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In brief

Studying neuronal circuits requires
concurrent pre- and postsynaptic
labeling in identified subsets of neurons.
Parisi et al. create dig1[4K], a CRISPR-
modified dig1 locus that conditionally
labels DLG1 at excitatory postsynapses
in vivo using cell-type-specific binary
expression. The dlg1[4K] label enables
previously unavailable postsynaptic
labeling and enhances quantitative circuit
analysis.
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MOTIVATION

In Drosophila, considerable advances have been made to understand presynaptic organiza-

tion via excellent cell-type-specific presynaptic labels, but the field suffered from a lack of general cell-type-
specific postsynaptic labels. dig7[4K] is a reliable, cell-type-specific, general excitatory postsynaptic label
for circuit mapping in Drosophila and an essential counterpoint to presynaptic labels. dig1[4K] works with
multiple synapses to enable quantitative circuit-level and synaptic architectural analysis to better under-
stand neurodevelopment and neuroanatomy. The work is a critical advance in genetic tools for cell-type-
specific labeling and fills a gap in the technologies available for neuronal study.

SUMMARY

Chemical neurotransmission occurs at specialized contacts where neurotransmitter release machinery
apposes neurotransmitter receptors to underlie circuit function. A series of complex events underlies pre-
and postsynaptic protein recruitment to neuronal connections. To better study synaptic development in
individual neurons, we need cell-type-specific strategies to visualize endogenous synaptic proteins.
Although presynaptic strategies exist, postsynaptic proteins remain less studied because of a paucity of
cell-type-specific reagents. To study excitatory postsynapses with cell-type specificity, we engineered
dig1[4K], a conditionally labeled marker of Drosophila excitatory postsynaptic densities. With binary expres-
sion systems, dIg1[4K] labels central and peripheral postsynapses in larvae and adults. Using dlg1[4K], we
find that distinct rules govern postsynaptic organization in adult neurons, multiple binary expression systems
can concurrently label pre- and postsynapse in a cell-type-specific manner, and neuronal DLG1 can some-
times localize presynaptically. These results validate our strategy for conditional postsynaptic labeling and

demonstrate principles of synaptic organization.

INTRODUCTION

Synaptic connections are highly specialized structures that
mediate brain neurotransmission, are tightly regulated develop-
mentally, and must maintain cohesion over an organism’s
lifespan while adjusting strength and plasticity in response to
stimuli. Synapses underlie control of learning, memory, cogni-
tion, and motor behavior via signals within and between circuits.’
In chemical neurotransmission, synapses are asymmetrical: the
presynaptic terminal localizes machinery to produce and release
neurotransmitters (NTs) into the synaptic cleft, whereas the post-
synaptic terminal enables NT reception to propagate neuronal
signals. After formation, synapses undergo extensive remodel-
ing in an activity-dependent manner, responding to experience
and adjusting postsynaptic properties by altering levels and sub-
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unit ratios of NT receptors. As such, understanding how synap-
ses develop, mature, and order connections three-dimensionally
in circuits remain fundamental questions in neuroscience.
Further, a better understanding of synaptic development can
inform our understanding of perturbations in neurodevelopmen-
tal and neurodegenerative disease conditions.?

To understand how synapses function and form, we must
distinguish, image, manipulate, and target both pre- and post-
synaptic regions during development with cell-type specificity.
Historically, peripheral synapses like the neuromuscular junction
(NMJ)>* have been powerful systems for studying synaptic cell
biology because these synapses are large, experimentally
accessible, and have readily separable pre- and postsynaptic
terminals as a result of their size and organization. This allows
the use of antibodies to study synaptic biology with the caveat
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that they cannot conclusively distinguish between pools of a
particular protein at the pre- or postsynapse. In the central
nervous system (CNS), however, the added density of synaptic
connections, the increase in neuronal diversity, and the proximity
of pre- and postsynaptic terminals precludes the use of anti-
bodies to perform high-resolution cell-type-specific analyses
in vivo.® To date, though, a considerable body of ultrastructural,
biochemical, and proteomic studies identified many principle
proteins that comprise vertebrate and invertebrate synapses.®’
These studies enabled the creation of genetically encoded re-
agents aimed at labeling specific synaptic proteins that, when
combined with binary expression systems or viral-mediated
delivery, enable cell-type specificity for studying circuits.” The
presynaptic proteome has validated many previously identified
components of the active zone, a site specialized for NT release,
adding to a growing set of conserved immunohistochemical re-
agents.®>'? In Drosophila, the protein Bruchpilot,”® a highly
conserved ortholog of vertebrate CAZ-associated structural pro-
tein (CAST),"" is widely used as a presynaptic marker; various
genetically encoded Bruchpilot-based constructs label the
endogenous active zone without interfering in function, enabling
presynaptic study in distinct neuronal populations with cell-type
specificity.>'* 2% Studies using Bruchpilot are routinely com-
plemented by strategies to visualize synaptic vesicles and other
trafficking or presynaptic components.®?4-2°

In contrast, fewer strategies exist to generally label endoge-
nous postsynaptic sites in a cell-type-specific manner without
overexpression caveats because of unique challenges. Excit-
atory and inhibitory neurotransmission utilize similar presynaptic
machinery®” while employing different vesicular transporters —
for example, glutamate transporters for excitatory neurotrans-
mission and +y-aminobutryic acid (GABA) transporters for
inhibitory neurotransmission. Therefore, presynaptic labeling
strategies that visualize release-site machinery capture both
excitatory and inhibitory synapses. Postsynaptic labeling is
more challenging because excitatory and inhibitory receptors
are not shared. Indeed, each NT has a fundamentally distinct re-
ceptor so even within one class of neurotransmission (excitatory
vs. inhibitory), strategies that label one receptor necessarily omit
others. There is a strong need for general cell-type-specific excit-
atory and inhibitory postsynaptic labels. Further, such labels
should be cell-type specific to visualize postsynaptic terminals
in a select class of cells, circumventing the issue of increased
density in the CNS.

Excitatory postsynapses are marked by an electron-dense
structure called the postsynaptic density (PSD) adjacent to
presynaptic active zones.?® The vertebrate PSD has been exten-
sively characterized®® and is densely packed with NT recep-
tors, signaling molecules, and PSD-95, an abundant scaffolding
protein.>®* PSD-95 interacts with several PSD components as
an organizing scaffold.®* In Drosophila, the PSD-95 orthologue®®
discslarge1 (dlg1)is well studied at peripheral synapses as a label
of excitatory postsynaptic NMJs**¢ with diverse roles. DLG1/
PSD95 are highly conserved and extensively used as immunohis-
tochemical markers to study synaptic development and function.
In Drosophila, DLG1 labeling has been crucial®” for nervous sys-
tem study, but antibody-based methods lack the specificity
required to examine synaptic connections in select cells or to
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map neuronal circuits; antibody-based approaches necessarily
label all instances of a protein and fail to separate contributions
from different cells, especially in the CNS, because of increased
synaptic density. Strategies for general cell-type-specific
postsynaptic labeling have lagged behind those for presynaptic
labeling because DLG1/PSD-95 overexpression can alter basal
synaptic development, structure, and function.*®*? Although
this approach yielded considerable information about PSD-95
function and binding partners, it precludes examining basal syn-
aptic function and development. An optimal labeling strategy
would allow DLG1/PSD-95 to be expressed at endogenous levels
with only cell-type-specific labeling. In recent years, a number of
approaches to study postsynaptic proteins using endogenous
levels in sparse populations of neurons based on intrabody bind-
ing*®> and CRISPR/Cas9 modification**® enabled cell-type-
specific visualization of proteins such as PSD-95. The advantage
of such sparse labeling, however, is also a disadvantage because
it does not allow for labeling of all the proteins contributed by a
class of neurons. A strategy is also needed to label postsynaptic
proteins in all neurons of a single class, at their endogenous
levels, to assess contributions of all cells of interest to a circuit
rather than a portion. Conditional labeling in Drosophila fills
some of this need using recombineering,”’ FlpTag to condition-
ally label specific proteins®’ in cells where exogenous flippase
(FLP) recombinase is provided, or reconstituted green fluores-
cent protein (GFP) labeling*®*° using split GFP to label
CRISPR-modified genes. To date, though, such strategies have
labeled select postsynaptic receptors and not general postsy-
napses, limiting the broad applicability of these tools.

To develop a cell-type-specific endogenous label that gener-
ally encompasses excitatory postsynapses, we CRISPR-modi-
fied the Drosophila dig1 locus. This strategy uses FLP recombi-
nation to introduce an epitope tag at the C terminus of the DLG1
protein while maintaining endogenous protein levels. Binary
expression systems conditionally provide FLP recombinase in
a defined subset of cells to label endogenous DLG1 in a cell-
type-specific manner. We applied this approach, dlg1/4K], to
examine synaptic architecture at the peripheral NMJ and at cen-
tral neuron synapses in the olfactory and visual systems. We
demonstrate robust epitope signal at multiple classes of synap-
ses, utility with major Drosophila binary expression systems, and
functionality for simultaneous pre- and postsynaptic labeling
using multiple expression systems concurrently. Finally, we
use dlg1[4K] to reveal previously unappreciated synaptic archi-
tecture and three-dimensional organization of DLG1 at central
and peripheral synapses. We anticipate this strategy will be
applicable at most, if not all, excitatory Drosophila synapses
and provide an additional, generalized strategy for cell-type-
specific labeling of synaptic proteins.

RESULTS

Rationale and design of a knockin at the dig1 locus

The absence of a general, cell-type-specific postsynaptic label
has stymied progress in studying synaptic organization in
Drosophila. To overcome the lack of such a marker, we targeted
the dig1 locus, which encodes the fly homolog of PSD-95, a
postsynaptic scaffolding molecule in most classes of excitatory
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Figure 1. Strategy for engineering a conditionally inducible V5 epitope tag at the dig7 locus

(A) Map of the dlg7 genomic locus with transcript dlg7-RB depicted; integration was directed to the distal-most stop codon (asterisk).

(B) Schematic of donor construct built into a plasmid backbone with two 500-bp dlg7 homology arms flanking the FRT-STOP-FRT cassette and a V5 epitope tag.
A DsRed cassette flanked by piggyBac transposon inverted repeats (brown arrows) for scarless excision is inserted within the FRT-STOP-FRT sequence.

(C) Representation of the dlg1 locus knock-in after scarless excision of DsRed cassette.

