figure

Label in Figure

Genotype

Figd.1A-

WT Female, WT Male

CantonS (CantonS/y);
+ .

’

+

trpy Female, trpy Male

CantonS (CantonS/y);

trpy;
+

Figd.1E-

Het

CantonS'/y;
trpy | +;
UAS-Trpy-D / +

trpy

CantonS'/ y;

trpy;
UAS-Trpy-D / +

Rescue

CantonS'/ y;
trpy / Trpy-GAL4,
UAS-Trpy-D / +

Figd.2B

Het

CantonS'/ y;

trpy | +;
UAS-Trpy-D / tubP-GAL80ts(2)

trpy

CantonS'/y;

trpy;
UAS-Trpy-D / tubP-GALS80ts(2)

Rescue

CantonS'/y;
trpy / Trpy-GAL4,
UAS-Trpy-D / tubP-GALS80ts(2)

Figd.2D,F

Het

CantonS'/ y;

trpy | +, tubP-GAL80ts(10);
UAS-Trpy-D / +

trpy

CantonS'/ y;

trpy / trpy, tubP-GALS80ts(10);
UAS-Trpy-D / +

Rescue

CantonS'/ y;
trpy / Trpy-GALA4, tubP-GALS80ts(10),
UAS-Trpy-D / +
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Fig4.3

Empty

UAS-DCR2 / y;

SIFaf1], tubP-GALSOts(10) / +;
Empty-GAL4 / UAS-SIFa-RNAi (JF03364)

SIFa[1]

UAS-DCR2 / y;

SIFa[l], tubP-GAL80ts(10) / SIFa[1];
UAS-SIFa-RNAi (JF03364) / +

SIFaGAL4

UAS-DCR2 / y;
SIFa[1], tubP-GALSOts(10) / SIFa-GAL4;
UAS-SIFa-RNAi (JF03364) / +

Figd.4B,D

Het

w/y;
tubP-GALS8O0ts(10) / +;
SIFaR[attp], 20X-UAS-Flp.D5 / +

SIFaR

»ww/y;
tubP-GALS80ts(10) / +;
SIFaR[attp], 20X-UAS-FIp.D5 / SIFaR[GFSTF]

FS[ND]

»ww/y;
tubP-GALS80ts(10) / +;
SIFaR[attp], 20X-UAS-FIp.D5 / SIFaR[FlpStop NDJ(M13)

Exp

w/y;
tubP-GALS8O0ts(10) / SIFaGAL4;
SIFaR[attp], 20X-UAS-Flp.D5 / SIFaR[FIpStop ND](M13)

Figd.4F,H

Het

w/y;
tubP-GALS8O0ts(10) / +;
SIFaR[GFSTF], 20X-UAS-Flp.D5 / +

SIFaR[GFSTF]

w/y;
tubP-GALS8O0ts(10) / +;
SIFaR[GFSTF], 20X-UAS-Fip.D5 / SIFaR[GFSTF]

FS[ND]

w/y;
tubP-GALS8O0ts(10) / +;
SIFaR[GFSTF], 20X-UAS-Fip.D5 / SIFaR[FIpStop ND](M13)

SIFaG4 CTRL

w/y;
tubP-GALS8O0ts(10) / SIFaGAL4;
SIFaR[GFSTF], 20X-UAS-Flp.D5 / +

Exp

w/y;
tubP-GALS8O0ts(10) / SIFaGAL4,
SIFaR[GFSTF], 20X-UAS-Fip.D5 / SIFaR[FIpStop ND](M13)

169




REFERENCES

Ackman, James B., Timothy J. Burbridge, and Michael C. Crair. 2012. “Retinal Waves
Coordinate Patterned Activity throughout the Developing Visual System.” Nature 490
(7419): 219-25. https://doi.org/10.1038/nature11529.

Akin, Orkun, Bryce T. Bajar, Mehmet F. Keles, Mark A. Frye, and S. Lawrence Zipursky. 2019.
“Cell-Type-Specific Patterned Stimulus-Independent Neuronal Activity in the Drosophila
Visual System during Synapse Formation.” Neuron 101 (5): 894-904.e5.
https://doi.org/10.1016/j.neuron.2019.01.008.

Akin, Orkun, and S. Lawrence Zipursky. 2020. “Activity Regulates Brain Development in the
Fly.” Current Opinion in Genetics & Development, Molecular and Genetic Bases of
Disease, vol. 65 (December): 8—13. https://doi.org/10.1016/j.gde.2020.04.005.

Akitake, Bradley, Qiuting Ren, Nina Boiko, et al. 2015. “Coordination and Fine Motor Control
Depend on Drosophila TRPy.” Nature Communications 6 (1): 7288.
https://doi.org/10.1038/ncomms8288.

Anton-Bolafios, Noelia, Alejandro Sempere-Ferrandez, Teresa Guillamon-Vivancos, et al. 2019.
“Prenatal Activity from Thalamic Neurons Governs the Emergence of Functional Cortical
Maps in Mice.” Science 364 (6444): 987-90. https://doi.org/10.1126/science.aav7617.

Aso, Yoshinori, Daisuke Hattori, Yang Yu, et al. 2014. “The Neuronal Architecture of the
Mushroom Body Provides a Logic for Associative Learning.” eLife 3 (December):
e04577. https://doi.org/10.7554/eLife.04577.

