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SUMMARY

The ability to discriminate sensory stimuli with overlapping features is thought to arise in brain structures
called expansion layers, where neurons carrying information about sensory features make combinatorial
connections onto a much larger set of cells. For 50 years, expansion coding has been a prime topic of theo-
retical neuroscience, which seeks to explain how quantitative parameters of the expansion circuit influence
sensory sensitivity, discrimination, and generalization. Here, we investigate the developmental events that
produce the quantitative parameters of the arthropod expansion layer, called the mushroom body. Using
Drosophila melanogaster as a model, we employ genetic and chemical tools to engineer changes to circuit
development. These allow us to produce living animals with hypothesis-driven variations on natural expan-
sion layer wiring parameters. We then test the functional and behavioral consequences. By altering the num-
ber of expansion layer neurons (Kenyon cells) and their dendritic complexity, we find that input density, but
not cell number, tunes neuronal odor selectivity. Simple odor discrimination behavior is maintained when the
Kenyon cell number is reduced and augmented by Kenyon cell number expansion. Animals with increased
input density to each Kenyon cell show increased overlap in Kenyon cell odor responses and become worse

at odor discrimination tasks.

INTRODUCTION

In diverse bilaterians, chemosensory information is processed
through parallel circuits that support innate versus learned re-
sponses.'° Innate responses rely on the developmental specifi-
cation of distinct cell types that wire in stereotyped patterns to
connect sensory inputs to evolutionarily selected behavioral
responses.” '® In contrast, regions devoted to learning appear
more like in silico computers, with the same circuit motif
repeated umpteen times.'®2° Such repetitive organization al-
lows learning circuits to function like switchboards, with the po-
tential to connect any sensory representation to any behavioral
output. The quantitative wiring parameters that set up an organ-
ism’s potential to recognize stimuli and compute their meanings
are dictated by the developmental identities of the neurons that
comprise learning circuits.

An “expansion layer” is a representation structure where neu-
rons receiving information about different sensory channels con-
nect combinatorially onto a much larger set of postsynaptic
cells.’®"® These include the chordate pallium, cerebellum, and
hippocampus; arthropod mushroom body; and cephalopod

parallel lobe system. Marr and Albus hypothesized in the
1970s that cerebellum-like structures perform pattern sep-
aration. The ratio between sensory channels and expansion
layer neurons and the number of sensory inputs that individual
expansion layer neurons receive are theorized to be key param-
eters balancing perception, discrimination, and generaliza-
tion. 9 16-18:21-28 However, the perceptual and behavioral effects
of altering hard-wired circuit parameters have not been experi-
mentally tested.

To do so, we initiate here a project of developmental circuit
hacking. Using our knowledge of mushroom body structure
and development in Drosophila melanogaster, we change quan-
titative relationships between presynaptic olfactory projection
neurons (PNs) and postsynaptic Kenyon cells (KCs) in vivo.?**°
We then test perceptual and behavioral capabilities of these
hacked-circuit animals.

In the mushroom body calyx, individual KCs receive a median
of 5-6 discrete inputs from among 52 types of olfactory PNs. PN-
KC connections consist of multisynaptic “microglomerular”
structures formed by presynaptic “boutons” from PNs and den-
dritic “claws” from KCs.*'° Individual KCs receive diverse odor
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inputs that approximate a random sampling of available PN bou-
tons. As KCs fire only when multiple inputs are active, they act as
coincidence detectors with the potential to expand the animal’s
perception from single channels to combinations.®>*****! KCs
send outputs to broadly ramifying mushroom body output neu-
rons (MBONSs) in the mushroom body lobes, where dopamine-
mediated plasticity allows animals to learn durable associations
between odors and coincident events.*>*’

Previously, we developed methods to vary KC genesis. We
found presynaptic olfactory PNs adjusted their output repertoire
to the KC population.?® This rule means that the number of KCs
versus their number of inputs can be “programmed” as indepen-
dent variables during development. Here, we develop methods
to increase and decrease the KC claw number. We then test
the effects of altering the KC number versus the input number
on sensory representations and associative learning behavior.
We find that changing KC number only modestly affects popula-
tion-level odor responses. In contrast, KC odor responses
change bidirectionally as we change KC dendritic claw number,
such that KCs become less odor selective as their input number
grows. Remarkably, animals with reduced KC population size
can learn simple olfactory associations, animals with augmented
sets of KCs show improved associative learning, and animals
with an increased overlap in neuronal representations of odors
become worse at fine discrimination. These results illuminate
surprising functional and developmental principles and provide
a novel method for testing the “purpose” of observed learning
circuit architectures.

RESULTS

Sparse odor coding is preserved despite perturbations
to Kenyon cell numbers

The ~2,000 mushroom body KCs receive combinatorial inputs
from ~160 uniglomerular olfactory PNs that route 52 channels
of olfactory information from the antennal lobe (Figures 1A and
1B).**7°? Previously, we varied KC number from 500 to 4,000
and found that individual KCs retained their typical claw numbers
(~6/cell), whereas PNs scaled their bouton numbers accord-
ingly.>® In mushroom bodies with fewer KCs, we observed that
odor responses remained selective and sparse. To ask how su-
pernumerary KCs respond to odors, we expanded KC
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neuroblasts using the mud knockdown method we described
previously. In this condition, KCs retain claw numbers similar
to wild type, whereas PNs scale up their bouton production. To
test if these claws retain full complements of input synapses,
we immunostained for an active zone marker, Bruchpilot (Brp;
Figures 1C and 1D).°*** As mud-driven KC expansion is sto-
chastic, we grouped mud RNAi animals into “mud < controls”
and “mud > controls” based on their calyx size, which correlates
with KC number.”® Normalized Brp density was consistent
across calyces of different sizes, suggesting that the number
of input synapses per KC claw, and therefore per KC, is main-
tained in the increased-KC calyces (Figure 1D).

We expressed GCaMP&6s in all KCs and imaged somatic re-
sponses to multiple odors in adult flies, as well as a mineral oil-
only control to capture motion and solvent responses (Figure 1E).
After motion correction and selection of mud-enlarged hemi-
spheres, 6 hemispheres of each condition were stable enough
to follow individual cells over time.>® We plotted the response
magnitude for all cells pooled; median odor responses were
similar between control and increased-KC calyces, although
the shapes of the distributions differed statistically (Figures 1F,
1G, and S1A). We next quantified the proportion of KCs per calyx
responding to each odor, using a 20% increase in fluorescence
as a cutoff for “responsiveness.” The proportions were strikingly
similar in the two conditions (Figure 1H), as we previously
observed in reduced-KC calyces.?® The variability in responses
to each odor across different animals is expected due to the sto-
chastic nature of the innervation of KCs by PNs.®* Next, we
asked how many odors each cell responded to. In each condi-
tion, ~50% of the cells responded to 0 or 1 odor, and ~10%—
15% of the cells responded to all 4 odors (Figures 11, 1J, and
S1B). Among expanded calyces, calyx size did not predict
response sparseness (Figure S1C). These results demonstrate
that populations of supernumerary KCs still respond sparsely
to odors and that individual cells remain odor selective.

Knocking down Tao in Kenyon cells increases dendritic
claws per cell

We hypothesize that calyces with altered KC numbers retain
sparse odor responses due to maintenance of dendritic claw
numbers. We therefore searched for ways to directly alter the
claw number. Tao is a kinase in the Mst/Ste20 family that interacts

Figure 1. Sparse odor coding is preserved when Kenyon cell numbers are increased
(A) PNs receive input from olfactory sensory neurons in the antennal lobe (AL) and project to the mushroom body calyx and the lateral horn (LH). In the calyx, KC

dendritic claws grab PN presynaptic “boutons.”