(D) Schematic of the translated DLG1 product in the absence of FLP recombinase. DLG1 translation via the endogenous promoter without FLP present produces
a DLG1 product with 12 additional amino acids (because of the FRT site) but lacking the last four DLG1 amino acids and the V5 epitope tag.

(E) Schematic of the translated product after a FLP-out event shows DLG1 reading in frame through the FRT sequence and into the V5 tag. This results in a
product with 54 amino acids added to DLG1 (because of the FRT site) and the V5 epitope tag.

neurons.*>*%*" Drosophila DLG1 belongs to the matrix-associ-
ated guanylate kinase (MAGUK) family of proteins and is en-
coded by a genomic region that spans ~40 kB and produces
21 annotated transcript isoforms using alternative promoters
with start and stop codons that can produce non-overlapping
proteins®®°® (Figure S1). The largest DLG1 isoform includes
four protein-protein interaction motifs (L27, PDZ, SH3, and GK)
that mediate diverse protein-protein interactions.**~>" The single
fly dig1 gene is highly conserved across species with five human
digi-related genes. DLG1 plays essential roles in neuronal
function,%>? planar epithelial cell polarity, and cell-to-cell adhe-
sion via septate junctions®>°%°° and may also promote vesicle
function.®®

We designed a strategy to conditionally label DLG1 in cells of
interest at endogenous levels and avoid artifacts from DLG1
overexpression (Figure 1). To do so, we took advantage of
FLP/FRT recombination®’ and specifically, the FRT-STOP-FRT
cassette.® This strategy places a transcriptional stop sequence
between two flippase recognition target (FRT) recombination
sites, resulting in translational readthrough of multiple stop co-
dons. In the absence of FLP recombinase, the ribosome will
readthrough the first FRT site and halt transcription at the stop
sequence.®®®* In the presence of FLP, site-specific recombina-

tion occurs between the FRT sites, removing the stop sequence
and allowing continued readthrough of the open reading frame
(ORF). We placed a V5 epitope tag immediately following the
FRT-STOP-FRT sequence (FRT-STOP-FRT-V5) so that in the
presence of FLP, a V5 tag would be expressed (Figure 1B). We
reasoned that, based on the exonic structure of dig7, inserting
this cassette immediately upstream of the most 3’ stop codon
would result in a modified dlg7 ORF (Figure 1C): in the absence
of FLP, the ORF would encode an untagged, full-length protein
(Figure 1D), and in the presence of FLP, would encode a V5-
tagged full-length protein (Figure 1E), both under endogenous
promoter control (Figure 1). Thus, cell-type-specific DLG1 label-
ing could be achieved by providing FLP only in select cells; a
selected driver line (via GAL4, lexA, QF) expressing FLP would
remove the stop cassette resulting in DLG1 protein translated
in frame with a V5-tag expressed under the control of its endog-
enous promoter only in those cells expressing FLP (Figure 1E).

To make dlg7-FRT-STOP-FRT-V5, we used CRISPR-Cas9
genomic engineering with homology-directed repair®>®° and
edited the dlg7 locus with a conditional FLP-mediated epitope
tag at the most distal stop codon (Figure S1). The construct
design uses a FLP-out strategy®*®* with a transcriptional stop
cassette flanked by tandem minimal FRT sites®” that we
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modified by adding the sequence encoding a V5-epitope imme-
diately following the FRT-STOP-FRT cassette and then finally by
adding two flanking 500-bp homology arms encoding dig1
sequence at the 5’ and 3’ ends (Figure 1B). A single nucleotide
(C) was added between the left homology arm and the 5 FRT
to maintain the reading frame; in the absence of FLP, 12 residues
(from the FRT sequence) are added to the DLG1 protein (Fig-
ure 1D). A UAA stop codon was also engineered directly after
the FRT sequence. We further inserted a 3xP3-DsRed marker
flanked by piggyBac transposon sites within the transcriptional
stop sequence to provide a marker (red fluorescence in the
eye) that could be scored visually (Figure 1B). In the presence
of a FLP-out event, 12 amino acids from the FRT site plus four
additional DLG1 residues between the FRT site and the V5
epitope are included in the ORF (Figure 1E). Following the V5
epitope, the endogenous stop codon and 3’ UTR for DLG1 are
retained, ensuring cessation of the ORF via its native stop
sequence.

We used digi-specific guide RNAs (gRNAs) via germline
transformation to introduce this construct into the Drosophila
genome.®>%%5% The resultant flies were crossed to a piggyBac
transposase source’’ to remove the 3xP3-DsRed label in a
“scarless” fashion, resulting in the final FRT-STOP-FRT-V5
construct within the dlg7 locus. This line was termed dlg1[4K]
and used for all subsequent experiments. Flies bearing the
inserted sequence with the 3xP3-DsRed removed were homozy-
gous viable and fertile, suggesting this manipulation of the dlg7
locus did not preclude the essential gene function.®* In all exper-
iments, FLP events with dig7/4K] did not influence viability
(Table S3), neuronal and synaptic structure (Figure S2), develop-
mental timing, or adult locomotion (Figure S2), indicating that
manipulations do not interfere with endogenous DLG1 function.
Thus, the dlg7 locus is amenable to genomic manipulation to
produce a conditional, FLP-inducible epitope tag for cell-type-
specific labeling.

Muscle-induced dig1[4K] labels the NMJ and co-
localizes with endogenous Dig1

To test cell-type-specific labeling using dlg1[4K], we first turned
to the larval NMJ, a widely used and readily tractable model for
studying synaptic development and architecture.”’ Each
segment of the third instar larva contains a repeated pattern of
body wall muscles innervated by motor neurons with stereo-
typed projections of strings of synaptic boutons.””> DLG1 is
notably expressed at the NMJ, where it functions in postsynaptic
organization, maturation, and development.®¢":°27%74 DL G1
labels the synaptic region immediately surrounding the
presynaptic membrane but does not extend completely into
the cytoskeletal shell surrounding the bouton.*®">~"® Although
commonly used as a postsynaptic marker, there is genetic evi-
dence DLG1 can function presynaptically at NMJs,5:°%7*
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although the majority of its functions are postsynaptic. Antisera
against DLG1 are thus commonly used to study NMJ develop-
ment. Further, due to the structure of the NMJ, there is ready
separation between pre- and postsynaptic compartments
allowing for high-resolution imaging. Therefore, we reasoned
that inducing dlg1[4K] labeling in larval muscles should recapit-
ulate DLG1 NMJ immunostaining.

We first utilized GAL4, QF, or lexA driven via the Mef2 (Mef2-
GAL4, Mef2-lexA, or Mef2-QF2) promoter’® to express the FLP
recombinase (via UAS-FLP, lexA-op-FLP, or QUAS-FLP) in all
muscles. When done in the background of the dlg7[4K] insertion,
this removed the FRT-STOP-FRT cassette only in muscles
where FLP was provided, enabling DLG1 to be labeled with the
V5 tag. We stained the resultant larvae with antibodies to V5, an-
tibodies to endogenous DLG1 to label postsynaptic DLG1, and
antibodies to horseradish peroxidase (HRP)®° to label presynap-
tic motoneurons. In non-expressing controls (containing a FLP
transgene and the dlg1[4K] insertion), we observed robust label-
ing with DLG1 and HRP, as expected, but did not observe spe-
cific V5 staining above background (Figures 2A, 2C, and 2E).
When FLP was expressed in postsynaptic muscles using the
respective drivers, we observed robust V5 staining that colocal-
ized precisely with DLG1 staining, suggesting the same pool of
DLG was recognized by both V5 and DLG1 antisera (Figures
2B, 2D, and 2F). The epitope tag labeling recapitulates the
endogenous staining pattern providing proof of principle.
Further, this indicates that expression of dig1[4K] is specific to
cells bearing FLP expression (here supplied by a binary expres-
sion system driver). We validated these results with an indepen-
dent driver that also expresses GAL4 in all muscles (24B-Gal4;
Figure S3). One important caveat involves our finding that pan-
muscle expression of FLP via QF2%" was essentially lethal, with
rare escaper genotypes (imaged in Figure 2F). We quantified
larval lethality using Mef2-QF2-driven expression of three
different QUAS-FLP lines; all combinations showed similar re-
sults (Table S2). We also determined that Mef2-QF2 in combina-
tion with dlg1[4K] (no QUAS-FLP) showed no abnormal lethality,
suggesting that the combination of Mef2-QF2 and QUAS-FLP is
specifically causing the observed lethality. This is likely a partic-
ular case to Mef2-QF2 as we have successfully used QUAS-FLP
with other Q system drivers (see Figure 3D).

Because expression of dig1[4K] showed precise co-localiza-
tion with endogenous DLG1 when FLP was supplied in all mus-
cles, we next sought to separate the two signals within the same
animal using drivers where GAL4 is expressed in only select
muscles. We used the BG487-GAL4 line to express FLP in a
restricted subset of larval NMJs in the anterior-most segments.*®
We observed co-localization of the V5 epitope and endogenous
DLG1 only in those muscles expressing FLP, whereas adjacent
NMJs that lacked expression of FLP were recognized only by
antisera to endogenous DLG1 (Figure 2G). Thus, dlg1[4K]

(H) Western blot analysis of larval lysates from multiple genotypes demonstrating immunoreactivity of endogenous DLG1 and the V5 epitope. Tubulin is used as a

loading control.

(I and J) Representative confocal images of multiple genotypes stained with antibodies to DLG1-V5 (green), dsRed (red, to recognize Brp-Short-mStraw), and
HRP (blue). Pan-neuronal QF2 labels motoneurons, whereas DLG1-V5 is present in the muscle only when both a muscle GAL4 source and UAS-FLP are

combined.
Scale bars, 10 um.
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Figure 3. Cell-type-specific labeling of DLG1 in larval neurons using dig1[4K]

(A-D) Representative confocal images of larval ventral nerve cords stained with antibodies to DLG1-V5 (green, A-D), Brp (red, A and B), CSP (red, C and D), and
HRP (A-D). In the absence of a GAL4 (A) or QF (C) driver, FLP cannot catalyze the recombination event in dig1[4K], and no V5 labeling is observed. When the driver
is present to express FLP pan-neuronally (B and D), robust V5 labeling consistent with postsynapses is observed. Scale bars, 20 um.

successfully labels DLG1 only in the precise cellular pattern
where FLP is supplied.