Bai, Lei, Yool Lee, Cynthia T. Hsu, et al. 2018. “A Conserved Circadian Function for the
Neurofibromatosis 1 Gene.” CellReports 22 (13): 3416-26.
https://doi.org/10.1016/j.celrep.2018.03.014.

Bainbridge, S. P., and M. Bownes. 1981. “Staging the Metamorphosis of Drosophila
Melanogaster.” Journal of Embryology and Experimental Morphology 66 (December):
57-80.

Baines, R. A., J. P. Uhler, A. Thompson, S. T. Sweeney, and M. Bate. 2001. “Altered Electrical
Properties in Drosophila Neurons Developing without Synaptic Transmission.” Journal
of Neuroscience 21 (5): 1523-31.

Bajar, Bryce T., Nguyen T. Phi, Jesse Isaacman-Beck, Jun Reichl, Harpreet Randhawa, and
Orkun Akin. 2022. “A Discrete Neuronal Population Coordinates Brain-Wide
Developmental Activity.” Nature 602 (7898): 639—46. https://doi.org/10.1038/s41586-
022-04406-9.

Bajar, Bryce T., Nguyen T. Phi, Harpreet Randhawa, and Orkun Akin. 2022. “Developmental
Neural Activity Requires Neuron—Astrocyte Interactions.” Developmental Neurobiology
82 (3): 235-44. https://doi.org/10.1002/dneu.22870.

Bakos, Jan, Martina Zatkova, Zuzana Bacova, and Daniela Ostatnikova. 2016. “The Role of
Hypothalamic Neuropeptides in Neurogenesis and Neuritogenesis.” Neural Plasticity
2016 (1): 3276383. https://doi.org/10.1155/2016/3276383.

Bansal, A., J. H. Singer, B. J. Hwang, W. Xu, A. Beaudet, and M. B. Feller. 2000. “Mice Lacking
Specific Nicotinic Acetylcholine Receptor Subunits Exhibit Dramatically Altered
Spontaneous Activity Patterns and Reveal a Limited Role for Retinal Waves in Forming
ON and OFF Circuits in the Inner Retina.” Journal of Neuroscience 20 (20): 7672-81.

170



Bartos, Marlene, and Michael P. Nusbaum. 1997. “Intercircuit Control of Motor Pattern
Modulation by Presynaptic Inhibition.” Articles. Journal of Neuroscience 17 (7): 2247—
56. https://doi.org/10.1523/JINEUROSCI.17-07-02247.1997.

Beckwith, Esteban J., and Alice S. French. 2019. “Sleep in Drosophila and Its Context.”
Frontiers in Physiology 10 (September). https://doi.org/10.3389/fphys.2019.01167.

Beets, Isabel, and Jan Watteyne. 2025. “Mapping and Decoding Neuropeptide Signaling
Networks in Nervous System Function.” Current Opinion in Neurobiology 92 (June):
103027. https://doi.org/10.1016/j.conb.2025.103027.

Blankenship, Aaron G., and Marla B. Feller. 2010. “Mechanisms Underlying Spontaneous
Patterned Activity in Developing Neural Circuits.” Nature Reviews Neuroscience 11 (1):
18-29. https://doi.org/10.1038/nrn2759.

Blitz, Dawn M. 2023. “Neural Circuit Regulation by Identified Modulatory Projection Neurons.”
Frontiers in Neuroscience 17 (March). https://doi.org/10.3389/tnins.2023.1154769.

Blitz, Dawn M., Andrew E. Christie, Aaron P. Cook, Patsy S. Dickinson, and Michael P.
Nusbaum. 2019a. “Similarities and Differences in Circuit Responses to Applied Gly1-
SIFamide and Peptidergic (Gly1-SIFamide) Neuron Stimulation.” Journal of
Neurophysiology 121 (3): 950-72. https://doi.org/10.1152/jn.00567.2018.

Blitz, Dawn M., Andrew E. Christie, Aaron P. Cook, Patsy S. Dickinson, and Michael P.
Nusbaum. 2019b. “Similarities and Differences in Circuit Responses to Applied Gly1-
SIFamide and Peptidergic (Gly1-SIFamide) Neuron Stimulation.” Journal of
Neurophysiology 121 (3): 950-72. https://doi.org/10.1152/jn.00567.2018.

Brand, A H, and N. Perrimon. 1993. “Targeted Gene Expression as a Means of Altering Cell
Fates and Generating Dominant Phenotypes.” Development 118 (2): 401-15.

Carreira-Rosario, Arnaldo, Ryan A. York, Minseung Choi, Chris Q. Doe, and Thomas R.
Clandinin. 2021. “Mechanosensory Input during Circuit Formation Shapes Drosophila
Motor Behavior through Patterned Spontaneous Network Activity.” Current Biology :
CB, ahead of print, September. https://doi.org/10.1016/j.cub.2021.08.022.

Cavanaugh, Daniel J., Jill D. Geratowski, Julian R. A. Wooltorton, et al. 2014. “Identification of
a Circadian Output Circuit for Rest: Activity Rhythms in Drosophila.” Cell 157 (3): 689—
701. https://doi.org/10.1016/j.cell.2014.02.024.