(B) An individual KC receives ~5-6 inputs from PNs innervating diverse AL glomeruli (different colors).
(C) Model of the effect of increasing KCs on calyx development, from Elkahlah et al.*®

(D) Left: confocal slice of Brp in control and OK107>mud RNAi calyces. Circle: maximum cross-sectional area. Middle: Brp density, normalized to protocerebral
bridge. Significance: unpaired t tests. Black horizontal bars: medians. Right: relation of normalized Brp density to maximum calyx area. Dotted line: cutoff to
define Kenyon cell-increased brains (mud > controls). Each data point represents a single hemisphere.

(E) In vivo functional imaging preparation. Vials contain solvent (mineral oil; MO), ethyl acetate (EA), isobutyl acetate (IBA), benzaldehyde (BZH), octanol (OCT), and
methylcyclohexanol (MCH). Responses were imaged from KC soma by GCaMP6s.

(F) Peak odor responses of pooled cells across hemispheres. Dashed line: 0.2 Af/f threshold. Black horizontal bars: medians. Significance: Mann-Whitney test.
n = 349-405 cells (control), 341 cells (mud RNAI) for each stimulus. Here and throughout, *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; ns, non-significant.
(G) Representative images of KC somatic odor responses in control and increased-KC hemisphere. Grayscale backdrop indicates the cells. See also Figure S1A.
(H and I) Proportion of cells in each hemisphere responding to each stimulus (Af/f > 0.2) (H), and proportion responding to 0, 1 or multiple odors (l). Significance:
unpaired t test. Bar plots in (H) and (I) show mean + SD. Circled points highlight the hemispheres shown in (G).

(J) Mean cumulative proportion of cells responding from 0 to 4 odors, pooled from all control (gray; n = 349), or increased-KC mud RNAi (red; n = 341) cells.
Significance: Kruskal-Wallis test; K-S distance = 0.139. Distributions for each hemisphere shown in Figure S1B.

See also Figure S1 Tables S1 and S2.
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with par-1 to regulate microtubule dynamics and dendritic branch-
ing.>5%° We found that knockdown of Tao in KCs expanded calyx
size. To test if calyx expansion was due to expansion of dendritic
arbors, we developed an ultra-sparse, double recombinase
version of the Bitbow approach®'®? that allows us to label ~1/
1,000 Gal4-positive cells (Figures 2A, 2B, and S2). We observed
a 50% increase in claw number in Tao knockdown KCs
(Figures 2C-2E). The dendrites also spread out as if “searching”
for more connections, occasionally going outside the calyx, and
sometimes included highly branched processes that failed to
form curved claws (Figures 2C and S2B). KC number decreased
by 25% upon Tao knockdown; hence, the expansion of dendritic
arbors is likely the dominant factor underlying calyx expansion
(Figures 2E-2G). Consistent with previous publications, we also
observed some KC axons that were missing or misdirected to
the calyx.® Incursion of axons into the calyx could further inflate
calyx area.

Despite the expansion of the calyx size, Brp density did not
change (Figure 2H), suggesting that excess claws are each
innervated by wild-type numbers of presynaptic sites. We then
counted the number of ChAT-positive boutons (STAR Methods;
Elkahlah et al.>®). PN boutons increased with claws (Figures 2|
and 2K-2M). Boutons appeared smaller in their cross-sectional
area in the Tao RNAI animals, suggesting that KC claws might
be shaping PN bouton structures (Figure 2J). Additionally, we
observed a ventral shift of the PN axon tract in the calyx (Fig-
ure 2l). Gross antennal lobe morphology was unaffected (Fig-
ure 2N). We expect these anatomic effects would increase the
odor inputs to each cell (Figure 20).

Odor selectivity is reduced in Kenyon cells with
increased dendritic claw numbers

We monitored odor responses in Tao knockdown KCs using
GCaMP6s. Remarkably, twice as many KCs responded to
each odor and mineral oil in the increased-dendrite condition
(Figures 3A-3D and S3A). In some cases, we even observed all
KCs responding to all stimuli (Figure 3A; red outlined points in

¢? CellPress

Figures 3D and 3E). We measured Pearson correlation value be-
tween each stimulus and found that pairwise correlations in re-
sponses to each stimulus were higher in Tao knockdown animals
(Figure 3B). We observed a sharp increase in cells that re-
sponded to all odors, from <20% in controls to a mean of 40%
in increased-dendrite animals (Figures 3E, 3F, and S3B). This
marks a striking change in sensory coding: odors no longer acti-
vate sparse populations of KCs and individual cells are no longer
odor selective. The promiscuity produced by this hard-wired
change to KC input number is similar to the effect of acute inhi-
bition of the GABAergic interneuron APL, which scales popula-
tion-level odor responses to overall sensory drive.*’

Overexpressing dendritically targeted Dscam1 in
Kenyon cells decreases Kenyon cell dendritic claws and
odor responses

We next asked if we could reduce the claw number per cell.
Dscami1-TM1 isoforms preferentially traffic to dendrites, and
ectopic expression of single TM1 isoforms (e.g., Dscam?®36-2%-1)
in KCs was previously shown to disrupt calyx morphology
without altering the morphology of KC axons in the mushroom
body lobes.®® To ask if the changes in calyx morphology
result from altered KC dendritic arbors, we overexpressed
Dscam®3¢-25-1in KCs and used mBitbow2.2 to visualize dendritic
claws of individual cells (Figure 4A). The median number of claws
per cell decreased to 1 (Figure 4B). Although KC number did not
change, the calyx became markedly smaller, ChAT-positive bou-
tons declined by half, and the PN axon tract shifted dorsally
(Figures 4C-4J). KC axons and antennal lobes retained normal
gross morphology, as previously reported (Figure 4K).%® Overall,
these anatomic effects were reciprocal to those in the Tao
knockdown condition (Figures 20 and 4L).

Compared with controls, about half as many Dscam
KCs responded to each odor (Figures 5A-5C and S4A). 60% of
cells responded to no odors, versus 20% in controls (Figures
5D, 5E, and S4B). Altogether, we see a striking change in odor
coding in the decreased-dendrite animals: KCs become less

3.36.25.1

Figure 2. Knocking down Tao in Kenyon cells increases dendritic claws per cell and projection neuron bouton production

(A) mBitbow2.2 design. Transgene contains membrane-labeling mBitbow1.0°" and a KD-controlled, self-excising flippase (“KDonFlp”) under control of n-
Synaptobrevin (nSyb) promoter. Inducible fluorescent proteins shown are mAmetrine (A), tdKatushka2 (K), mNeonGreen (N), mTFP1 (T), and mKO2 (O). Detailed
schematic: Figure S2A; further description provided in the STAR Methods.

(B) Left: representative adult brain Z-projection demonstrating stochastic, dense mBitbow?2.2 labeling in neurons, produced by heat shock; dashed line: midline.
Right: genetic and temperature schemes for dense neuronal labeling (top) or sparse KC labeling (bottom).

(C) Without heat shock, mBitbow2.2-labels sparse KCs in control and KC>Tao RNAi: maximum Z-projection (top), single confocal slice (bottom). Dashed lines:
calyx. Arrows: 3 KC soma labeled by mBitbow2.2 mAmetrine. Insets (yellow box): zoom in on a claw (scale bars, 2 um).