We also sought to determine if any “leaky” expression of the
V5 epitope could be observed in the absence of FLP. Using a
pan-muscle GAL4 driver, we systematically eliminated the driver
and/or FLP components (Figure S3). This test for “leaky” expres-
sion showed that dlg1[4K] alone, or dlg1[4K] with UAS-FLP (but
no GAL4), displayed no observable «-V5 staining above back-
ground (Figures S3A and S3B). We validated these results
using Western blot analysis of analogous larval lysates (Fig-
ure 2H). In each case, V5 expression was observed only when
FLP was actively expressed in muscles and not in any GAL4-

6 Cell Reports Methods 3, 100477, May 22, 2023

or UAS-only controls (Figure 2H). This indicates that there is little
to no leaky expression associated with dlg71/4K], and that label-
ing is tightly coupled to the presence or absence of FLP
recombinase.

The above experiments validated dlg1/4K] using a single binary
expression system. However, it is often advantageous to use mul-
tiple binary expression systems simultaneously to manipulate one
cell type and label a second or to label two cell types in tandem.
Therefore, we sought to determine whether dlg 7/4K] could specif-
ically label NMJ postsynapses while using a second binary expres-
sion system to concurrently label presynapses. We combined the
GAL4 and QF systems to label the post- and presynaptic NMJs,
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respectively. We used a pan-neuronal synaptojanin-QF driver®? to
express QUAS-Brp-Short-mStraw,'© a presynaptic active zone la-
bel, in NMJ motoneurons. Simultaneously, we used the pan-mus-
cle driver 24B-GAL4 to drive UAS-FLP expression in muscle cells,
along with dig1[4K] to label only postsynaptic muscle DLG1 at the
NMJ. Inthe absence of GAL4 (Figure 21), we did not observe DLG1-
V5 labeling as expected, although QF-driven labeling of Brp-Short
was evident (Figure 2I). However, in the presence of GAL4, there
was clear DLG1-V5 labeling that was postsynaptic to QF-driven
Brp-Short (Figure 2J). Larval NMJs showed apposition as ex-
pected from established pre- and postsynaptic localization (Fig-
ure 2J). Importantly, the two staining patterns did not overlap, sug-
gesting that using both binary expression systems simultaneously
did not sacrifice the cell-type-specific expression aspects of each
system. This experiment demonstrates the utility of combining bi-
nary expression systems with dlg7/4K] in concert with a wide range
of responders to label multiple cell types simultaneously. Taken
together, the results suggest dlg1[4K] is a highly efficient, condi-
tional label of endogenous DLG1 with minimal leak and indicate
that dlg1[4K] can be successfully used to label DLG1 in vivo via
its endogenous promoter.

dig1[4K] labels synaptic regions in the larval CNS

Because dlg1[4K] works as a postsynaptic marker at the NMJ us-
ing muscle-specific drivers to express FLP recombinase, we next
sought to extend the functionality of this tool to the larval CNS. We
specifically examined the larval ventral nerve cord (VNC) because
the VNC center contains a neuropil-rich region containing inter-
neuron, motoneuron, and other sensory neuron synapses. To
visualize VNC dlg1[4K] expression, we used pan-neuronal
GAL4%® or QF®? driver lines to express FLP in all neurons via
respective UAS- or QUAS-FLP transgenes (Figures 3A-3D). In
both cases, we observed robust V5 epitope tag staining only
when FLP was present (Figures 3B and 3D) and absent in controls
without FLP (Figures 3A and 3C), demonstrating that V5 expres-
sion was tightly linked to the presence of FLP. V5 staining was
visible in the VNC neuropil and largely excluded from the cortex,
indicating that DLG1-V5 staining was evident in the synapse-rich
region and not the cell body region, as expected for a synaptic
marker. DLG1-V5 expression was also consistent with previous
work showing DLG1 staining in the VNC.*® Moreover, DLG1-V5
staining showed regional (but not precise) co-localization with
presynaptic markers Brp or Cysteine String Protein (CSP), sug-
gesting the two were apposed markers, which is consistent
with DLG1 acting largely as a postsynaptic label. Although we
cannot rule out a presynaptic DLG1 contribution at this resolu-
tion, the staining is consistent with DLG1-V5 localization at the
synapse and accurately recapitulates endogenous DLG1 stain-
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ing, demonstrating the utility of dig7[/4K] as a conditionally induc-
ible central synapse label.

dig1[4K] labels postsynaptic regions in olfactory
neurons of the adult CNS

We next sought to examine the utility of dlg7/4K] in the adult
Drosophila CNS and turned first to the olfactory system. The
Drosophila antennal lobe (AL) is a complex, yet tractable sensory
circuit representing the first-order processing center in the fly
brain for olfactory information and is a useful genetic model for
studying wiring decisions®® and synapse development with
high resolution.>'®'” Three major classes of neurons comprise
the AL: olfactory receptor neurons (ORNSs), projection neurons
(PNs), and local interneurons (LNs). ORNs are the first-order neu-
rons that convey olfactory information from the outside environ-
ment via axons that project to the AL. In the AL, ORNs synapse
onto PNs and LNs in ~50 sub-regions called glomeruli. The PNs
are second-order neurons that receive signal from the ORNs and
convey that information to higher-order olfactory processing
centers in the brain. The LNs remain the least studied of the three
AL neuron classes but are widely thought to mediate gain control
and inter-glomerular communication.®>"®° Because of the trac-
table connectivity of these classes of neurons, the ease of
high-resolution imaging, and the clear repertoire of behavioral
connections to understanding AL synaptic biology, it is a power-
ful system for understanding synaptic development, function,
and organization.® To date, the synaptic organization of the AL
has largely been studied using presynaptic markers such as
Brp-Short,’®"” but study of postsynaptic organization has
lagged behind because of a dearth of tools.”

In the AL, a sizable portion of postsynaptic terminals represent
ORN axon terminals projecting onto PN dendrites. Therefore, we
first tested dlg7[4K] using PNs and specifically, GH146-GAL4,
which drives expression in two-thirds of AL PNs.?° Endogenous
DLG1 immunoreactivity recognizes the entire AL (Figure 4A), but
in the absence of GAL4-driven FLP, no V5 immunoreactivity is
observed, consistent with the tight control of dlg7/4K] activity
without recombination. However, when FLP is provided in PNs
using GH146-GAL4,°" we observed V5 immunoreactivity that
directly overlapped with most endogenous DLG1 staining (Fig-
ure 4B), suggesting dlg1[/4K] successfully recapitulates DLG1
expression in PNs. Importantly, there was not complete overlap,
because the DLG1 antibody recognizes all contributions of
DLG1, whereas FLP catalyzes recombination only in GH146-
positive PNs. Such contributions could be from other pop-
ulations, including LNs, other PNs, and neuromodulatory neu-
rons, '8:8%:92:9% put may also be representative of DLG1 in septate
junctions and/or glia. We observed comparable results when

(C and D) Representative confocal images of adult antennal lobes of multiple genotypes stained with antibodies to Brp (green), DLG1-V5 (red), and N-Cadherin

(blue).

(E and F) Representative confocal images of adult antennal lobes expressing Brp-Short in presynaptic DA1T ORNs and FLP-driven DLG1-V5 expression in DA1
and VA1d PNs and stained with antibodies to DsRed (green, Brp-Short-mStraw), V5 (red, DLG1-V5), and N-Cadherin (blue). Presynaptic active zones in DA1
ORN:Ss are labeled via the QF system, and DLG1-V5 labels postsynapses in DA1 PNs via the GAL4 system (F). In the absence of GAL4, only QF-driven expression

is visible (E).

(As, Bs, Cs, Ds, and Es) Higher magnifications of the areas within the stippled boxes (shownin A4 B4, C4, D4, and E4) providing more detailed resolution of synaptic

labeling.
Scale bar, 10 pm.
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Figure 5. A quantitative analysis of postsynaptic DLG1 puncta for PNs and LNs in the DA1 glomerulus using dig1[4K]
(A) Schematic of the Drosophila antennal lobes showing presynaptic ORNs (orange) and postsynaptic PNs (magenta) in the DA1 glomerulus.
(B) Representative confocal maximum projections of DA1 ORNs expressing Brp-Short-mStraw and DA1 PNs expressing DLG1-V5 and stained with antibodies
against mStraw (red), V5 (green), and N-Cadherin (blue).
(C) Single, high-magnification optical sections of the DA1 ORNs and PNs from (B).
(D) Quantification of Brp-Short-mStraw puncta for ORNs and DLG1-V5 puncta for PNs.
(E) Cumulative frequency histogram of the nearest-neighbor distance between DLG1-V5 puncta in DA1 PNs. The average NND (n) and Cluster % of puncta are
indicated. Gray traces represent individual glomeruli, and the green trace represents the aggregate average.
(F) Schematic of the Drosophila antennal lobes showing presynaptic ORNs (orange) and postsynaptic LNs (blue) in the DA1 glomerulus.
(G and H) Representative confocal image stacks and corresponding single, high-magnification sections of DA1 ORNs expressing Brp-Short-mStraw and
multiglomerular LNs in the DA1 glomerulus expressing DLG1-V5 and stained with antibodies as in (B) and (C).
(I) Quantification of Brp-Short-mStraw puncta for ORNs and DLG1-V5 puncta for LNs.
(legend continued on next page)

Cell Reports Methods 3, 100477, May 22, 2023 9



¢ CellPress

OPEN ACCESS

co-staining with antibodies against Brp, a presynaptic active
zone marker (Figures 4C and 4D). Importantly, there was little
overlap between Brp and V5 staining in GH146-positive PNs
when FLP was present; rather, the two signals were apposed
(Figure 4D), as expected for pre- and postsynaptic markers.
This again suggests dlg1[4K] successfully recapitulates endoge-
nous DLG1 expression, and that most DLG1 in PNs is
postsynaptic.

We next wanted to determine whether we could use dlg1[4K]
in concert with a cell-type-specific presynaptic label to label the
pre- and postsynapses of two different cells simultaneously. We
expressed QUAS-Brp-Short using the Or67d-QF driver® to visu-
alize presynaptic active zones in Or67d-positive ORNs that
innervate the DA1 glomerulus.®®°® In the same brain, we labeled
the PNs that are postsynaptic to Or67d-positive ORNs using the
Mz19-GAL4 driver®” in concert with UAS-FLP and dlg7/4K]. In
the absence of GAL4 (Figure 4E), only QF-driven Brp-Short
was evident; however, when Mz19-GAL4-supplied FLP was pre-
sent, we observed DLG1 labeling only in Mz19-positive PNs that
innervate the DA1 and VA1d glomeruli (Figure 4F). The Mz19-PN
DLG1-V5 staining was closely apposed to Or67d-ORN Brp-
Short immunoreactivity, indicating that dig7/4K] successfully
labeled postsynaptic regions. Further, this experiment indicated
that multiple binary expression systems could be utilized in the
same brain to label the pre- and postsynapses of two different
cells simultaneously, and that dig7/4K] is suitable for labeling
adult brain postsynaptic regions with high fidelity compared
with endogenous DLG1.