Chen, Tsai-Wen, Trevor J. Wardill, Yi Sun, et al. 2013. “Ultrasensitive Fluorescent Proteins for
Imaging Neuronal Activity.” Nature 499 (7458): 295-300.
https://doi.org/10.1038/nature12354.

Chen, Yi, Orkun Akin, Aljoscha Nern, C. Y. Kimberly Tsui, Matthew Y. Pecot, and S. Lawrence
Zipursky. 2014a. “Cell-Type-Specific Labeling of Synapses in Vivo through Synaptic
Tagging with Recombination.” Neuron 81 (2): 280-93.
https://doi.org/10.1016/j.neuron.2013.12.021.

Chen, Yi, Orkun Akin, Aljoscha Nern, C. Y. Kimberly Tsui, Matthew Y. Pecot, and S. Lawrence
Zipursky. 2014b. “Cell-Type-Specific Labeling of Synapses In Vivo through Synaptic
Tagging with Recombination.” Neuron 81 (2): 280-93.
https://doi.org/10.1016/j.neuron.2013.12.021.

Crair, M. C. 1999. “Neuronal Activity during Development: Permissive or Instructive?” Current
Opinion in Neurobiology 9 (1): 88-93. https://doi.org/10.1016/s0959-4388(99)80011-7.

Dana, Hod, Boaz Mohar, Yi Sun, et al. 2016. “Sensitive Red Protein Calcium Indicators for
Imaging Neural Activity.” eLife 5 (March): e12727. https://doi.org/10.7554/eLife.12727.

171



Deng, Bowen, Qi Li, Xinxing Liu, et al. 2019. “Chemoconnectomics: Mapping Chemical
Transmission in Drosophila.” Neuron 101 (5): 876-893.e4.
https://doi.org/10.1016/j.neuron.2019.01.045.

Dhakal, Subash, Qiuting Ren, Jiangqu Liu, et al. 2022. “Drosophila TRPy Is Required in
Neuroendocrine Cells for Post-Ingestive Food Selection.” eLife 11 (April): €56726.
https://doi.org/10.7554/eLife.56726.

Di Martino, Adriana, Damien A. Fair, Clare Kelly, et al. 2014. “Unraveling the Miswired
Connectome: A Developmental Perspective.” Neuron 83 (6): 1335-53.
https://doi.org/10.1016/j.neuron.2014.08.050.

Diao, Fengqiu, Holly Ironfield, Haojiang Luan, et al. 2015. “Plug-and-Play Genetic Access to
Drosophila Cell Types Using Exchangeable Exon Cassettes.” Cell Reports 10 (8): 1410-
21. https://doi.org/10.1016/j.celrep.2015.01.059.

Dickinson, Patsy S., Carol Mecsas, and Eve Marder. 1990. “Neuropeptide Fusion of Two Motor-
Pattern Generator Circuits.” Nature 344 (6262): 155-58.
https://doi.org/10.1038/344155a0.

Dreyer, Austin P., Madison M. Martin, Carson V. Fulgham, et al. 2019. “A Circadian Output
Center Controlling Feeding:Fasting Rhythms in Drosophila.” PLOS Genetics 15 (11):
€1008478. https://doi.org/10.1371/journal.pgen.1008478.

Exposito-Alonso, David, and Beatriz Rico. 2022. “Mechanisms Underlying Circuit Dysfunction
in Neurodevelopmental Disorders.” Annual Review of Genetics 56 (1): 391-422.
https://doi.org/10.1146/annurev-genet-072820-023642.

Fahoum, Savanna-Rae H., and Dawn M. Blitz. 2021. “Neuronal Switching between Single- and
Dual-Network Activity via Modulation of Intrinsic Membrane Properties.” Research
Articles. Journal of Neuroscience 41 (37): 7848—63.
https://doi.org/10.1523/JNEUROSCI.0286-21.2021.

Fisher, Yvette E., Helen H. Yang, Jesse [saacman-Beck, Marjorie Xie, Daryl M. Gohl, and
Thomas R. Clandinin. 2017. “FlpStop, a Tool for Conditional Gene Control in
Drosophila.” eLife 6 (February): €22279. https://doi.org/10.7554/eLife.22279.

Fitzgerald, Maria. 1987. “Spontaneous and Evoked Activity of Fetal Primary Afferents in Vivo.”
Nature 326 (6113): 603-5. https://doi.org/10.1038/326603a0.

Galikova, Martina, Heinrich Dircksen, and Dick R. Néssel. 2018. “The Thirsty Fly: Ton
Transport Peptide (ITP) Is a Novel Endocrine Regulator of Water Homeostasis in
Drosophila.” PLOS Genetics 14 (8): e1007618.
https://doi.org/10.1371/journal.pgen.1007618.

Galli, L., and L. Maffei. 1988. “Spontaneous Impulse Activity of Rat Retinal Ganglion Cells in
Prenatal Life.” Science 242 (4875): 90-91.

Ge, Xinxin, Kathy Zhang, Alexandra Gribizis, Ali S. Hamodi, Aude Martinez Sabino, and
Michael C. Crair. 2021. “Retinal Waves Prime Visual Motion Detection by Simulating
Future Optic Flow.” Science 373 (6553). https://doi.org/10.1126/science.abd0830.