See Figure S2B.

(D-G) Number of dendritic claws per Kenyon cell (D), maximum calyx cross-sectional area (E), number of KCs (F), and relationship between KC number and
maximum calyx cross-sectional area (G) in control (gray) and KC>Tao RNAi hemispheres (purple). Throughout this figure, each data point represents a single
hemisphere, black bars represent medians, and significance is by unpaired t test.

(H) Left: confocal slice showing Brp signal and maximum cross-sectional area (circled) of control and KC>Tao RNAi calyces. Right: quantification of Brp density,
normalized to protocerebral bridge.

(I) Maximum intensity projection of GH146-labeled PN boutons in the calyx (red) in control and KC>Tao RNAi hemispheres. ChAT immunostaining (blue) indicates
calyx extent.

(J) Representative confocal slices of control and KC>Tao RNAi calyces. OK107 labels KCs (green) and ChAT labels PN boutons (magenta). Dashed lines: calyx.
Insets: bouton morphology (scale bars, 2 um).

(K-M) PN bouton number (K and L) and ratio of ChAT* boutons per calyx versus KCs per calyx (M).

(N) Maximum intensity projections taken from anterior side of control and KC>Tao RNAI brains. KCs (green) show mushroom body lobes, which are diminished in
KC>Tao RNAi brains. GH146" PNs (magenta) show antennal lobe and PN cell bodies.

(O) Summary of calyx anatomy.

See also Table S2.
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responsive to odors, leading to population-level KC responses
becoming sparser than controls.

Animals with reduced Kenyon cell numbers learn a two-
choice odor association task

To allow association of odor information with contingent events,
KCs connect with dopaminergic neurons (DANs) and MBONSs in
the mushroom body lobes. DANs convey environmental context
and can signal positive and negative events; coincident firing of
KCs and DANSs results in alteration of KC-MBON synaptic weight
and modulates future behavioral responses to the same
odor.*5+46:64-68 prayvious work found that animals without any
KCs cannot learn, whereas groups of animals with heteroge-
neous reductions in KCs have reduced odor learning.®® We
asked how the number of KCs influences associative learning
abilities of individual animals.

To generate flies with variably reduced KC numbers, we use
mild hydroxyurea (HU) treatment to ablate stochastic sets of
KC neuroblasts shortly after larval hatching.?®°*"° We tested in-
dividual HU-treated flies in a recently described Y-maze two-
alternative forced-choice task (2AFC),”" assaying preference
for 3-octanol versus 4-methylcyclohexanol before and after
one odor was randomly paired with optogenetic reward via stim-
ulation of protocerebral anterior medial (PAM)-DANs (Fig-
ure 6A).”>"® Animals performed 40-60 choices for the naive
and rewarded trials. Each fly was dissected post-hoc and immu-
nostained (Figures 6B and S5A). This allowed us to take advan-
tage of the range of phenotypes produced by our manipulations,
instead of merging animals with heterogeneous circuit anatomy
in a group assay. We labeled the latest born “af core” KCs, al-
lowing us to score KC clone number by counting the groups of
labeled soma or axon tracts.?® As HU ablation sometimes affects
the neuroblast that gives rise to lateral PNs, we included the
Mz19 marker to track the lateral DA1 glomerulus (Figure 6C).”*"®
Almost all animals retained the lateral PN neuroblast in at least
one hemisphere (Figures S5C and S5D), whereas the number
of KC clonal units varied.

With PAM-DAN reinforcement, sham-treated control animals
chose the rewarded odor in 59% of trials on average, compared
with 51% prior to training (Figures 6D and S5B).”" HU-treated but
unaffected animals (“[4,4]” set) learned similarly to controls,
whereas animals with all 8 clones lost (“[0,0]”) failed to learn
(Figures 6D and S5B). To our surprise, flies with at least one
remaining KC clone (“[1,0]”) were still able to increase their
preference for the odor paired with PAM-DAN reward. As a
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result, learning performance did not correlate with number of
KC clones (Figure 6E). This is consistent with results that indicate
that as few as 25 KCs can be adequate for computationally dis-
tinguishing different odors, as well as behavioral effects of partial
mushroom body loss in honeybees.”®"”

Synaptic density remained consistent across animals with
different numbers of KCs (Figures 6F and S5E). This supports
our previous findings that population-level odor responses in
these animals are similar to controls.”® We note that the odor
choices we used for this task were very distinct. Because
PAM-DAN optogenetic reinforcement produced relatively weak
learning scores in control animals, we did not attempt to subject
KC-ablated animals to more difficult discrimination tasks.

Anatomic and functional properties of downstream
circuitry in flies with reduced Kenyon cell numbers
As animals with reduced KCs retain the ability to associate odors
with rewards, we investigated KC connections to MBONs and
DANs in these animals. The axon bundles of KCs form
“L”-shaped mushroom body lobes (Figure 6G), including vertical
o and o' lobes and horizontal B, B/, and v lobes. Individual
MBONs and DANSs innervate discrete, characteristic compart-
ments within these lobes, where individual MBONSs receive in-
puts from KCs and DANs modulate KC-MBON connection
strength.*>°%®° These precise compartmental divisions are ex-
pected to allow precise behavioral responses to conditioned
stimuli.**7%79

The Mz19 driver labels PAM-DANs that project their axons to
the B'2y5 compartment of the mushroom body (Figure S5A).%°
In flies with reduced KC numbers, and even those that retain
only embryonically born yd KCs, we found that p'2y5 PAM-
DANs project to the same region as controls. To examine
MBON anatomy and function, we chose the y2,0/1 MBON,
which drives approach behavior when activated,** is anatomi-
cally compatible with all our KC manipulations (described
further below) and can be labeled with R25D01-LexA (Fig-
ure 6G). Dendrites of y2,6/1 MBON arborize at the intersection
of vertical and horizontal lobes of the mushroom body and
receive inputs from both y and o' lobes.*® This position was re-
tained in KC-reduced, shrunken lobes (Figure 6G, inset). In HU-
fully ablated animals, embryonic-born yd KCs are retained to
form part of the y lobe.?" v2,6/1 MBON dendrites were seen
throughout the vy lobe in the transverse plane and slightly
extended along the lobe in the coronal Z-projection (Figure 6G).
Consistent with a recent study of MBON morphology in

Figure 3. Odor selectivity is reduced in Kenyon cells with increased dendritic claw numbers

(A) Example KC somatic odor responses in control, median-responsive KC>Tao RNAI, and extremely responsive KC>Tao RNAi hemispheres. Grayscale
backdrop indicates the cells. Control dataset throughout this figure is the same data as controls for mud RNAi condition in Figure 1, and the sample shownin (A) is
rescaled from Figure 1G. We discuss use of octanol versus benzaldehyde in the STAR Methods.

(B) Pearson correlation matrix shows the linear relation between each pairwise odor comparison across the cells for the control and “highly responsive” KC>Tao
RNAi image shown in (A). r can range from —1 to +1, but we did not observe negative correlations.

(C) Peak odor responses of aggregated cells. Dashed line: 0.2 Af/f threshold. Black horizontal bars: medians. Significance: Mann-Whitney test. n = 349-404
control cells, 496 Tao RNAI cells for each stimulus.

(D) Proportion of cells in each hemisphere responding to each odor above 0.2 Af/f threshold. Significance: unpaired t test.

(E) Proportion cells responding to 0-4 odors. Bar plots in (D) and (E) show mean + SD, black circled points correspond to the control, and “median responsive”
Tao RNAi images shown in (A), red circled points correspond to highly responsive image in (A).