Quantitative analysis of postsynaptic puncta in the AL
with dIg1[4K] reveals cell-type-specific patterns of
synaptic organization

Distinct and stereotyped rules govern the three-dimensional pre-
synaptic organization of AL neurons.”'>~'"**> Some studies have
examined postsynaptic architecture using tagged acetylcholine
receptors such as Da7-GFP,'®'"192298 Kt these analyses
were limited to one class of postsynaptic terminal and then
only a subset of that class (those containing Da.7 subunits). Given
our findings (Figure 4F) that multiple binary expression systems
enabled the concurrent imaging of pre- and postsynaptic sites
by combining Brp-Short and dig1/4K], we next used dlg1[4K]
to assess general excitatory postsynaptic organization in
different classes of AL neurons. Historically, the most well-stud-
ied connection in the AL is between ORNs and PNs. However,
there is also considerable connectivity between ORNs and
LNs, as well as between LNs and PNs.®>997192 We focused on
the DA1 glomerulus in the AL because there is ready genetic ac-
cess to the ORNs, "% PNs,®”"'%® and multiglomerular LNs®° that
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innervate DA1; we used combinations of GAL4 and QF drivers
with Brp-Short (for presynaptic labeling) and dig1[4K] (for
postsynaptic labeling) to concurrently examine synaptic organi-
zation. Specifically, we examined three different pairs of cells
representing ORN-PN (using Or67d-QF and Mz19-GAL4),
ORN-LN (using Or67d-QF and NP3056-GAL4), and PN-LN syn-
apses (using Mz19-QF and NP3056-GAL4), and we quantified
the number of Brp-Short and DLG1-V5 puncta in each condition.
We also mapped the three-dimensional organization of each
species of puncta using nearest-neighbor distance (NND) and
cluster analyses'® and assessed synaptic apposition.

When we visualized ORN presynapses and PN postsynapses
in DA1 (Figures 5A-5C), we observed clear apposition between
presynaptic Brp-Short puncta and postsynaptic DLG1-V5
puncta (Figures 5B and 5C), as predicted. We subsequently
quantified DLG1-V5 puncta in DA1 (Figure 5D) and on average,
DA1 PNs contain 838 + 23 DLG1 puncta, which was slightly
less than the number of Brp-Short puncta quantified within
DA1 ORNs (Figure 5D). This is consistent with connectivity pat-
terns as multiple presynapses form onto a single postsynapse
at ORN-PN connections.'®9%192:194 \When we compared these
results with other combinations of connections (ORN presynap-
ses with LN postsynapses or PN presynapses with LN postsy-
napses), we found that PNs represent the predominant contribu-
tion of postsynaptic puncta within DA1, with PN postsynapses
on average representing nearly double (838 + 23 PN DLG1-V5
puncta compared with 495 + 28 LN DLG1 puncta for ORN-LN
and 421 + 16 LN DLG1 puncta for PN-LN) that of LN postsynap-
ses (Figures 5D, 5, and 5N).

We also examined the three-dimensional organization of
DLG1-V5 puncta in PNs and LNs using NND and clustering ana-
lyses as active zones in ORNs, PNs, and LNs, each displaying
stereotyped distinct clustering and NND values.'® Interestingly,
we observed a similar organization for postsynaptic DLG1-V5
puncta (Figures 5E, 5J, and 50). PNs displayed an NND of
0.98 + 0.40 um with 21% of the total puncta clustered together
(Figure 5E). This was stereotyped across multiple brains. LNs
possessed an NND of 1.15 + 0.15 pm with 16% clustered puncta
(Figure 5J) or 1.16 = 0.53 um with 17% clustered puncta (Fig-
ure 50). There was also notable stereotypy from brain to brain,
similar to what we observed with PN puncta.

Concurrent Brp and DLG1 labeling in connected neuronal
populations provides a unique opportunity to visualize synaptic
apposition, itself a key step in development and matura-
tion,'%>1%¢ and allows quantitative assessment of pre- to post-
synaptic connectivity. We reasoned that apposed Brp-Short
and DLG1-V5 puncta would be within a short distance of one
another when expressed in connected pre- and postsynaptic

(J) Cumulative frequency histogram of the nearest-neighbor distance between DLG1-V5 puncta in multiglomerular LNs in DA1, including the average () and the
cluster %. Traces represent individual glomeruli (gray) or the aggregate average (green).

(K) Schematic of the Drosophila antennal lobes showing presynaptic PNs (magenta) and postsynaptic LNs (blue) in the DA1 glomerulus.

(L and M) Representative confocal image stacks and corresponding single optical sections of DA1 PNs expressing Brp-Short-mStraw and multiglomerular LNs in
the DA1 glomerulus expressing DLG1-V5 and stained with antibodies as in (B) and (C).

(N) Quantification of Brp-Short-mStraw puncta for PNs and DLG1-V5 puncta for LNs.

(O) Cumulative frequency histogram of the nearest-neighbor distance between DLG1-V5 puncta in the multiglomerular LNs from (L) and (M), including the average
(n) and the cluster %. Traces represent individual glomeruli (gray) or the aggregate average (green), as previously described.

For all conditions, n > 6 glomeruli from three brains, and 900 (E), 675 (J), or 450 (O) individual puncta. Scale bars, 5 pm.
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partners, respectively. To assess this, we examined ORN-PN,
ORN-LN, and PN-LN synapses as above and quantified apposi-
tion as the shortest distance (Figure S4A) between DLG1-V5
puncta and Brp-Short puncta. We defined apposed puncta as
being 1 um or less in distance between each other (Fig-
ure S4B-F). When the number of apposed puncta is divided by
the total number of DLG1-V5 puncta, we can determine the
percent of DLG1-V5 puncta apposed to Brp-Short puncta for a
prescribed pair of connected neurons. We found that 50% of
PN DLG1-V5 puncta were apposed to ORN Brp-Short puncta
(Figures 5B and 5C; Figure S4G), while similarly, the PN-LN
pair had 54% apposition between puncta (Figures 5L and 5M;
Figure S4G). Intriguingly, the ORN-LN pair had the least apposi-
tion compared with the other pairs (26% apposed; Figures 5G
and 5H; Figure S4G), which is reflective of connectivity findings
from electron microscopy (EM) reconstructions and the CNS
connectome.®® 192 | gl|, these data indicate that dig7/4K]
can quantitatively assess postsynaptic organization in multiple
classes of neurons and quantify connectivity and apposition
when coupled with presynaptic labeling in a cognate neuronal
connection. Moreover, we find that, like presynaptic active
zones,'® distinct rules govern three-dimensional postsynaptic
organization. This indicates dlg7[4K] can be used similarly to
Brp-Short® for quantitative assays of synaptic organization and
development.

dig1[4K] labels postsynaptic apposition at R7-DM8
synapses in the visual system

As a parallel to the olfactory system and to demonstrate wider
versatility of dlg1[4K] in the adult CNS, we next examined post-
synaptic expression and localization in the Drosophila visual sys-
tem. In flies, visual system anatomy and organization have been
extensively examined,'®”""" leading to a rich understanding of
pre- and postsynaptic connectivity. Based on this connectivity,
we reasoned that the visual system would provide significant op-
portunities to visualize dendritic terminals that are more likely to
be purely postsynaptic, enabling clear visualization of DLG1. We
screened multiple visual system GAL4 drivers using dlg1[/4K] and
observed no immunoreactivity in the absence of GAL4-driven
FLP (Figures 6A and 6E) and strong V5 immunoreactivity in the
lobule and lobula plate via VT32906-GAL4 (Figure 6B) and in
several layers of the medulla (Figure 6C) via Dpr Interacting Pro-
tein-v (DIP-v)-GALA4. DIP proteins interact with defective probos-
cis extension response (Dpr) proteins as cell surface molecules
that regulate neural connectivity.''®""®> We focused on DIP-
v-GAL4 because it expresses in DM8 neurons''®™'"'° that are
postsynaptic to R7 photoreceptor axons.'%® The R7-DM8 syn-
apse in the visual system is analogous to ORN-PN synapses in
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the olfactory system as a primary sensory neuron synapsing
onto a second-order PN. To determine whether we could use
dig1[4K] to visualize DM8 postsynapses in apposition to R7
photoreceptor connections, we expressed UAS-FLP using
DIP-v-GAL4 in the presence of dlg1[4K] and stained for condi-
tionally labeled DLG1-V5 along with Chaoptin, a marker of pre-
synaptic R7 photoreceptor cells.”'® We predicted that postsyn-
aptic DM8 dendrites conditionally labeled with dlg7[4K] should
show V5 signal in direct apposition to R7 axon terminals labeled
with Chaoptin.”"*""” Conditionally expressing DLG1-V5 in the
optic lobe with DIP-y-GAL4 and co-staining with a monoclonal
antibody to Chaoptin protein (Figure 6F) showed significant
expression of DLG1-V5 in the M6 layer (Figure 6F) and close
apposition of R7 axon terminals and DM8 dendrites (Figure 6F),
consistent with expected anatomy.''® Importantly, the Chaoptin
and DLG1-V5 signals were completely apposed and not overlap-
ping, suggesting pre- to postsynaptic connectivity without con-
founding connectivity that could be present in neurites that
contain both pre- and postsynaptic regions. Thus, dlig1/4K] is
additionally a useful label for marking postsynaptic connectivity
in visual optic neuropils.

dig1[4K] can visualize a presynaptic DLG1 contribution
at the NMJ

Our evidence suggests dlg1[4K] has marked utility as a postsyn-
aptic label in the central and peripheral nervous systems, even
when expressed in central neurons with pre- and postsynaptic
specializations in close proximity. However, some evidence sug-
gests that DLG1 may also function presynaptically at Drosophila
NMJ synapses and in some aspects of mammalian synaptic
function.®°>"+11® How DLG1 functions presynaptically remains
unclear; thus far only genetic evidence has suggested a role for
presynaptic DLG1 in regulating the development of the muscle
subsynaptic reticulum (SSR).*° Presynaptic DLG1 at the NMJ
has been neither imaged in isolation nor separated from the pre-
dominant contribution of postsynaptic DLG1.