Gnanabharathi, Barathan, Savanna-Rae H. Fahoum, and Dawn M. Blitz. 2024. “Neuropeptide
Modulation Enables Biphasic Internetwork Coordination via a Dual-Network Neuron.”
Research Article: New Research. eNeuro 11 (6). https://doi.org/10.1523/ENEURO.0121-
24.2024.

Gonzalez-Islas, Carlos, and Peter Wenner. 2006. “Spontaneous Network Activity in the
Embryonic Spinal Cord Regulates AMPAergic and GABAergic Synaptic Strength.”
Neuron 49 (4): 563-75. https://doi.org/10.1016/j.neuron.2006.01.017.

172



Griffith, Leslie C. 2012. “Identifying Behavioral Circuits in Drosophila Melanogaster: Moving
Targets in a Flying Insect.” Current Opinion in Neurobiology, Microcircuits, vol. 22 (4):
609—14. https://doi.org/10.1016/j.conb.2012.01.002.

Guillamoén-Vivancos, Teresa, Mar Anibal-Martinez, Lorenzo Puche-Aroca, et al. 2022. “Input-
Dependent Segregation of Visual and Somatosensory Circuits in the Mouse Superior
Colliculus.” Science 377 (6608): 845-50. https://doi.org/10.1126/science.abq2960.

Hadjieconomou, Dafni, Katarina Timofeev, and Iris Salecker. 2011. “A Step-by-Step Guide to
Visual Circuit Assembly in Drosophila.” Current Opinion in Neurobiology,
Developmental neuroscience, vol. 21 (1): 76-84.
https://doi.org/10.1016/j.conb.2010.07.012.

Hanlon, Caitlin D., and Deborah J. Andrew. 2015. “Outside-in Signaling — a Brief Review of
GPCR Signaling with a Focus on the Drosophila GPCR Family.” Journal of Cell Science
128 (19): 3533-42. https://doi.org/10.1242/jcs.175158.

Hanson, M. Gartz, Louise D. Milner, and Lynn T. Landmesser. 2008. “Spontaneous Rhythmic
Activity in Early Chick Spinal Cord Influences Distinct Motor Axon Pathfinding
Decisions.” Brain Research Reviews, Networks in Motion, vol. 57 (1): 77-85.
https://doi.org/10.1016/j.brainresrev.2007.06.021.

Hartenstein, V. 2006. “The Neuroendocrine System of Invertebrates: A Developmental and
Evolutionary Perspective.” Journal of Endocrinology 190 (3): 555-70.
https://doi.org/10.1677/joe.1.06964.

Hauser, Frank, Thomas L. Koch, and Cornelis J. P. Grimmelikhuijzen. 2022. “Review: The
Evolution of Peptidergic Signaling in Cnidaria and Placozoa, Including a Comparison
with Bilateria.” Frontiers in Endocrinology 13 (September).
https://doi.org/10.3389/fend0.2022.973862.

Hevesi, Zsofia, Joanne Bakker, Evgenii O. Tretiakov, et al. 2024. “Transient Expression of the
Neuropeptide Galanin Modulates Peripheral-to-central Connectivity in the
Somatosensory Thalamus during Whisker Development in Mice.” Nature
Communications 15 (1): 2762. https://doi.org/10.1038/s41467-024-47054-5.

Hevesi, Zsofia, Tomas Hokfelt, and Tibor Harkany. 2025. “Neuropeptides: The Evergreen Jack-
of-All-Trades in Neuronal Circuit Development and Regulation.” BioEssays 47 (3):
€202400238. https://doi.org/10.1002/bies.202400238.

Huang, Haoyang, Debra R. Possidente, and Christopher G. Vecsey. 2021. “Optogenetic
Activation of SIFamide (SIFa) Neurons Induces a Complex Sleep-Promoting Effect in
the Fruit Fly Drosophila Melanogaster.” Physiology & Behavior 239 (October): 113507.
https://doi.org/10.1016/j.physbeh.2021.113507.

Inécio, Ana R., Azat Nasretdinov, Julia Lebedeva, and Roustem Khazipov. 2016. “Sensory
Feedback Synchronizes Motor and Sensory Neuronal Networks in the Neonatal Rat
Spinal Cord.” Nature Communications 7 (1): 13060.
https://doi.org/10.1038/ncomms13060.

Iyer, Kartik K., James A. Roberts, Lena Hellstrom-Westas, et al. 2015. “Cortical Burst Dynamics
Predict Clinical Outcome Early in Extremely Preterm Infants.” Brain 138 (8): 2206—18.
https://doi.org/10.1093/brain/awv129.

Jékely, Gaspar. 2021. “The Chemical Brain Hypothesis for the Origin of Nervous Systems.”
Philosophical Transactions of the Royal Society B: Biological Sciences 376 (1821):
20190761. https://doi.org/10.1098/rstb.2019.0761.

173



Jékely, Géspar, and Rafael Yuste. 2024. “Nonsynaptic Encoding of Behavior by Neuropeptides.”
Current Opinion in Behavioral Sciences 60 (December): 101456.
https://doi.org/10.1016/j.cobeha.2024.101456.

Jenett, Arnim, Gerald M. Rubin, Teri-T. B. Ngo, et al. 2012. “A GAL4-Driver Line Resource for
Drosophila Neurobiology.” Cell Reports 2 (4): 991-1001.
https://doi.org/10.1016/j.celrep.2012.09.011.