(F) Mean cumulative proportion of cells responding from 0 up to 4 odors, pooled from all control (gray; n = 349) and Tao RNAI cells (purple; n = 496). Significance:
Kruskal-Wallis test; K-S distance = 0.2318. Distributions for each hemisphere shown in Figure S3B.

See also Table S2.
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structure, brightened for visualization (scale bars, 2 um).

(legend continued on next page)
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HU-fully ablated animals, we also observed sparser innervation
of y2,0/1 MBON dendrites in the lobes, with slight extension
outside the lobes.®”

We imaged odor responses of y2,&/1 MBON axonal arbor in
animals with partial KC ablation (Figure 6H). Peak responses
were comparable between sham and partially ablated animals
(Figures 6H, 6l, and S5F). There was no correlation between
peak odor response and calyx area (Figure S5G).%° This indi-
cates that a reduced population of KCs can successfully transmit
signals to the y2,o/1 MBONSs.

Associative learning abilities of animals with increased
Kenyon cell numbers or altered dendrite numbers

We next tested the learning capabilities of individual OK107>
mud RNAIi and Tao RNAI flies, with expanded KC repertoire or
claw number, respectively. Again, mushroom body anatomy
was evaluated by post-hoc staining. In this set of experiments,
we provided optogenetic reward using Gré4f*, sugar-sensing
gustatory neurons, which improved learning in controls (Fig-
ure 7A); we discuss this difference in Rajagopalan et al.”" All
three genotypes showed robust, odor-specific learning
(Figures 7B and 7C). Surprisingly, learning improved with
increasing calyx size in the mud RNAI animals, suggesting that
increasing the size of the KC repertoire gives animals more po-
wer to discriminate odors, form learned associations, or use
learned associations to guide decisions (Figure 7D). The robust
odor associations formed by flies with excess KC claws are
also surprising, as the weakened KC odor selectivity in these an-
imals should make odor discrimination more difficult. One possi-
bility is that these two odors are still sufficiently different at the
level of KCs to be decodable.

We therefore sought to test fine odor discrimination ability in
animals with excess or diminished claws on each KC. As Tao
RNAi and Dscam[TM1] overexpressing animals have relatively
consistent calyx anatomy, we used a group learning assay, the
circular arena.®*®* We chose two chemically similar odors that
activate overlapping sets of KCs, pentyl acetate and butyl ace-
tate. During the learning phase, one odor was paired with opto-
genetic reward via Gr64f neuron stimulation (Figure 7E, top). In
test trials, the distribution of animals in the quadrants of the arena
was measured before and after the odors were presented (Fig-
ure 7E, bottom). Upon odor onset, control animals redistributed
into quadrants containing the rewarded odor, demonstrating
that they can discriminate it from the similar odor in the other
quadrants, as observed previously. Animals with excess claws
per KC were distributed randomly among odor quadrants,
whereas animals with fewer claws per KC moved into quadrants
containing the rewarded odor in proportions similar to controls

¢ CellP’ress

but showed delayed choice kinetics (Figures 7E and S6A). The
chance-level performance of excess-claw, Tao RNAi animals is
consistent with the expectation that increased representation
overlap will degrade discrimination behavior, whereas the slow
responses of animals with diminished claws suggest these ani-
mals may have dampened odor detection.

MBON odor responses are robust to increasing Kenyon
cell number or claw number

To examine functional connections downstream of KCs, we
chose the y2,0/1 MBON because the vy lobe is retained in both
OK107>Tao RNAi and mud RNAi animals in our behavioral strain
background (Figure 2N).°° Dendrites of the y2,0/1 MBON pro-
jected to the same compartment in the mud RNAi and Tao
RNAi animals as in controls (Figure 7F). In Tao RNAi animals,
v2,0/1 MBON dendrites were seen throughout the remaining y
lobe (Figure 7F, inset). In both genotypes, this MBON responded
to all four odors (Figure 7G). Peak odor responses were compa-
rable between control and mud RNAi animals, and odor re-
sponses did not correlate with calyx size (Figures 7G, 7H, S6B,
and S6C). Peak odor responses to EA and IBA were significantly
higher in Tao RNAi animals compared with control animals
(Figures 7H and S6B), consistent with our result above that
Tao RNAIi KCs receive increased input from PNs (Figure 3). In
conclusion, y2,0/1 MBON shows robust functional input from
KCs, regardless of manipulation of KC number or claw number.
This provides an anatomical basis for the robust learning we re-
ported in these conditions.

DISCUSSION

Here, we have initiated a new method, developmental hacking of
circuit wiring, to test how specific circuit parameters of the
arthropod expansion layer influence cognitive computations.
Using chemical and genetic approaches, we increase and
decrease KC number and KC input density. This approach
adds to a growing body of literature in which researchers engi-
neer cell biological changes to neurons in order to probe devel-
opmental algorithms or change circuit function.®-°2 We find that
changing KC number, and thus expansion ratio, has minimal
effect on KC odor representation. Moreover, animals with dimin-
ished KC repertoires can still make simple learned associations,
and animals with larger numbers of KCs show improved two-
choice odor learning. These findings suggest that the develop-
mental algorithms we and others identified previously, which
prioritize relationships among circuit layers rather than cellular
precision, allow nervous systems to be computationally
robust.??%*9 Second, we confirm the Marr-Albus theory in vivo,

B) Quantification of KC claws in control (gray) and KC>Dscam®36-2>7 (

green) hemispheres.

(
(C) Representative confocal slices of control and KC>Dscam® 36257 calyx. OK107 labels KCs (green) and ChAT labels PN boutons (magenta). Dashed lines: calyx.
(D-F) Maximum calyx cross-sectional area (D), number of KCs (E), and the relationship between KC number and maximum calyx cross-sectional area (F) in control

(gray) and KC>Dscam?®36-257 hemispheres (green).

G) Maximum intensity projection of calyx bouton production by GH146* PNs (red) in control and KC>Dscam®36-2%" hemispheres. ChAT immunostaining (blue)

highlights calyx extent (circled).

(
(H-J) PN bouton number (H and 1), and ratio of ChAT* boutons per KC (J) in control (gray) and KC>Dscam®36-2%" hemispheres (green).
(K) Maximum intensity projection of confocal stacks taken from anterior side of control and KC>Dscam®35-2% prains. KCs (green) show the mushroom body

lobes, GH146" PNs (magenta) show the antennal lobe and PN cell bodies.

(L) Model of KC>Dscam®35-25" calyx. Throughout this figure, significance: unpaired t test, black horizontal bars: medians.

See also Table S2.
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Figure 5. Kenyon cells with fewer claws are less responsive to odors

(A) KC somatic odor responses in control and KC>Dscam®3¢-2%" hemispheres. Grayscale backdrop indicates the cells.

(B) Peak odor responses of aggregated cells. Dashed line: 0.2 Af/f threshold. Black horizontal bars: medians. Significance: Mann-Whitney test. n = 380-428
control cells, 372 Dscam®26-25-1 cells for each odor.

(C) Proportion of cells in each hemisphere responding to each odor above 0.2 Af/f threshold. Significance: unpaired t test.

(D) Proportion of cells in each hemisphere responding to 0, 1, or multiple odors. Bar plots in (C) and (D) show mean + SD, and black circled data points correspond
to the images shown in (A).