To determine whether dig1[4K] could be used to visualize pre-
synaptic DLG1 at peripheral synapses, we expressed FLP re-
combinase in all neurons®® in dlg7/4K] larvae and imaged NMJ
boutons. In the absence of GAL4, we observed no DLG1-V5
staining (Figure 7A). However, when GAL4 was present to cata-
lyze FLP recombination, we observed robust DLG1-V5 staining
restricted to presynaptic boutons (Figure 7B). High-magnification
imaging of synaptic boutons showed that DLG1-V5 staining was
contained in neuronal structures but did not correspond to a sin-
gular pattern; DLG1-V5 immunoreactivity was concentrated in
and filled synaptic boutons, coincident with, but not completely
overlapping, CSP and HRP immunoreactivity, which recognizes

Figure 6. Conditionally tagged DLG1 labels postsynaptic regions in the visual system
(A-C) Representative confocal images of adult optic lobes stained with antibodies to DLG1-V5 (green) and endogenous Bruchpilot (red). In the absence of GAL4
(A), no dlg1[4K] expression is evident. When FLP is provided in visual system neurons via VT32906-GAL4 (B) or DIP-y-GAL4 (C) expression, DLG1-V5 immu-

noreactivity is observed in distinct patterns throughout the optic lobe.

(D) Schematic representing the relationship between R7 photoreceptor axons (red) and postsynaptic dendritic arbors of DM8 neurons (green), indicating contact

in the M6 layer of the medulla.

(E and F) Representative images of the visual system medullar layer stained with antibodies to Chaoptin (red) and DLG1-V5 (green) in control (E) samples with no
GAL4 present or when FLP is expressed via DIP-y-GAL4 (F). High-magnification images of R7 termini in the M6 layer of the medulla (E4 and F4) show no apposition
to DLG1-V5 in the absence of GAL4 but clear apposition when FLP is expressed in DM8 neurons. Scale bars, 10 um.
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Figure 7. Presynaptic DLG1 in motoneurons can be isolated and visualized using dig1[4K]

(A-D) Representative confocal images of larvae with the dlg7[4K] allele and FLP recombinase lacking GAL4 (A) or with a pan-neuronal GAL4 source (B-D) and
stained for antibodies to DLG1-V5 (green, A-D), CSP (red, A and B), endogenous DLG1 (red, C), a-spectrin (red, D), and HRP (blue, A-D).

(E) Western blot analysis of multiple genotypes activating dlg7[4K] in muscle or neurons. When FLP is provided in muscle or nerve, at short exposures, V5 is
evident only in muscle (top), but at long exposures (second panel), neuronal DLG1-V5 can be observed. Tubulin and endogenous DLG1 are used as loading

controls.
Scale bars, 10 pm.

synaptic vesicles and neuronal membranes, respectively.?%'"?

When DLG1-V5 was examined in larval lysates via Western
blot, a neuronal contribution could be visualized with extended
exposure (Figure 7E). Under such conditions, the signal pro-
duced by the muscle was vastly oversaturated, indicating that
the predominant pool of DLG1 at the NMJ is postsynaptic. This
is consistent with DLG1 immunostaining in presynaptic dig1
[4K] larvae, which partially overlapped with the presynaptic bou-
ton (Figure 7C) but was largely postsynaptic. There was no signif-
icant overlap with a-spectrin (Figure 7D), which almost exclu-
sively labels the postsynaptic region of NMJ boutons.”” Taken
together, these results visualize presynaptic DLG1 in vivo at the
NMJ, supporting genetic evidence of its existence.*® Our results
further demonstrate that the predominant contribution of DLG1 is
postsynaptic, but presynaptic DLG1 may potentially be involved
with synaptic vesicles.

dig1[4K] enables visualization of extra-neuronal DLG1

Beyond the nervous system, Drosophila DLG1 functions in tumor
suppression, formation of septate junctions, oocyte biology, and
epithelial cell polarity.®>°% 20723 We reasoned dlg1/4K] would
also enable visualizing cell-type-specific contributions of DLG1
to those processes as well. To examine this, we tested whether
dlg1[4K] could reveal DLG1 expression in non-neuronal tissues,
specifically, the ovarian follicle epithelia, a tissue where DLG1
has a stereotyped, distinctive expression pattern and contrib-
utes to planar cell polarity.’®® In the ovary, DLG1 recognizes
the follicle cells that line the oocyte perimeter and nurse cell bor-
ders (Figure S5A). The GR1-GAL4 driver has been used to inves-
tigate the role of dig? in the ovary and specifically expresses in

follicle cells, but not the nurse cells or oocyte.'?* When we drove
FLP expression using GR1-GAL4 in the dlg1[4K] background, we
observed robust V5 signal only in the follicle cells that precisely
colocalized with endogenous DLG1 staining (Figure S5B). This
demonstrates that dig1[4K] can also be used in non-neuronal tis-
sues to visualize endogenous DLG1 expression. In all, dig1[4K] is
a powerful tool for examining quantitative and qualitative expres-
sion of endogenous DLG1 throughout the fly with cell-type
specificity.

DISCUSSION

The organization of synaptic connections in neural circuits is a
key determinant of how those circuits function, drive behavior,
and enable communication from one cell to another. The
three-dimensional organization of synapses underlies neural
computation and promotes normal function.'?°~'?8 Understand-
ing synapse organization offers a window into deciphering the
paradigms that govern nervous system assembly and how
such developmental blueprints are disrupted by neurodevelop-
mental, neuropsychiatric, and even neurodegenerative dis-
eases. In Drosophila, a number of techniques are aimed at study-
ing three-dimensional synapse organization®¢'7-20:21.129130 by
largely focus on presynaptic markers. A necessity for the
thorough study of synaptogenesis involves distinguishing pre-
from postsynaptic elements in a directed subset of neurons to
examine connectivity and assess experimental outcomes. The
diversity of postsynaptic structures has made a generalized
marker difficult to develop, particularly one that functions in a
specific set of target neurons. Some strategies use tagged NT
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receptors'® 921131132 to examine synaptic organization, but
those strategies often rely on overexpression and/or examines
only a subset of postsynapses. Recent strategies use condition-
ally modified endogenous versions”” to label NT receptors with
cell-type specificity under the expression control of their endog-
enous promoters to circumvent issues of overexpression but still
label only select postsynapses.

To produce a general excitatory cell-type-specific postsyn-
aptic label under the control of its endogenous promoter, we de-
signed a conditional strategy based on FLP recombination and
used CRISPR/Cas9 genome editing to modify Drosophila dig1.
dlg1 encodes a homolog of the well-known mammalian postsyn-
aptic protein PSD-95°* and is an established postsynaptic pro-
tein in Drosophila.>®*%1%3 DLG1/PSD-95 is a central component
of the PSD and likely labels most, if not all, excitatory postsyn-
aptic sites,***®'3* supporting our assertion that a modified
dlg1 locus could serve as a general excitatory postsynaptic la-
bel. By inserting an FRT-STOP-FRT-V5 tag immediately before
the endogenous dlg7 STOP codon (Figure 1), we created dig1
[4K], which enables endogenously expressed DLG1 to be
tagged with a V5 epitope only in tissues where dlg7 is endoge-
nously expressed and FLP is present to excise the STOP
cassette. As proof of principle, we demonstrated that dlg1/4K]
specifically labeled DLG1 with multiple binary expression sys-
tems and at multiple peripheral and central synapses where
dlg1 is expressed (Figures 2, 3, and 4). Cell-type-specific exper-
iments validated the utility and versatility of dlg7[/4K] in glutama-
tergic and cholinergic neurons, further highlighting the generality
of this postsynaptic marker. When DLG1 is isolated in neurons, it
can specifically label postsynapses (Figures 2, 4, 5, and 6), and
we find that distinct rules govern the quantitative and qualitative
three-dimensional organization of postsynaptic terminals (Fig-
ures 5 and S4). Finally, we visualize DLG1 presynaptic expres-
sion at the NMJ, where previous genetic evidence had intimated
a role in synaptic organization. In all, we present a conditional
strategy to generally label postsynapses with cell-type speci-
ficity that we anticipate will be broadly useful in studying synaptic
organization.

We used dlg1[4K] to examine postsynaptic organization in
neurons of the AL (Figures 4 and 5), the first-order processing
center of olfactory information in the Drosophila brain and be-
tween R7 photoreceptors and DM8 neurons in the visual system
(Figure 6). The fly AL is a powerful system for examining synaptic
organization.®'®"” Presynaptic organization in AL neurons fol-
lows distinct rules that govern active zone clustering, distance,
and density'® that are stereotyped depending on neuron class.
Our understanding of postsynaptic organization, however, was
limited. Previous work examined acetylcholine receptor organi-
zation'® but was incomplete because it examined only one class
of postsynaptic receptors. dlg71[4K] enabled us to examine gen-
eral postsynaptic organization in PNs and LNs and to assess the
concurrent organization of presynaptic active zones from ORNs
or PNs (Figure 5). We discovered differences in both qualitative
and quantitative aspects of postsynaptic organization in different
classes of olfactory neurons (Figures 5 and S4), similar to our
previous work.'®?® PN and LN postsynapses displayed distinct
subglomerular organization whether considered independently
or with respect to ORN or PN presynapses (Figures 5 and S4).

14 Cell Reports Methods 3, 100477, May 22, 2023

Cell Reports Methods

PN and LN postsynapses also displayed stereotyped NNDs
and clustering percentages that differed from each other (Fig-
ure 5). This indicates that, as for presynaptic active zones, olfac-
tory neuron classes use distinct rules to organize postsynapses
in three dimensions. We further established that concurrent pre-
synaptic Brp-Short and postsynaptic DLG1-V5 labeling can
quantify synaptic apposition between connected neuronal part-
ners (Figure S4). Distinct measures of apposition exist for ORN-
PN, PN-LN, and ORN-LN pairs that can be quantified using dlg1
[4K] and are consistent with known connectivity,?®'%"1%2
comprising additional rules governing synaptic organization.
The stereotypy of these measurements suggests some aspects
of these rules may be hardwired; future studies will be informa-
tive to assess how CNS organization is achieved. Overall, dlg1
[4K] is useful for the quantitative and three-dimensional analyses
of CNS postsynaptic organization.