Jiao, Zhuolei, Taosha Gao, Xiaofei Wang, et al. 2025. “Projectome-Based Characterization of
Hypothalamic Peptidergic Neurons in Male Mice.” Nature Neuroscience, March 26, 1—
16. https://doi.org/10.1038/541593-025-01919-0.

Jorgensen, Lars M., Frank Hauser, Giuseppe Cazzamali, Michael Williamson, and Cornelis J. P.
Grimmelikhuijzen. 2006. “Molecular Identification of the First SIFamide Receptor.”
Biochemical and Biophysical Research Communications 340 (2): 696-701.
https://doi.org/10.1016/j.bbrc.2005.12.062.

Kasyanov, Alexander M., Victoria F. Safiulina, Leon L. Voronin, and Enrico Cherubini. 2004.
“GABA-Mediated Giant Depolarizing Potentials as Coincidence Detectors for Enhancing
Synaptic Efficacy in the Developing Hippocampus.” Proceedings of the National
Academy of Sciences 101 (11): 3967—72. https://doi.org/10.1073/pnas.0305974101.

Kersbergen, Calvin J., Travis A. Babola, Jason Rock, and Dwight E. Bergles. 2022.
“Developmental Spontaneous Activity Promotes Formation of Sensory Domains,
Frequency Tuning and Proper Gain in Central Auditory Circuits.” Cell Reports 41 (7):
111649. https://doi.org/10.1016/j.celrep.2022.111649.

Kersbergen, Calvin J., and Dwight E. Bergles. 2024. “Priming Central Sound Processing Circuits
through Induction of Spontaneous Activity in the Cochlea before Hearing Onset.” Trends
in Neurosciences 47 (7): 522-37. https://doi.org/10.1016/.tins.2024.04.007.

Khorkova, Olga, and Jorge Golowasch. 2007. “Neuromodulators, Not Activity, Control
Coordinated Expression of lonic Currents.” Articles. Journal of Neuroscience 27 (32):
8709-18. https://doi.org/10.1523/INEUROSCI.1274-07.2007.

Kondo, Shu, Takahiro Takahashi, Nobuhiro Yamagata, et al. 2020. “Neurochemical Organization
of the Drosophila Brain Visualized by Endogenously Tagged Neurotransmitter
Receptors.” Cell Reports 30 (1): 284-297 .e5.
https://doi.org/10.1016/j.celrep.2019.12.018.

Kurmangaliyev, Yerbol Z., Juyoun Yoo, Javier Valdes-Aleman, Piero Sanfilippo, and S.
Lawrence Zipursky. 2020. “Transcriptional Programs of Circuit Assembly in the
Drosophila Visual System.” Neuron 108 (6): 1045-1057.¢6.
https://doi.org/10.1016/j.neuron.2020.10.006.

Lai, Sen-Lin, and Tzumin Lee. 2006. “Genetic Mosaic with Dual Binary Transcriptional Systems
in Drosophila.” Nature Neuroscience 9 (5): 703-9. https://doi.org/10.1038/nn1681.

Leighton, Alexandra H., and Christian Lohmann. 2016. “The Wiring of Developing Sensory
Circuits—From Patterned Spontaneous Activity to Synaptic Plasticity Mechanisms.”
Frontiers in Neural Circuits 10 (September). https://doi.org/10.3389/fncir.2016.00071.

Li, Guoshi, Khoi Minh Huynh, Kim-Han Thung, et al. 2025. “The Effective Connectome over a
Century of Human Life.” Communications Biology 8 (1): 1638.
https://doi.org/10.1038/s42003-025-08970-4.

Li, Zi-Hao, Bin Li, Xiao-Yang Zhang, and Jing-Ning Zhu. 2024. “Neuropeptides and Their Roles
in the Cerebellum.” International Journal of Molecular Sciences 25 (4): 4.
https://doi.org/10.3390/ijms25042332.

174



Luhmann, Heiko J., Anne Sinning, Jeng-Wei Yang, et al. 2016. “Spontaneous Neuronal Activity
in Developing Neocortical Networks: From Single Cells to Large-Scale Interactions.”
Frontiers in Neural Circuits 10 (May). https://doi.org/10.3389/fncir.2016.00040.

Luo, Liqun. 2020. Principles of Neurobiology. 2nd ed. Garland Science.
https://doi.org/10.1201/9781003053972.

Marder, Eve. 2012. “Neuromodulation of Neuronal Circuits: Back to the Future.” Neuron 76 (1):
1-11. https://doi.org/10.1016/j.neuron.2012.09.010.

Marder, Eve, and Kristina J. Rehm. 2005. “Development of Central Pattern Generating Circuits.”
Current Opinion in Neurobiology 15 (1): 86-93.
https://doi.org/10.1016/j.conb.2005.01.011.

Martelli, Carlotta, Ulrike Pech, Simon Kobbenbring, et al. 2017. “SIFamide Translates Hunger
Signals into Appetitive and Feeding Behavior in Drosophila.” Cell Reports 20 (2): 464—
78. https://doi.org/10.1016/j.celrep.2017.06.043.