(E) Mean cumulative proportion of cells responding from 0 up to 4 odors from all control (gray; n = 369) and Dscam?®36-25-1 cells (green; n = 338). Significance:
Kruskal-Wallis test; K-S distance = 0.348. Distributions for each hemisphere shown in Figure S4B.

See also Table S2.

10 Current Biology 33, 1-19, July 10, 2023



Please cite this article in press as: Ahmed et al., Input density tunes Kenyon cell sensory responses in the Drosophila mushroom body, Current Biology
(2023), https://doi.org/10.1016/j.cub.2023.05.064

Current Biology ¢? CellP’ress

Optogenetic Sugar Reward B  sham, 4 KC clones HU, 1 KC clone C HU, KC clones [0,1]
= X [0}
ocT MCH Trial 1 Trial 2 5
N g 5 H
O [}
L £
(=] »n
Reward - S 2
5 Zone E o
cm T
Exhaust = 2
_____ ° 8
T ) Trial #1 40 100 S AU
Air naive rewarded KCs Mz19 PNs Brp Mz19 PNs Brp
D E
1.0 == ® Kokk * * ns 0.4 ™=

0.2= ° ®

Proportion correct odor choices
o o
'S o
1 1
A correct choices
[ X ] [ ]
[ ] LN ]
.

o T - T,
00 ° . control, HU [4,4]
0.2 = . e HU, intermediate
e HU, [0,0]
[ ]
0.0=— — T 1 1 1 T T T 1 02= T T T T
I S N Y S 0 2 4 6 8
N (4 Q N
@f@ é""b @ &‘6 & &‘b \°® 4@@ \5‘0 4@‘6 Sum of KC clones
2 & 1 A N N @
PO R R I RN
S & & e
SAg
& g
N
F G
1.0 HU, partial ablation HU, full ablation
[ ]
= o
[} [} L4 @
5 S 0.8 ¢ 9
° = L a
P e ele
k=) 2 ° ° l;l)
% (_N“ 0.7 = I - 5
=} g °® : -
3 Z 0.6= o0
° KCs MBON y2a’1
[ ] [ ]
0.5
T T Two 1
5
Q& » W@ >
ER IR
Q})» & Q*\)‘
ap core KCs Brp &
&
H I 5 = ns ns ns ns ns
Baseline MO EA IBA OCT MCH
66 ' ] < 4 -
2
1 :
; - -~
< s
= < °
S 2= o0
_— [ ]
© )
€5 L o8 - 2@ °
© S 1= ° [2) o —_ S
Qw© 0 ) t .
-5 92 » o © o
%m ®  o°
P : : 0 L PN NSNS |0_
KCs MBON y2a’1 ‘}\f ENIIFANRN EAIRN éf /\@3 PO \Xa
T O X A O (&
O P& T F S S
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(legend continued on next page)
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finding that lowering KC input density makes KCs more stringent
in their odor responses, whereas raising input density makes
them more promiscuous. Finally, animals with Tao knocked
down in KCs, which results in excess KC claws, promiscuous
KC odor responses, and disrupted KC axons, remain adept at
two-choice odor learning if the stimuli are very distinct. However,
these animals fail at discriminating chemically similar odors,
whereas animals with fewer claws per KC were able to achieve
this discrimination. This highlights the significance of having a
low overlap of odor representations in KCs in order to allow
odor discrimination at the behavioral level. Future behavioral an-
alyses of animals with these diverse mushroom body architec-
tures will allow us to assess in detail the effects on sensory sensi-
tivity, discrimination, generalization, and memory storage.

Characteristics of expansion layer neurons govern both
input and output weights

Although neurons of all expansion layers receive multiple inputs,
KCs of the mushroom body have the special “keystone” prop-
erty of connecting all local sensory inputs to a multitude of neu-
rons that govern behavioral outputs. In previous work, we
showed that the connectivity relationship between presynaptic
olfactory PNs and postsynaptic KCs is set by the KCs. When
we varied KC number and PN number, the number of inputs to
individual KCs always averaged 5-6 per cell.” This wiring algo-
rithm requires developmental flexibility from PNs and maintains
odor coding across variable KC repertoires. Just as PNs adjust
to KC numbers, we find that MBONs adjust to KC numbers.
MBONSs were able to be activated to a similar level by KC reper-
toires varying by almost an order of magnitude. Previous work on
the /2 MBON showed that this cell can seek input from alterna-
tive KC partners when its preferred KCs are lost.® The functional
robustness we observe could result from developmental
compensation, if MBONSs seek a particular complement of input
synapses from KCs regardless of cell number. MBON response
scaling to KC number could also be produced by APL, an inhib-
itory neuron that feeds back on KCs to sparsen their firing.*’
Recent work suggests that APL provides local feedback

Current Biology

inhibition.”>°” Successful functional compensation by APL
would require that APL scaling is itself either developmentally
or functionally robust to changes in KC number.

In contrast to the developmental accommodation that MBONs
make for KC number, excess KC activity in the Tao knockdown
case propagates forward and produces excess MBON activity in
response to some odors. This compensation failure could point
to developmental mechanisms at the KC-MBON synapse that
are not influenced by sensory activity.”®® In this condition,
APL scaling is clearly unable to “fix” either KC population re-
sponses to odors or propagation of these odor responses to
MBONs. Whether the functional promiscuity induced by Tao
knockdown is beyond APL'’s capability to fix, or whether APL’s
innervation of the mushroom body is altered in this case will
require additional research.

Effect of Tao knockdown and ectopic Dscam1
expression on Kenyon cell anatomy and function
Different kinds of neurons have diverse dendritic branching pat-
terns; these patterns are specified as an aspect of cell identity
and are consistent for the same neuron types across animals.'%°
We found that Tao may universally restrain dendritic branching:
just as reducing Tao expression in the sensory periphery results
in arbor overgrowth, reducing Tao in KCs allows their dendrites
to grow more complex.”® It is possible that Tao levels naturally
vary across cells of different dendritic complexity, as do levels
of cut and knot."®°

In our experiments, we ectopically expressed a single Dscam1
[TM1] isoform, which traffics to dendrites, across all KCs. We as-
sume that when KC dendrites all carry the same Dscam ectodo-
main, inter-neuronal repulsion limits arbor growth.'®"'% In this
condition, elongating dendritic neurites of KCs might experience
a terrain similar to that encountered by the train Tootle when he
jumps off the tracks: everywhere he turns, he sees a stop sign.'**
KC claws that form appear to make anatomically normal connec-
tions with PNs, and KCs still respond functionally to odors. Just
as the expansion of KC dendrites in the Tao knockdown condi-
tion prompts PNs to produce more boutons than is typical for

(B) Maximum intensity Z-projections of calyces from sham- and HU-treated animals. 58F02 labels «f3 core KCs (green). Mz19 labels ~16 PNs (magenta). Brp
(blue) marks synapses. White outline: calyx. Numbers count 58F02* neurite bundles (i.e., KC clones) innervating the pedunculus when traced through the stack.
(C) Single slice of the antennal lobes from a HU-treated brain with 1 KC clone in the left hemisphere, and no clones in the right hemisphere. Dotted line: midline of
the central brain. Mz19 labels the DA1 glomerulus (circled), allowing scoring of the INB/BAlc PN neuroblast; it is ablated in the right hemisphere and DA1
glomerulus is lost.

(D) Proportion of correct odor choices in naive and rewarded trials. Each data point is one fly. Sham-treated and unaffected, HU-treated animals are displayed in
gray, intermediate HU-treated clone numbers in black, and fully ablated “[0,0]” HU-treated animals in red. Jitter added in this plot and (E) to display all the data
points. Significance: paired t test. See also Figure S5B.