At the NMJ, DLG1 acts largely postsynaptically in synapse
organization.*'%>'*> However, genetic evidence suggests a pre-
synaptic pool of DLG1°%"“ regulates neuronal function. To date,
presynaptic DLG1 has not been observed in isolation, largely
because potential signal is occluded by the predominant post-
synaptic staining of DLG1 at the NMJ. Using dlg1/4K], we iso-
lated presynaptic DLG1 and showed that it localizes throughout
the presynaptic bouton (Figure 7). The significance of these data
is 2-fold. First, it offers the initial visualization of presynaptic
DLG1, enabling its study in isolation. Second, it raises an impor-
tant potential caveat about dlg7/4K]. In data from the NMJ (Fig-
ures 2 and 7), the larval VNC (Figure 3), the olfactory and visual
neurons in the CNS (Figures 4, 5, and 6), and the ovary (Fig-
ure Sb5), dlg1[4K] accurately reflects the endogenous expression
pattern of DLG1. Predominantly, that localization is postsyn-
aptic, but as the data from the NMJ show, it can be presynaptic.
Therefore, care is required when interpreting data from dig1/4K].
Although dlg1[4K] localization in the CNS is consistent with a
predominantly, if not completely, postsynaptic localization (Fig-
ures 3, 4, 5, and 6), we cannot rule out a presynaptic contribution.
This reflects DLG1 biology; therefore, careful co-localization,
apposition analysis (Figure S4), and genetic evidence should
be used in concert with dig1[4K] to assess all contributions.
Our evidence suggests dig1[4K] has great utility as a postsyn-
aptic marker but is ultimately reflective of endogenous dig7
expression, wherever that may be.

Understanding postsynaptic organization in individual neuron
types has lagged behind the study of presynaptic organization
because of a lack of suitable general tools. Work with tagged
NT receptors is invaluable'®?"4" 131132 byt necessarily limited
to a single class of synapses. dig1[4K] is the first general post-
synaptic label in Drosophila that encompasses multiple types
of postsynapses. We anticipate this strategy will be widely us-
able to understand postsynaptic organization in many classes
of neurons, without the negative caveats associated with over-
expression or impenetrable cell density. Moreover, we envision
the strategy as expandable. Although dlg7/4K] includes an
epitope tag, this can be modified to include a fluorescent re-
porter, any kind of general effector, or even a degron'*° to study
the targeted function of DLG1. Moreover, by adjusting the ho-
mology arms of the construct (Figure 1), this strategy can tag
most any gene with amenable PAM sites at the C terminus.
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Further, the strategy could be generally applied like current FLP
technologies,*” including FLPStop,"®” to modify endogenous
genes within the coding sequence. Finally, because the dig1
[4K] approach is amenable to all major binary expression sys-
tems, it can be coupled (shown here using the QUAS/QF system
in Figures 2, 5, and 6) to label postsynaptic sites in one popula-
tion of cells while concurrently labeling presynaptic sites in a sec-
ond population. We demonstrate that this can be successfully
combined with Brp-Short'® to label active zones. It is not
compatible with current synaptic tagging after recombination
(STaR)?"'%® because both first- and second-generation STaR
use V5 to visualize Brp and, in the case of first-generation
STaR,?! FLP sites for recombination. The second generation of
STaR,'*® which uses RSR sites for recombination, would be
amenable for labeling but would require a different tag to inde-
pendently visualize Brp. Future iterations of either STaR or dig1
[4K] may take such facets into account to enable concurrent
use. Such aspects will notably advance studying synaptic orga-
nization using qualitative and quantitative assays and allow a
deeper understanding of three-dimensional postsynaptic orga-
nization. By first understanding the foundation of postsynaptic
biology, we can better grasp how it is influenced by neurodeve-
lopmental and neurodegenerative disease and better probe un-
derlying disease mechanisms.

Limitations of the study

DLG1 functions in many tissues, including and beyond the nervous
system, and plays multiple roles in cell adhesion, synaptic organi-
zation, and cell polarity.*>'2°7'2%739 The broad functional roles of
DLG1 are mediated by several translational isoforms generated
from alternative STOP codons (Figure S1). Because the dlg1[4K]
strategy integrates an FRT-STOP-FRT-V5 at the distal-most
STOP codon (Figure 1), this raises an important caveat that seven
isoforms of DLG1 are not labeled by this strategy. If these seven
isoforms specifically label dlg7 species present at postsynapses,
our strategy will not reveal those; although we cannot rule out
this possibility, we believe it unlikely because dlg1[4K] labels iso-
forms with protein motifs that function postsynaptically,>* and
the dig1[4K] pattern closely resembles DLG1 antibody staining
(Figures 2, 4, and 7). The L27, three PDZ, SH3, and GK domains
that most closely resemble vertebrate DLG1-4 orthologs®* are
included; some of the seven isoforms not labeled exclude these
motifs. Specifically, the L27 domain at the N terminus of DLG1 is
thought to be important in forming supramolecular complexes
that may allow mammalian DLG1/SAP97 homomultimerization.'*°
Ten Drosophila isoforms contain the L27 domain, but 5 of those 10
exclude the other domains®® required for postsynaptic function.
Those five isoforms are not labeled by dlg1/4K], but the remaining
L27-containing isoforms will be labeled. The isoform structure of
DLG1 in other tissues also remains incompletely understood, so
itis an important caveat of dig1/4K] to be cognizant of the relevant
isoforms used in the process studied. Future approaches targeting
individual isoforms will be helpful in ascertaining the roles of each
dlg1 sub-species at both synaptic and extra-synaptic sites. For
neuronal purposes, our evidence suggests that isoforms relevant
to postsynaptic function are labeled by dlg1[4K], supporting its
use as a cell-type-specific conditionally expressed postsynaptic
label.
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RRID:AB_2338967

Cat# 6D6
RRID:AB_528183

Cat# T9026
RRID:AB_477593

Cat# 715-545-151, RRID:AB_2341099
Cat# 703-095-155, RRID:AB_2340356
Cat# 712-545-153 RRID:AB_2340684
Cat# 711-545-152 RRID:AB_2313584
Cat# 715-605-151 RRID:AB_2340863
Cat# 103-605-155 RRID:AB_2337392
Cat# 712-605-153 RRID:AB_2340694
Cat# 711-605-152 RRID:AB_2492288
Cat# A-11004, RRID:AB_2534072

Cat# A-11011, RRID:AB_143157

Cat# A-11077 RRID:AB_2534121

Cat# A-11041 RRID:AB_2534098

Cat# 711-035-152 RRID:AB_10015282)
Cat# 715-035-151 RRID:AB_2340771
Cat# 712-035-153 RRID:AB_2340639)

Chemicals, peptides, and recombinant proteins

Q5 Taq polymerase
Alexa Fluor 546 Phalloidin
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New England Biolabs
Sigma Aldrich

Cat# M0491S
Cat# A-22283, RRID:AB_2632953

(Continued on next page)
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Alexa Fluor 647 Phalloidin Thermo Fisher Scientific Cat# A22287
RRID:AB_2620155

4-15% TGX polyacrylamide gels Bio-Rad Cat# 4568083

Nitrocellulose Bio-Rad Cat# 1620112

Vectashield Vector Laboratories Cat# H-1000

Slowfade Gold Antifade Mounting Media Thermo Fisher Scientific Cat# S36936

RIPA Lysis buffer Cell Signaling Cat# 9806S

Normal Donkey Serum

cOmplete Protease inhibitor

Jackson ImmunoResearch
Roche

Cat# 017-000-121
Cat# 11873580001

Critical commercial assays

SuperSignal™ West Femto Maximum Thermo Fisher Scientific Cat# 34095

Sensitivity Substrate

In Fusion HD Cloning kit TaKaRa Bio Cat# 638649

Mini Protean Tetra Cell Bio-Rad Cat# 165 8004

Qiagen Maxi Prep kit Qiagen Cat# 12163

QIlAprep Spin Miniprep Kit Qiagen Cat# 27106

Nucleospin PCR clean up TaKaRa Bio Cat# 740609.5

Experimental models: Organisms/strains

dlg1[4K]/FM7c This study N/A

w[1118] Bloomington Drosophila Stock Cat# 5905
Center; (Hazelrigg et al., 1984)""" RRID:BDSC_5905

elavC1%°-GAL4 Bloomington Drosophila Stock Cat# 458

DMef2-GAL4

how24B-GAL4

BG487-GAL4

GR1-GAL4

GH146-GAL4

Mz19-GAL4

NP3056-Gal4
DIPy-GAL4

VT032906-GAL4

UAS-FLP [8208]

20X-UAS-FLP

Alpha -Tub-piggyBac

Or67d-QF
DMef2-QF2

Synaptojanin-QF

Center; (Lin and Goodman, 1994)%°

Bloomington Drosophila Stock
Center; (Lilly et al., 1995)"°

Bloomington Drosophila Stock
Center; (Brand and Perrimon, 1993)142

Bloomington Drosophila Stock
Center; (Budnik, et al., 1996)*°

Bloomington Drosophila Stock
Center; Tran and Berg, 2003'**

Bloomington Drosophila Stock
Center; (Stocker et al., 1997)'%°

Bloomington Drosophila Stock
Center; (Berdnik et al., 2006)°”

Mosca Lab; (Chou et al., 2010)%°

Bloomington Drosophila Stock
Center; (Carrillo et al., 2015)'"®

Vienna Drosophila Resource
Center; (RRID:BDSC_NA)

Bloomington Drosophila Stock
Center; (RRID:BDSC_8208)

Bloomington Drosophila Stock
Center; (Nern, et al., 2011)'#*

Bloomington Drosophila Stock
Center; (Horn, et al., 2003)"°

Mosca Lab; (Liang et al. 2013)*
Bloomington Drosophila Stock
Center; (Lin et al., 2016)'*°

Bloomington Drosophila Stock
Center; (Petersen and Stowers, 2011)%?