Martini, Francisco J., Teresa Guillamén-Vivancos, Veronica Moreno-Juan, Miguel Valdeolmillos,
and Guillermina Lopez-Bendito. 2021. “Spontaneous Activity in Developing Thalamic
and Cortical Sensory Networks.” Neuron 109 (16): 2519-34.
https://doi.org/10.1016/j.neuron.2021.06.026.

Matsumoto, Naoyuki, Daniel Barson, Liang Liang, and Michael C. Crair. 2024. “Hebbian
Instruction of Axonal Connectivity by Endogenous Correlated Spontaneous Activity.”
Science 385 (6710): eadh7814. https://doi.org/10.1126/science.adh7814.

McGuire, Sean E., Phuong T. Le, Alexander J. Osborn, Kunihiro Matsumoto, and Ronald L.
Davis. 2003. “Spatiotemporal Rescue of Memory Dysfunction in Drosophila.” Science
302 (5651): 1765—68. https://doi.org/10.1126/science.1089035.

McLaughlin, Todd, Christine L. Torborg, Marla B. Feller, and Dennis D. M. O’Leary. 2003.
“Retinotopic Map Refinement Requires Spontaneous Retinal Waves during a Brief
Critical Period of Development.” Neuron 40 (6): 1147-60.

Meister, M., R. O. Wong, D. A. Baylor, and C. J. Shatz. 1991. “Synchronous Bursts of Action
Potentials in Ganglion Cells of the Developing Mammalian Retina.” Science 252 (5008):
939-43.

Mertens, Inge, Tom Meeusen, Roger Huybrechts, Arnold De Loof, and Liliane Schoofs. 2002.
“Characterization of the Short Neuropeptide F Receptor from Drosophila Melanogaster.”
Biochemical and Biophysical Research Communications 297 (5): 1140-48.
https://doi.org/10.1016/S0006-291X(02)02351-3.

Murcia-Belmonte, Veronica, Yaiza Coca, Celia Vegar, et al. 2019. “A Retino-Retinal Projection
Guided by Unc5c Emerged in Species with Retinal Waves.” Current Biology 29 (7):
1149-1160.e4. https://doi.org/10.1016/j.cub.2019.02.052.

Muthukumar, Allie K., Tobias Stork, and Marc R. Freeman. 2014. “Activity-Dependent
Regulation of Astrocyte GAT Levels during Synaptogenesis.” Nature Neuroscience 17
(10): 1340-50. https://doi.org/10.1038/nn.3791.

Myers, Christopher P., Joseph W. Lewcock, M. Gartz Hanson, et al. 2005. “Cholinergic Input Is
Required during Embryonic Development to Mediate Proper Assembly of Spinal
Locomotor Circuits.” Neuron 46 (1): 37—49.
https://doi.org/10.1016/j.neuron.2005.02.022.

Nakashima, Ai, Naoki Ihara, Mayo Shigeta, Hiroshi Kiyonari, Yuji Ikegaya, and Haruki
Takeuchi. 2019. “Structured Spike Series Specify Gene Expression Patterns for Olfactory

175



Circuit Formation.” Science 365 (6448): eaaw5030.
https://doi.org/10.1126/science.aaw5030.

Namiki, Shigehiro, Michael H. Dickinson, Allan M. Wong, Wyatt Korff, and Gwyneth M. Card.
2018. “The Functional Organization of Descending Sensory-Motor Pathways in
Drosophila.” eLife 7 (June): e10806. https://doi.org/10.7554/eLife.34272.

Nissel, Dick R. 2018. “Substrates for Neuronal Cotransmission With Neuropeptides and Small
Molecule Neurotransmitters in Drosophila.” Frontiers in Cellular Neuroscience 12: 83.
https://doi.org/10.3389/fncel.2018.00083.

Nissel, Dick R., and Meet Zandawala. 2019. “Recent Advances in Neuropeptide Signaling in
Drosophila, from Genes to Physiology and Behavior.” Progress in Neurobiology 179
(August): 101607. https://doi.org/10.1016/j.pneurobio.2019.02.003.

Nissel, Dick R., and Meet Zandawala. 2022. “Endocrine Cybernetics: Neuropeptides as
Molecular Switches in Behavioural Decisions.” Open Biology 12 (7): 220174.
https://doi.org/10.1098/rsob.220174.

Nath, Dharmendra Kumar, Subash Dhakal, and Youngseok Lee. 2025. “TRPy Regulates Lipid
Metabolism through Dh44 Neuroendocrine Cells.” eLife 13 (April): RP99258.
https://doi.org/10.7554/eLife.99258.

Nern, Aljoscha, Frank Loesche, Shin-ya Takemura, et al. 2025. “Connectome-Driven Neural
Inventory of a Complete Visual System.” Nature 641 (8065): 1225-37.
https://doi.org/10.1038/s41586-025-08746-0.

Nern, Aljoscha, Barret D. Pfeiffer, and Gerald M. Rubin. 2015. “Optimized Tools for Multicolor
Stochastic Labeling Reveal Diverse Stereotyped Cell Arrangements in the Fly Visual
System.” Proceedings of the National Academy of Sciences 112 (22): E2967-76.
https://doi.org/10.1073/pnas.1506763112.

Ong, Cynthia, Lin-Yue Lanry Yung, Yu Cai, Boon-Huat Bay, and Gyeong-Hun Baeg. 2015.
“Drosophila Melanogaster as a Model Organism to Study Nanotoxicity.” Nanotoxicology
9 (3): 396—403. https://doi.org/10.3109/17435390.2014.940405.