(E) Relationship between A correct choices between rewarded versus naive trails, and sum of KC clones from both hemispheres (0-8). No correlation was
observed. See Figures S5C and S5D for relation with INB/BAlc ablation.

(F) Left: confocal slice with maximum calyx cross-sectional area of sham and HU-treated calyces (bottom left, 2 KC clones; bottom right, 1 KC clone). Dashed
lines: calyx. Part of the protocerebral bridge (PB) is included in the sham image. Right: quantification of Bruchpilot density, normalized to protocerebral bridge.
Black bars: medians. All pairwise comparisons are non-significant by unpaired t test. See also Figure S5E.

(G) Left: schematic of the mushroom body lobe anatomy with KCs (green) and y2o’1 MBON dendrite compartment (magenta). Right: maximum intensity
Z-projections of MB lobe with KCs (green) and y2a’1 MBON (magenta) in sham and HU-treated animals. MBON compartment is circled with a dashed line. Inset:
lateral view of MBON compartment (scale bars, 5 um). Corresponding location is indicated by white dashed vertical line. Blue dashed line: focal plane for calcium
imaging of MBON axonal terminals in (H) and (I). See Figure S5A for effect on PAM-DAN arbors.

(H) Example y22’1 MBON axonal odor responses in sham and HU-treated hemispheres. Left: focal plane of KC vertical lobe (green) and baseline GCaMP6s signal
in MBON axonal terminals (magenta). Blue dashes: ROl used to measure odor responses. Scale bars, 5 um. Right: responses to odors. See also Figure S5F.
(I) Peak odor responses of all MBON axonal ROIs. Each dot is one hemisphere. Only treated hemispheres with maximum cross-sectional calyx area less than
every control (<2,100 um?) are included (Figure S5G). Black horizontal bars: mean. Significance: unpaired t test. Black circled points: samples shown in (H).
See also Table S2.
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that number of KCs, claw reduction via ectopic Dscam1[TM1] STARxMETHODS
expression results in PNs producing fewer boutons per KC.
Together, these results suggest that PN bouton development

is quantitatively matched to the KC claw number.

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Flies
e METHOD DETAILS
O Immunostainings
Molecular cloning of mBitbow?2.2
HU ablation
Identification of relevant MBON driver lines
In vivo functional imaging
Analysis of KC somatic odor responses
Analysis of MBON odor responses
Y-arena
Behavioral Protocol
® QUANTIFICATION AND STATISTICAL ANALYSIS
O Image analysis
O Behavior analysis
O Statistical considerations

Claw number and strength are independent variables
determining the sparsity of Kenyon cell odor responses
In wild-type animals, KCs are more stringent in their firing than
PNs, which is thought to allow them to encode glomerular combi-
nations and thus separate olfactory patterns.®®'%>'% When we
forced KCs to make fewer claws, a smaller proportion of cells re-
sponded to each odor than in wild type; when we forced KCs to
make more claws, a larger fraction of cells responded to each
odor, and some cells responded to all odors. Although an altered
number of active inputs will reasonably change the responsive-
ness of individual KCs and the sparsity of odor responses on
the population level, these results suggest a consistent KC firing
threshold. In our prior work, we found that KCs in wild-type ani-
mals were very likely to be activated when at least three of their in-
puts were active, that two active inputs often sufficed, and that
one active input could activate a KC in certain conditions.®® We
considered two models for how KC spike threshold would be
affected in our manipulations: (1) the number of active claws
needed to spike the KC is proportional to the total number of
claws or (2) the number of active claws needed to spike the KC
is constant. Our Brp staining results suggest that synaptic input
per claw does not vary with claw number in our manipulations.
Moreover, in model (1), KCs would become less responsive to
odors as the claw number grows, which is the opposite of what
we observe. Our results thus favor model (2), as described further Supplemental information can be found online at https://doi.org/10.1016/].
in Tables S1 and S2 and the preprint version of this paper.'®® €ub.2023.05.064.

Therefore, claw number and claw strength appear to be devel-
opmentally uncoupled. Our results highlight that the evolutionary
optimization of combinatorial coding requires a precise relation-
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Figure 7. Effect of increasing Kenyon cell number or claw number on associative learning and feedforward functional responses

(A) Example learning curves of individual flies are plotted to show cumulative correct and incorrect odor choices across all trials. Gray and pink lines indicate naive
and rewarded trials respectively (40-60 trials each). Dotted line (y = x) displays equal preference.

(B) Proportion of correct odor choices made in naive and rewarded trials, in control (gray), KC>mud RNAI (red), and KC>Tao RNAI (purple) animals. Each data
point is an individual fly. Jitter added in this plot and (C) to display all the data points. Significance: paired t test.

(C) Difference (A) in correct choices made in rewarded versus naive trials in control (gray), KC>mud RNAi (red), and KC>Tao RNAi (purple) animals. Black
horizontal bars: median. Significance: unpaired t test.

(D) A correct choices plotted against inter-hemisphere mean calyx area for each animal in control and KC>mud RNAi conditions. Black line: linear fit. Dotted line:
largest control calyx.

(E) Left: schematic of circular arena and hard discrimination task. In training, one of the odors (PA, pentyl acetate or BA, butyl acetate) is paired with an opto-
genetic reward. During test trials, the positions of all animals (15-20 animals/assay) are recorded before and during odor presentation. Right: change in per-
formance index is calculated by comparing distribution of animals in rewarded-odor quadrants to their distribution before odor onset, as described.®*** Each dot
is one group assay. Behavior traces over time are provided in Figure S6A.

(F) Maximum intensity Z-projections of MB lobe with KCs (green) and MBONSs y2a’1 (magenta) in control, mud RNAi and Tao RNAi animals. Dashed circle: MBON
compartment. Inset: lateral view of MBON compartment at the location of the white dashed vertical line (scale bars, 5 um). Blue dashed line: focal plane for MBON
axonal terminals in (G) and (H).

(G) Example MBON axonal odor responses in control, mud RNAi, and Tao RNAi animals. Left: focal plane of KC vertical lobe (green) and baseline GCaMP6s signal
in MBON axonal terminals (magenta). Blue dashes outline the ROI used to measure odor responses. Scale bars, 5 um. Right: responses to odors. See also
Figure S6B.

(H) Peak odor responses of all MBON axonal ROls; each dot is one hemisphere. For mud RNAI, only hemispheres greater than every control (>2,200 ym?) are
included (Figure S6C). Black horizontal bars: mean peak responses. Peak responses of mud RNAi and Tao RNAi are compared with control using unpaired t tests.
Non-significant comparisons are not shown. Black circled points: samples shown in (G).

See also Table S2.
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UAS-Dscam®3¢-251::RFP on || via Vanessa Ruta Tzumin Lee lab, made by Jacob
Yang following Yu et al."®

LexAopChrimson::tdTomato on IlI BL 55139 N/A

Gr64f-LexA on Il N/A Rajagopalan et al.”"