RRID:BDSC_458
Cat# 27390, RRID:BDSC_27390

Cat# 1767
RRID:BDSC_1767

Cat# 51634
RRID:BDSC_51634

Cat# 36287
RRID:BDSC_36287

Cat# 30026, RRID:BDSC_30026

Cat# 34497, RRID:BDSC_34497

N/A
Cat# 90315, RRID:BDSC_90315

Cat# NA
RRID:BDSC_NA

Cat# 8208
RRID:BDSC_8208

Cat #55804
RRID:BDSC_55804

Cat# 32069, RRID:BDSC_32069

N/A
Cat# 66469, RRID:BDSC_66469

Cat# 36357
RRID:BDSC_36357

(Continued on next page)
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Mz19-QF Mosca Lab; (Hong et al. 2012)'%° N/A

QUAS-Brp-Short-mStraw Bloomington Drosophila Stock Cat# 80571
Center; (Mosca and Luo, 2014)'® RRID:BDSC_80571

DMef2-LexA Bloomington Drosophila Stock Cat# 61543

LexAop2-FLP

QUAS-FLP

QUAS-FLP

QUAS-FLP

Vasa-Cas9

Center; (Pfeiffer et al., 2010)'%°
Bloomington Drosophila Stock
Center; (Pfeiffer et al., 2010)'%°
Bloomington Drosophila Stock
Center; (Potter et al., 2010)'%’
Bloomington Drosophila Stock
Center; (Potter et al., 2010)'*"
Bloomington Drosophila Stock
Center; (Potter et al., 2010)'*"

Bloomington Drosophila Stock
Center; (RRID:BDSC_51324)

RRID:BDSC_61543
Cat# 55820, RRID:BDSC_55820

Cat# 30008 RRID:BDSC_30008

Cat# 30126
RRID:BDSC_30126
Cat# 30127
RRID:BDSC_30127
Cat# 51324
RRID:BDSC_51324

Oligonucleotides

dlg1 gRNA (sense)
dlg1 gRNA (antisense)
dlg1 fragment 1-FOR

dlg1 fragment 1-REV

dlg1 fragment 2-FOR

dlg1 fragment 2-REV

dlg1 fragment 3-FOR

dlg1 fragment 3-REV

dlg1 fragment 4-FOR

dlg1 fragment 4-REV
dlg1 fragment 5-FOR
dlg1 fragment 5-REV

Linearize AMP ORI-FOR
Linearize AMP ORI-REV

5'P-AAACTGGAAGGTACCCAAATGGT-3'
5'P-CTTCGACCATTTGGGTACCTTCCA-3’

5'-ACGATGTAGGTCACGATC
GAGGCGGGACAGTATAAC-3

5'-AAGTATAGGAACTTCGAAG
GTACCCAAATG-3'

5'-CATTTGGGTACCTTCGAAG
TTCCTATACTT-3

5'-TTCTAGGGTTAACAACAA
CAATTGCATTCA-3

5'-AATTGTTGTTGTTAACCC
TAGAAAGATAATCA-3'

5'-CATTCTTGAAATATTGC
TCTCTCTT-3

5'-AAGAGAGAGCAATATTT
CAAGAATG-3'

5-AGTTGTGGTGGCTGTTGG-3'
5'-CCAACAGCCACCACAACT-3'

5'-AGTGCCACCTGAGTCC
ATATGCCTAATGCC-3'

5'-GACTCAGGTGGCACTTTTC-3'
5'-CGTGACCTACATCGTCGA-3'

www.idtdna.com
www.idtdna.com
www.idtdna.com

www.idtdna.com

www.idtdna.com

www.idtdna.com

www.idtdna.com

www.idtdna.com

www.idtdna.com

www.idtdna.com
www.idtdna.com
www.idtdna.com

www.idtdna.com
www.idtdna.com

Recombinant DNA

pJFRC203-10XUAS-FRT>STOP> Addgene Cat# 63167
FRT-myr:smGFP-cMyc RRID:Addgene_63167
pScarlessHD-2xHA-dsRed Addgene Cat# 80822
RRID:Addgene_80822
pUB-Bbsl-chiRNA Addgene Cat# 45946
RRID:Addgene_45946
Dlg1-knock-in Donor This study N/A
pUB-Bbsl-chiRNA-dIg1 This study N/A
Software and algorithms
ZEN 2.3 software Carl Zeiss ZEN Digital Imaging for Light
Microscopy, RRID:SCR_013672
Adobe Photoshop Adobe Systems Adobe Photoshop, RRID:SCR_014199
Adobe lllustrator Adobe Systems Adobe lllustrator, RRID:SCR_010279
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REAGENT or RESOURCE SOURCE IDENTIFIER

ImageJ NIH ImagedJ, RRID:SCR_003070

Imaris Oxford Instruments Imaris, RRID:SCR_007370

Prism GraphPad Software, Inc GraphPad Prism, RRID:SCR_002798

SnapGene SnapGene SnapGene, RRID:SCR_015052

Other

Drosophila transgenic service Bestgene Inc. Bestgene Inc.
RRID:SCR_012605

Oligonucleotide synthesis Integrated DNA Technologies (IDT) www.idtdna.com

Gene synthesis GenScript GenScript, RRID:SCR_002891

Drosophila D2 Dextrose-based Archon Scientific www.archonscientific.com

Fly Food Media

RESOURCE AVAILABILITY

Lead contact
Requests for any resources or reagents should be addressed to the Lead Contact, Timothy J. Mosca (timothy.mosca@jefferson.edu).

Materials availability

All plasmids, transgenic flies, antibodies, and custom reagents created for this study are available upon request to the lead contact.
The dlg1[4K] allele and recombinants with various FLP sources will be submitted to the Bloomington Drosophila Research Center
upon publication and all created plasmids submitted to Addgene to ensure availability to the field.

Data and code availability
e Original data including image files, Western blots, or data tables are available from the lead contact on reasonable request.
® This paper does not report original code.
o Any additional information required to repeat the experiments or reanalyze the data is available from the lead contact on
reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila stocks and transgenic lines

All Drosophila stocks and crosses were grown on cornmeal medium (Archon Scientific, Durham, NC) at 25°C and 60% humidity with a
12/12light/dark cycle in specialized incubators (Darwin Chambers, St. Louis, MO). All alleles, GAL4 drivers, and UAS lines were main-
tained over phenotypically selectable balancer lines to ensure facile identification. The dlg7[4K] line was established over an FM7
balancer chromosome and subsequently utilized in all experiments and recombinations. The following GAL4, QF, or LexA lines
were used to enable tissue-specific expression: DMef2-GAL4”® (pan-muscle expression), elav®’*®-GAL4%® (pan-neuronal expres-
sion), how24B-GAL4'*? (pan-muscle expression), BG487-GAL4>° (muscle subset expression), GH146-GAL4'** (olfactory projection
neuron subset expression), Mz19-GAL4'*® (DA1, VA1d, and DC3 olfactory projection neuron expression), NP3056-GAL4%> (multiglo-
merular local interneuron expression), Or67d-GAL4'*° (DA1 olfactory receptor neuron expression), GR1-Gal4'?* (ovary expression),
GH146-LexA'° (olfactory projection neuron subset expression), DMef2-LexA'“® (pan-muscle expression), DMef2-QF2'*® (pan-mus-
cle expression), Or67d-QF’* (DA1 ORN expression), Mz19-QF'%® (DA1 PN expression), and Synaptojanin-QF®’ (pan-neuronal
expression). The following UAS transgenes were used: UAS-FLP,"®" UAS-FLP,'** lexA-op-FLP,"*® QUAS-FLP,'*” UAS-Brp-
Short-mStraw,"® QUAS-Brp-Short-mStraw."® In all experiments, homozygous dig1[4K], UAS-FLP recombinant females were
crossed to GAL4, QF, or LexA drivers or outcrossed to w/71718]'*" (BL5905) as ‘no driver’ controls. Specific genotypes are indicated
in Table S1.

METHOD DETAILS

Construction of the dig1[4K] donor plasmid and transgenic line

To introduce a conditionally expressed V5 tag with FRT recombinase target sites into dlg7, we inserted a 3.34 kB sequence supplied
by a donor plasmid into the dig7 locus at a PAM site 12 bp upstream of the most distal stop codon using homology directed repair
(HDR) and CRISPR/Cas9 genome editing.®>:°%° We constructed the dlg1/4K] donor plasmid (Figure 1) by joining five fragments into a
minimal (AMP and ORI) plasmid backbone by In Fusion assembly (Takara, no. 639649). Each fragment was amplified using Q5
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polymerase (New England Biolabs) with custom primers (IDT, Coralville IA). The primers used are listed in the key resources table.
dlg1 DNA was amplified directly from the Vasa-Cas9 injection strain (BL51324) to ensure sequence compatibility. The minimal AMP
ORI backbone was derived from pJFRC203-10XUAS-FRT>STOP>FRT-myrsmGFP-cMyc. (RRID: Addgene 63167). This plasmid
also supplied the FRT-STOP-FRT cassette. To visibly identify successful transformants, we added a dsRed fluorescent marker
derived from pScarlessHD-2xHA-DsRed (a gift from Kate O’Connor-Giles via Addgene (RRID:Addgene_80822). This cassette,
flanked by piggyBac inverted repeats, was inserted at a TTAA sequence within the FRT>STOP>FRT cassette and was subsequently
removed by crossing transformant lines to a piggyBac transposase source.

Briefly, to assemble the donor plasmid: dlg7 fragment 1 included a 500 bp dig1 left homology arm with vector compatible sequence
at the 5’ end extending to the left-most FRT sequence of the FRT>STOP>FRT cassette. A C nucleotide was inserted to maintain the
reading frame after the flip out event. dlg7 fragment 2 extended from this FRT sequence halfway through the STOP cassette into the
pScarless sequence at the 5'-most piggyBac inverted repeat. dig7 fragment 3 extended from the 5’ piggyBac inverted repeat through
the DsRed cassette to sequence adjacent to the right-most piggyBac inverted repeat. A synthesized fragment (dlg1 fragment 4, Gen-
Script:RRID:SCR_002891) extends through the right-most piggyBac inverted repeat, the remaining FRT>STOP>FRT cassette and
through 12 bp of the dig7 C-terminal into the 3X V5 epitope tag. The right homology arm was positioned precisely at the Cas9 cut
site; which left 12 bp of the dlg7 coding sequence between the 3’ most FRT sequence and the V5 epitope tag, encoding 4 amino
acids of the DLG1 carboxy terminus (KESL). dlg7 fragment 4 also spans the PAM site and a G to A mutation was engineered that
mutated the PAM site while maintaining the lysine residue. Lastly, dig7 fragment 5 extended from the V5 sequence through a
500 bp right homology arm with primer sequence compatible with the vector to complete the donor plasmid. Intermediate cloning
steps and the final donor plasmid were sequence verified (GeneWiz, South Plainfield NJ). Donor construct sequence is available
upon request.