Ozel, Mehmet Neset, Félix Simon, Shadi Jafari, et al. 2021. “Neuronal Diversity and
Convergence in a Visual System Developmental Atlas.” Nature 589 (7840): 88-95.
https://doi.org/10.1038/s41586-020-2879-3.

Palacios-Muioz, Angelina, Danielle de Paula Moreira, Valeria Silva, et al. 2022. “Mutations in
Trpy, the Homologue of TRPC6 Autism Candidate Gene, Causes Autism-like Behavioral
Deficits in Drosophila.” Molecular Psychiatry 27 (8): 3328-42.
https://doi.org/10.1038/s41380-022-01555-1.

Park, Sangjin, Jun Young Sonn, Yangkyun Oh, Chunghun Lim, and Joonho Choe. 2014.
“SIFamide and SIFamide Receptor Defines a Novel Neuropeptide Signaling to Promote
Sleep in Drosophila.” Molecules and Cells 37 (4): 295-301.
https://doi.org/10.14348/molcells.2014.2371.

Pulver, Stefan R., Stanislav L. Pashkovski, Nicholas J. Hornstein, Paul A. Garrity, and Leslie C.
Griffith. 2009. “Temporal Dynamics of Neuronal Activation by Channelrhodopsin-2 and
TRPA1 Determine Behavioral Output in Drosophila Larvae.” Journal of Neurophysiology
101 (6): 3075-88. https://doi.org/10.1152/jn.00071.2009.

Reichl, Jun, Julia M. Miller, Harpreet Randhawa, Lesly M. Palacios Castillo, and Orkun Akin.
2025. “Four Neurons Pattern Brain-Wide Developmental Activity through Neuropeptide
Signaling.” Preprint, bioRxiv, October 20. https://doi.org/10.1101/2025.06.26.661770.

176



Ripoll-Sanchez, Lidia, Jan Watteyne, HaoSheng Sun, et al. 2023. “The Neuropeptidergic
Connectome of C. Elegans.” Neuron 111 (22): 3570-3589.e5.
https://doi.org/10.1016/j.neuron.2023.09.043.

Rossi, Francesco Mattia, Tommaso Pizzorusso, Vittorio Porciatti, Lisa M. Marubio, Lamberto
Maffei, and Jean-Pierre Changeux. 2001. “Requirement of the Nicotinic Acetylcholine
Receptor B2 Subunit for the Anatomical and Functional Development of the Visual
System.” Proceedings of the National Academy of Sciences 98 (11): 6453-58.
https://doi.org/10.1073/pnas.101120998.

Schefter, Louis K., C. Shan Xu, Michal Januszewski, et al. 2020. “A Connectome and Analysis
of the Adult Drosophila Central Brain.” eLife 9 (September): e57443.
https://doi.org/10.7554/eLife.57443.

Schindelin, Johannes, Ignacio Arganda-Carreras, Erwin Frise, et al. 2012. “Fiji: An Open-Source
Platform for Biological-Image Analysis.” Nature Methods 9 (7): 676-82.
https://doi.org/10.1038/nmeth.2019.

Sellami, Azza, and Jan A. Veenstra. 2015. “SIFamide Acts on Fruitless Neurons to Modulate
Sexual Behavior in Drosophila Melanogaster.” Peptides 74 (December): 50-56.
https://doi.org/10.1016/j.peptides.2015.10.003.

Sernagor, E., and M. H. Hennig. 2013. Retinal Waves. April, 1-12. https://doi.org/10.1016/B978-
0-12-397266-8.00041-7.

Shieh, Bih-Hwa, Wesley Sun, and Darwin Ferng. 2023. “A Conventional PKC Critical for Both
the Light-Dependent and the Light-Independent Regulation of the Actin Cytoskeleton in
Drosophila Photoreceptors.” Journal of Biological Chemistry 299 (6).
https://doi.org/10.1016/j.jbc.2023.104822.

Simpson, Julie H., and Loren L. Looger. 2018. “Functional Imaging and Optogenetics in
Drosophila.” Genetics 208 (4): 1291-309. https://doi.org/10.1534/genetics.117.300228.

Smith, Stephen J., Uygar Siimbiil, Lucas T. Graybuck, et al. 2019. “Single-Cell Transcriptomic
Evidence for Dense Intracortical Neuropeptide Networks.” eLife 8 (November): e47889.
https://doi.org/10.7554/eLife.47889.

Sokoloff, Greta, Alan M. Plumeau, Didhiti Mukherjee, and Mark S. Blumberg. 2015. “Twitch-
Related and Rhythmic Activation of the Developing Cerebellar Cortex.” Journal of
Neurophysiology 114 (3): 1746-56. https://doi.org/10.1152/jn.00284.2015.

Spitzer, Nicholas C. 2006. “Electrical Activity in Early Neuronal Development.” Nature 444
(7120): 707-12. https://doi.org/10.1038/nature05300.

Terhzaz, Selim, Philippe Rosay, Stephen F. Goodwin, and Jan A. Veenstra. 2007. “The
Neuropeptide SIFamide Modulates Sexual Behavior in Drosophila.” Biochemical and
Biophysical Research Communications 352 (2): 305-10.
https://doi.org/10.1016/j.bbrc.2006.11.030.