P{hs-KD}attP3 BL 56167 Awasaki et al.'?®

mBitbow 2.2 (mem5FP KDon>FLP>) VK00027 N/A This paper

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
UAS-Dscam®36-2%1::GFP on X via Bing Ye Wang et al.®®
LexAopChrimson::tdTomato on X Unknown Janelia fly facility
UAS-CD8GFP/+; GH146%7, QUAS-mtdTomato-3xHA/ N/A Figure 1A
P(caryP)attp2; OK107%3/+ male, 2-3 days old

LexAopChrimson::tdTomato/+; Gr64f-LexA/UAS-mud N/A Figure 1C

RNAi; OK107%24/+ female, 3-7 days old

LexAopChrimson::tdTomato/+; Gr64f-LexA/P(caryP) N/A Figure 1C

attp2; OK107%3%/+ female, 3-7 days old

UAS-GCaMP6s/+; UAS-GCaMP6s/UAS-mud RNAj; N/A Figures 1E-1J and S1
0K107%%/+ mix of males and females, 2-5 days old

UAS-GCaMP6s/+; UAS-mud RNAI/TM2; N/A Figures 1E-1J and S1
0K107%%%/+ mix of males and females, 2-5 days old

UAS-GCaMP6s/+; UAS-GCaMP6s/ P(caryP)attp2; N/A Figures 1E-1J and S1
0K107%3%/+ mix of males and females, 2-5 days old

UAS-GCaMP6s/+; P(caryP)attp2/TM2; OK107%34/+ mix N/A Figures 1E-1J and S1
of males and females, 2-5 days old

hsKD; CyO/+; Bitbow 2.2/UAS-Tao RNAi; N/A Figures 2C, 2D, and S2B
0K107%%%/+ males, 2-5 days old

hskD; CyO/+; Bitbow 2.2/+; OK107%2/+ males, 2-5 days old N/A Figures 2C, 2D, and S2B
UAS-CD8GFP/+; GH146%F, QUAS-mtdTomato-3xHA/ N/A Figures 2E-2G and 2I-2N
UAS-Tao RNAi; OK107%3%/+ males, 3 days old

UAS-CD8GFP/+; GH146%F, QUAS-mtdTomato-3xHA/ N/A Figures 2E-2G and 2|1-2N
P(caryP)attp2; OK107%#%/+ males, 3 days old

UAS-mCD8GFP/+; Gr64f-LexA, LexAop N/A Figure 2H
cs-Chrimson-tdTomato/P(caryP)attp2; OK107%%4/+

females, 3-7 days old

UAS-mCD8GFP/+; Gr64f-LexA, LexAop N/A Figure 2H
cs-Chrimson-tdTomato/UAS-Tao RNAi; OK107%24/+

females, 3-7 days old

UAS-GCaMP6s/+; UAS-GCaMP6s/UAS-Tao RNAI; N/A Figures 3 and S3
0K107%3%/+ mix of males and females, 2-5 days old

UAS-GCaMP86s/+; UAS-Tao RNAI/TM2; OK107%24/+ N/A Figures 3 and S3

mix of males and females, 2-5 days old

UAS-GCaMP6s/+; UAS-GCaMP6s/ P(caryP)attp2; N/A Figures 3 and S3
0K107%%/+ mix of males and females, 2-5 days old

UAS-GCaMP6s/+; P(caryP)attp2/TM2; OK107%34/+ mix N/A Figures 3 and S3

of males and females, 2-5 days old

hsKD; Dscam®36-2%-1:RFP/BI; Bitbow 2.2/+; OK107%%/+ N/A Figures 4A and 4B
males, 3-4 days old

hsKD; Bl/+; Bitbow 2.2/+; OK107%34/+ males, 3-4 days old N/A Figures 4A and 4B
Dscam?®36-251:GFP; UAS-CD8GFP/Pin; GH146%", QUAS- N/A Figures 4C—-4K
mtdTomato-3xHA/+; OK107%3%/+ males, 2-3 days old

Dscam?36251:GFP; Pin/CyO; TM2/+; OK107%3%/+ N/A Figures 4C-4K
males, 2-3 days old

UAS-CD8GFP/Sp; GH146%", QUAS-mtdTomato- N/A Figures 4C-4K
3xHA/TM2; OK107%3/+ males, 2-3 days old

BI/CyO; TM2/TM6B; OK107%3%/+ males, 2-3 days old N/A Figures 4C-4K
UAS-GCaMP6s/Dscam®43¢251:RFP; UAS-GCaMP6s/+; N/A Figures 5 and S4
0K107%3%/+ mix of males and females, 2-5 days old

UAS-GCaMP6s/Dscam®%¢25":RFP; UAS-GCaMP6s/TM2; N/A Figures 5 and S4
0K107%3/+ mix of males and females, 2-5 days old

Males: UAS-GCaMP6s/+; UAS-GCaMP6s/ +; OK107%24/+ N/A Figures 5 and S4

Females: yw/+; UAS-GCaMP6s/+; UAS-GCaMP6s/ +;
0K107%3%/+ 2-5 days old
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Males: UAS-GCaMP6s/+; UAS-GCaMP6s/TM2; OK107%34/4 N/A Figures 5 and S4

Females: yw/+;UAS-GCaMP6s/+; UAS-GCaMP6s/TM2;

0K107%3%/+ 2-5 days old

13x LexAop cs-Chrimson-tdTomato/+; 58E02-LexA/Mz1 9o N/A Figures 6B-6F and S5A-S5E
QUAS-mtdTomato-3xHA; 58F02-Gal4, UAS-mCD8GFP/

10xXUAS-IVS-myrGFP females, 3-8 days old

R25D01-LexA, LexAop-GCaMP6s/CyO; UAS-tdTomato/TM6B; N/A Figures 6G-6l, S5F, and S5G
0K107%24/0K107%3* mix of males and females, 2-5 days old

UAS-mCD8GFP/+; Gr64f-LexA, LexAop cs-Chrimson- N/A Figures 7A-7D
tdTomato/P(caryP)attp2; OK107%3%/+ females, 3-7 days old

UAS-mCD8GFP/+; Gré4f-LexA, LexAop cs-Chrimson- N/A Figures 7A-7D
tdTomato/UAS-mud RNAi; OK107%2/+ females, 3-7 days old

UAS-mCD8GFP/+; Gr64f-LexA, LexAop cs-Chrimson- N/A Figures 7A-7D
tdTomato/UAS-Tao RNAi; OK107%2/+ females, 3-7 days old

UAS-mCD8GFP/+; Gre4f-LexA, LexAop cs-Chrimson- N/A Figures 7E and S6A
tdTomato/P(caryP)attp2; OK107%3%/+ females, 4-10 days old

UAS-mCD8GFP/+; Gr64f-LexA, LexAop cs-Chrimson- N/A Figures 7E and S6A
tdTomato/UAS-Tao RNAi; OK107%2/4 females, 4-10 days old

UAS-mCD8GFP/Dscam36-2%1:RFP; Gr64f-LexA, LexAop N/A Figures 7E and S6A
cs-Chrimson-tdTomato/+; OK107%3%/+ females, 4-10 days old

R25D01-LexA, LexAop-GCaMP6s/+; UAS-tdTomato/P(caryP) N/A Figures 7F-7H, S6B, and S6C
attp2; OK107%3%/+ mix of males and females, 2-5 days old

R25D01-LexA, LexAop-GCaMP6s/+; UAS-tdTomato/UAS-mud N/A Figures 7F-7H, S6B, and S6C
RNAi; OK107%3/+ mix of males and females, 2-5 days old

R25D01-LexA, LexAop-GCaMP6s/+; UAS-tdTomato/UAS-Tao N/A Figures 7F-7H, S6B, and S6C