To perform CRISPR/Cas9 at the dig1 locus, vasa-Cas9 embryos (BDSC 51324) were injected (BestGene, Chino Hills CA) with the
donor plasmid and a guide RNA (gRNA) plasmid; the gRNA was made by annealing sense and antisense oligos homologous to
sequence adjacent to and 5’ of the targeted dlg? PAM site (see key resources table) and cloned into pU6-Bbsl-chiRNA.®® Transform-
ant lines expressing 3xP3 DsRed in the eye were identified visually and then verified for correct integration into dig7 by amplifying and
sequencing genomic DNA spanning the homology arm breakpoints. This verified that the knocked-in sequence was at the predicted
position with no genomic rearrangements or nucleotide substitutions. Transgenic knock-in lines received from BestGene were
crossed to Herm{3xP3-ECFP, «-tub-piggyBacK10}M6 (BL55804) to excise the DsRed cassette. DsRed negative progeny were
balanced and sequence verified to demonstrate precise excision of the scarless cassette. A single line (dlg7/4K]) was chosen for
all subsequent experiments.

NMJ, brain, and ovarian tissue preparation for immunohistochemistry

Larvae were processed for antibody staining as described.”®'°? Wandering third instar larvae were grown in population cages (Gen-
esee, no. 59-100) on grape juice plates supplemented with yeast paste and then dissected in Ca?*-free modified Drosophila saline.'>®
Where driver lines were X-linked, we selected only female larvae for experimentation to ensure the presence of all genetic compo-
nents. For adult flies, brain dissections were done according to'** and dissected in PBST (phosphate buffered saline with 0.3%
Triton-X-100) and the tracheae were removed. Ovaries were dissected from three-day old adult females in PBST.

All samples (larval, brain and ovary) were fixed in 4% paraformaldehyde in 1X PBST for 20 min followed by three 20-min washes in
PBST. Adult samples were blocked in 5% normal goat serum and incubated with primary and secondary antibodies for two days
each at 4°C. Larval samples were incubated in primary antibodies overnight at 4°C and in secondary antibodies on the subsequent
day for 2h at RT. The following primary antibodies were used: mouse anti-DIg (DSHB, cat. no. mAb4F3, 1:500),”® mouse anti-o.-spec-
trin (DSHB, cat. no. mMAb3A9, 1:50),"°® mouse anti-Brp (DSHB, cat. no. mAbnc82, 1:250),'°® mouse anti-CSP (DSHB, cat. no.
mAb6DB6, 1:100),119 rabbit anti-DsRed (TaKaRa Bio, cat. no. 632496, 1:250), chicken anti-GFP (Aves, cat.no. GFP-1020, 1:1000),
rat anti-N-Cadherin (DSHB, cat. no. mMAbDNEX-8, 1:40),°” mouse anti-V5 (Sigma, cat. no. SAB2702199, 1:100), mouse anti-V5
(ThermoFisher, cat. no. MA515253, 1:100), rabbit anti-V5 (ThermoFisher, cat. no. PA1993, 1:100), rabbit anti-V5 (Cell Signaling,
cat. no. 13202S, 1:100), Alexa647-conjugated goat anti-HRP (Jackson ImmunoResearch, cat. no. 123-605-021, 1:100). Alexa488
and Alexa647-conjugated (Jackson ImmunoResearch, cat. nos. 715-545-151, 712-545-153, 711-545-152, 712-605-153), and Alexa
568-conjugated (ThermoFisher, cat. nos. A-11004, A-11011, A-11077, A-11041) secondary antibodies were used at 1:250. FITC-
conjugated (Jackson ImmunoResearch, cat. no.703-095-155) was used at 1:200. Alexa647-conjugated phalloidin (ThermoFisher,
cat.no. A22287) was used at 1:300. Samples processed for imaging were mounted in Vectashield (larval NMJs) or Slowfade (brains
and ovaries) prior to imaging.

Negative geotaxis to test adult locomotor function

Twenty 3-5 day adult flies were collected for each genotype. Flies were transferred to clean empty vials and struck sharply on the
benchtop for 1 s and climbing behavior was video recorded for 10 s with an iPhone 13 Pro (Apple, Sunnyvale, CA) camera. This pro-
cess was repeated 10X with 1 min recovery between each bout, consistent with published methods.'*® A screen shot was taken of
each video at 4 s and images were processed using ImagedJ and Photoshop for subsequent analysis.
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Confocal imaging

Allimages were obtained using a Zeiss LSM880 Laser Scanning Confocal Microscope (Carl Zeiss, Oberlochen, Germany) using a 40X
1.4 NA Plan-Apochromat lens or a 63X 1.4 NA Plan-Apochromat f/ELYRA lens at an optical zoom of 3x. NMJs throughout the muscle
field were imaged to ensure generalizability of the findings, but focusing on NMJ terminals on muscles 6/7, 4, 13, and 12. Olfactory
images were centered on the glomerulus of interest and the z-boundaries were set based on the appearance of the synaptic labels,
Brp-Short-mStraw and DLG1-V5. Images were processed using ImagedJ (NIH, Bethesda, MD) and ZEN 2.3 software (Carl Zeiss,
Oberlochen, Germany). The resultant images were cropped and adjusted for final insertion as figure panels and figures were con-
structed using Adobe Photoshop 2022 and Adobe lllustrator 2022 (Adobe Systems, San Jose, CA).

Western blot analysis

For all protein samples, 20 third instar larvae per genotype were flash frozen in liquid nitrogen and homogenized in 100 puL RIPA buffer
(Cell Signaling) supplemented with cOmplete protease inhibitor cocktail (Roche, no. 11873580001). Following homogenization, an
additional 300 pL of RIPA buffer were added and samples were centrifuged for 10 min at 77,900 x g at 4°C. The resultant supernatant
was removed and subsequently diluted in equal volumes of 2X SDS loading buffer (100 mM Tris pH 6.0, 4% w/v SDS, 0.2% (w/v)
bromophenol blue, 5% B-mercaptoethanol) to be run on SDS-PAGE gels using the Mini Protean system (Bio-Rad, no. 1658004).
Samples were heated at 95°C for 5 min and loaded on 4-15% TGX gels (Bio-Rad, no. 4568083) in running buffer (25 mM Tris,
192 mM glycine, 0.1% SDS) and run at 100V until complete. The resultant gels were transferred to nitrocellulose (Bio-Rad, no.
1620112) in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol) for 1 h at 350 mA. Blots were blocked with 5% nonfat
dry milk in 1X PBS and incubated with primary antibodies overnight at 4°C. The following primary antibodies were used: mouse
anti-V5 (ThermoFisher, cat. no. MA51523 1:1000), mouse anti-Tubulin (Sigma, cat. no. T6199, 1:1000) and mouse anti-DLG1
(DSHB cat. no. mAb4F3, 1:1000).”® All blots were processed for chemiluminescence by incubation with HRP-conjugated donkey
anti-mouse secondary antibodies (Jackson ImmunoResearch cat. no. 715-035-151, 1:75,000) for 2 h at 22°C. Western blots were
developed with Super-Signal West Femto substrate (ThermoFisher, no. 34095) and imaged on an Azure 400 imager (Azure
Biosystems).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of NMJ synaptic parameters in larval Drosophila
At the NMJ, bouton counts, ghost bouton instance, footprint bouton instance, HRP and DLG immunofluorescence, and muscle sur-
face area were quantified according to established parameters’® at muscles 4 and 6/7.

Quantification of synaptic parameters in adult Drosophila

Images were analyzed three dimensionally using the Imaris Software 9.7.1 (Oxford Instruments, Abingdon, UK) on a custom-built
image processing computer (Digital Storm, Fremont, CA) following previously established methods.'®'” Both Brp-Short and
DLG1-V5 puncta were quantified using the “Spots” function with a spot size of 0.6 um. The resultant masks were then visually in-
spected to ensure their conformation to immunostaining. To calculate nearest neighbor distance (NND), we used “Object-Object
Statistics” as part of the “Spots” function for both Brp-Short puncta and DLG1-V5 puncta. The individual values for “DistMin”
and cumulative frequency histograms were obtained from Imaris and compiled in Prism 8 (GraphPad Software, Inc., La Jolla,
CA). Because each punctum is about 0.6 pm in diameter, the minimum NND possible for two immediately adjacent puncta should
be 0.6. Therefore, we defined clustering as puncta with an NND between the minimum possible value (0.6 pum) and 1.25 x the min-
imum possible NND (0.75 um). The “Cluster%” was calculated by dividing the number of puncta with an NND value between 0.6 and
0.75 by the total number of puncta. To calculate the percent of DLG1-V5 puncta apposed to Brp-Short puncta, we performed the
“Spots” function as previously described for Brp-Short puncta, followed by the “Spots” function for DLG1-V5 puncta with the “Clas-
sify Spots” function included. We then used the “Shortest Distance to Spots” function to visualize the number of DLG1-V5 puncta
apposed to Brp-Short puncta whereby apposition was defined as puncta being 1 um or lower in distance between each other. We
then divided this number by the total number of DLG1-V5 puncta to determine the percent of DLG1-V5 puncta apposed to Brp-Short
puncta.

Quantification of viability
To test if the dlg1[4K] allele influenced viability, embryos were collected and quantified, transferred to bottles with standard media,
and allowed to grow to adulthood. Adults that eclosed were quantified and the number of males to females was also determined.

Quantification of adult locomotor function

Using image data imported into Adobe Photoshop (Adobe Systems, San Jose, CA), the position of each fly was traced in a new layer
using the brush tool. The spots representing vertical distance climbed were quantified in Imaged and the average distance climbed
was compared by genotype using one-way ANOVA in GraphPad Prism 9.5.1.
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Statistical analysis

Statistical analysis was performed, and graphical representations prepared using Prism 9.5.1 (GraphPad Software, Inc., La Jolla,
CA). In all cases, n is expressed as the number of animals assessed, NMJs analyzed, glomeruli quantified, or the number of exper-
iments done. Data for sample size and statistical significance are indicated in the figure legends and directly on graphs. Data is ex-
pressed as mean + SEM. Significance between two samples was determined using a two-tailed Student’s t test; significance
amongst 3 or more samples was determined using one-way ANOVA with a Dunnett post-hoc test to a control sample and a Bonfer-
roni post-hoc test amongst all samples. Multiple comparisons were corrected for in all cases using a Tukey’s post-hoc test. In each
figure, unless otherwise noted, statistical significance is denoted in comparison to control genotypes.
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