Thompson, Andrew, Alexandra Gribizis, Chinfei Chen, and Michael C. Crair. 2017. “Activity-
Dependent Development of Visual Receptive Fields.” Current Opinion in Neurobiology
42 (January): 136-43. https://doi.org/10.1016/j.conb.2016.12.007.

Tiriac, Alexandre, Karina Bistrong, Miah N. Pitcher, Joshua M. Tworig, and Marla B. Feller.
2022. “The Influence of Spontaneous and Visual Activity on the Development of
Direction Selectivity Maps in Mouse Retina.” Cell Reports 38 (2): 110225.
https://doi.org/10.1016/j.celrep.2021.110225.

177



Tritsch, Nicolas X., Eunyoung Yi, Jonathan E. Gale, Elisabeth Glowatzki, and Dwight E.
Bergles. 2007. “The Origin of Spontaneous Activity in the Developing Auditory System.”
Nature 450 (7166): 50-55. https://doi.org/10.1038/nature06233.

Uhlén, Per. 2004. “Spectral Analysis of Calcium Oscillations.” Science’s STKE 2004 (258).
https://doi.org/10.1126/stke.2582004pl15.

Vecsey, Christopher G., Casey Koochagian, Maria T. Porter, Gregg Roman, and Divya
Sitaraman. 2024. “Analysis of Sleep and Circadian Rhythms from Drosophila Activity-
Monitoring Data Using SCAMP.” Cold Spring Harbor Protocols 2024 (11):
pdb.prot108182. https://doi.org/10.1101/pdb.prot108182.

Verleyen, Peter, Jurgen Huybrechts, Geert Baggerman, Alfons Van Lommel, Arnold De Loof,
and Liliane Schoofs. 2004. “SIFamide Is a Highly Conserved Neuropeptide: A
Comparative Study in Different Insect Species.” Biochemical and Biophysical Research
Communications 320 (2): 334-41. https://doi.org/10.1016/j.bbrc.2004.05.173.

Wang, Han Chin, Chun-Chieh Lin, Rockie Chong, et al. 2015. “Spontaneous Activity of
Cochlear Hair Cells Triggered by Fluid Secretion Mechanism in Adjacent Support Cells.”
Cell 163 (6): 1348-59. https://doi.org/10.1016/j.cell.2015.10.070.

Warwick, Rebekah A., Serena Riccitelli, Alina S. Heukamp, et al. 2024. “Top-down Modulation
of the Retinal Code via Histaminergic Neurons of the Hypothalamus.” Science Advances
10 (35): eadk4062. https://doi.org/10.1126/sciadv.adk4062.

Watt, Alanna J., Hermann Cuntz, Masahiro Mori, Zoltan Nusser, P. Jesper Sjostrom, and Michael
Hausser. 2009. “Traveling Waves in Developing Cerebellar Cortex Mediated by
Asymmetrical Purkinje Cell Connectivity.” Nature Neuroscience 12 (4): 463—73.
https://doi.org/10.1038/nn.2285.

Willshaw, D. J., C. Von Der Malsburg, and Hugh Christopher Longuet-Higgins. 1976. “How
Patterned Neural Connections Can Be Set up by Self-Organization.” Proceedings of the
Royal Society of London. Series B. Biological Sciences 194 (1117): 431-45.
https://doi.org/10.1098/rspb.1976.0087.

Wolff, Tanya, Mark Eddison, Nan Chen, et al. 2025. “Cell Type-Specific Driver Lines Targeting
the Drosophila Central Complex and Their Use to Investigate Neuropeptide Expression
and Sleep Regulation.” eLife 14 (February). https://doi.org/10.7554/eLife.104764.2.

Wu, Michelle W., Nazim Kourdougli, and Carlos Portera-Cailliau. 2024. “Network State
Transitions during Cortical Development.” Nature Reviews Neuroscience 25 (8): 535-52.
https://doi.org/10.1038/s41583-024-00824-y.

Xiong, Huan, Fei Tang, Yujie Guo, Ruxiang Xu, and Peng Lei. 2023. “Neural Circuit Changes in
Neurological Disorders: Evidence from in Vivo Two-Photon Imaging.” Ageing Research
Reviews 87 (June): 101933. https://doi.org/10.1016/j.arr.2023.101933.

Xu, X. Z. Shawn, Fred Chien, Alice Butler, Larry Salkoff, and Craig Montell. 2000. “TRPy, a
Drosophila TRP—Related Subunit, Forms a Regulated Cation Channel with TRPL.”
Neuron 26 (3): 647-57. https://doi.org/10.1016/S0896-6273(00)81201-5.

Yadav, Sanjay Ramnarayan, Martina Gélikova, and Peter Klepsatel. 2025. “Temperature-
Dependent Sleep Patterns in Drosophila.” Journal of Thermal Biology 127 (January):
104026. https://doi.org/10.1016/j.jtherbio.2024.104026.

Yanez-Guerra, Luis Alfonso, Daniel Thiel, and Gaspar Jékely. 2022. “Premetazoan Origin of
Neuropeptide Signaling.” Molecular Biology and Evolution 39 (4): msac051.
https://doi.org/10.1093/molbev/msac051.

178