RNAi; OK107%24/+ mix of males and females, 2-5 days old

Software and algorithms

Suite2p

FIJI
FIJI plugin “Blind Analysis Tools”
Cellpose

GraphPad Prism 9

R

R package “corrplot”
Python

MATLAB 2018b, Mathworks

MATLAB 2020b, Mathworks

HHMI Janelia Research
Campus, Ashburn, VA

Open source
N/A

HHMI Janelia Research
Campus, Ashburn, VA

GraphPad Software, La Jolla, CA

R Foundation for Statistical
Computing, Vienna, Austria

N/A

Centrum voor Wiskunde en
Informatica Amsterdam

The Mathworks, Natick, MA

The Mathworks, Natick, MA

Pachitariu et al.®®

Schindelin et al."®’
https://imagej.net/Blind_Analysis_Tools

Stringer et al.'®

https://www.graphpad.com/
scientific-software/prism/

https://www.R-project.org/

https://github.com/taiyun/corrplot
https://www.python.org/downloads/

https://www.mathworks.com/
products/matlab.html
https://www.mathworks.
com/products/matlab.html

Other

Duck EZ Start Packaging tape
UV Glue

JAXMAN 365nm Flashlight
Electra Waxer

Gulfwax Paraffin

Hair

Umich fly food

Janelia fly food

Office Depot

Loctite

Amazon

Almore

Grocery store

EJC

Lab Express, Ann Arbor, M|

HHMI Janelia Research
Campus, Ashburn, VA

511879

3106
B077GPXBK1
66000

C0130

N/A

“B” food

N/A

(Continued on next page)
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Heat packs for mailing flies TSKSupply 40hour Uniheat
Thermometers for mailing flies ThermoPro TP50

Cell strainer caps (used as colanders for stainings) Fisher BD 352235
Binder reinforcement stickers (for mounting brains) Office Depot Avery 5722
Terasaki plates Greiner Bio-One (for staining) Fisher 07-000-623
Grape juice agar plates Lab Express, Ann Arbor, Ml N/A

Coffee filters Departmental coffee supplies N/A

Caps for odor vials Sigma 27020

Odor vials Sigma 27088-U

Cover glass 22x22 mm Square No. 1. Corning CLS284522-2000EA
Corning. # (for mounting, Janelia)

Cover glass 22x22 mm Square No. 2. Fisher 12-540B

(for spacers, Janelia)

Cover glass staining jar (Janelia) EMS 72242-24
Diamond Cleaver (Janelia) https://diatome.com/ CLE

DPX Slide Jig

Drosophila Mounting T-dish. 8x10
(Janelia, for adult brains)

Superfrost Plus Slides 25x75 mm

Janelia Instrument
Design & Fabrication

Janelia Instrument
Design & Fabrication

Fisher

http://hhmi.flintbox.com/
public/project/26605

http://hhmi.flintbox.com/
public/project/26606

12-550-15

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, E. Jose-
phine Clowney (jclowney@umich.edu).

Materials availability
Upon publication, the mBitbow2.2 flies generated in this study will be deposited in the Bloomington Drosophila Stock Center for dis-
tribution to the research community.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. MATLAB code used to analyze the behavioral data,
and any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Flies

All fly lines used in this study are listed in the key resources table. Flies used for anatomy and functional imaging were maintained on
cornmeal (‘Bloomington-B’) food (Lab Express, Ann Arbor, MI) augmented with a yeast sprinkle in a humidified incubator at 25°C on a
12:12 light:dark cycle. For dense Bitbow labeling (Figure 2B), progeny of the hsKD;elav-Gal4;; and;;mBitbow2.2; flies were collected
and heat shocked at the 15t instar larval stage for 30 mins in a 37°C water bath. Adults were collected 4 days after eclosion for im-
munostaining and imaging. For sparse Kenyon cell labeling, hsKD;;; flies were crossed with;;mBitbow2.2; OK107-Gal4. No heat
shock was given. Flies used for behavioral experiments were maintained on Janelia Research Campus’s standard cornmeal food
supplemented with 0.2 mM all-trans-retinal. Hydroxyurea-treated ablation flies and sham-treated controls were reared in a humid-
ified incubator at 21°C on a 12:12 light:dark cycle, while all other flies were reared at 25°C on a 12:12 light:dark cycle. Flies were kept
in the dark throughout. Experimental crosses for ablation experiments were set up with large numbers of males (60-100 per cage) and
females (300-500 per cage). All other behavior crosses were set up with 8 male and 8 female parents and a sprinkle of yeast was
added to the food vials. Cross progeny (2-7 days old) were sorted on a cold plate at around 4°C and females of the appropriate ge-
notype were transferred to starvation vials. Starvation vials contained nutrient-free 1% agarose to prevent desiccation. While we
used mixed-sex cohorts when possible, certain genetic and experimental approaches required us to use one sex or the other, as
detailed below under behavioral and image analysis (e.g. males are too small for the Y-arena).
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METHOD DETAILS

Immunostainings

This protocol is adapted from Elkahlah et al.,” with some modifications. Brains were dissected for up to 20 min in AHL dissection
saline (108 mM NaCl, 5 mM KClI, 2 mM CaCl2, 8.2 mM MgCI2, 4 mM NaHCOS3, 1 mM NaH2PO4, 5 mM trehalose, 10 mM sucrose,
5 mM HEPES pH7.5, osmolarity adjusted to 265 mOsm). For most experiments, brains were transferred to 1% paraformaldehyde in
PBS onice. All steps were performed in cell strainer baskets (caps of FACS tubes) in 24 well plates, with the brains in the baskets lifted
from well to well to change solutions. Brains were fixed overnight at 4C in 1% PFA in PBS. On day 2, brains were washed 3 x 10’ in
PBS supplemented with 0.1% triton-x-100 on a shaker at room temperature, blocked 1 hr in PBS, 0.1% triton, 4% Normal Goat
Serum, and then incubated for at least two overnights in primary antibody solution, diluted in PBS, 0.1% triton, 4% Normal Goat
Serum. Primary antibody was washed 3 x 10’ in PBS supplemented with 0.1% triton-x-100 on a shaker at room temperature,
then brains were incubated in secondary antibodies for at least two overnights, diluted in PBS, 0.1% triton, 4% Normal Goat Serum.
When used, DAPI (one ng/mL) and phalloidin 568 (1:40-1:80) were included in secondary antibody mixes. Primary antibodies used
were mouse anti-ChAT 4B1 (1:200, DSHB), rabbit anti-dsRed (1:500-1:1000, Clontech), sheep anti-GFP (1:250-1:1000, Bio-Rad),
chicken anti-GFP (1:5000, Dawen Cai), mouse anti-nc82 (1:30, DSHB). Secondary antibodies were Alexa 488, 568, and 647 conju-
gates (1:500, Invitrogen). Brains were mounted in 1x PBS, 90% glycerol supplemented with propyl gallate in binder reinforcement
stickers sandwiched between two coverslips. Samples were stored at 4°C in the dark prior to imaging. The coverslip sandwiches
were taped to slides, allowing us to perform confocal imaging on one side of the brain and then flip over the sandwich to allow a clear
view of the other side of the brain. This allowed us to score features on the anterior and posterior sides of each sample. Scanning
confocal stacks were collected along the anterior-posterior axis on a Leica SP8 with one micrometer spacing in Z and ~200 nm axial
resolution.

For sparse Bitbow labeling (Figures 2C, 2D, 51, and 5J), brains were fixed in 4% paraformaldehyde at room temperature for 30 mi-
nutes. This was followed by washing 3 x 10’ in PBS supplemented with 0.1% triton-x-100 on a shaker at room temperature. The
brains were blocked 1 hr in PBS, 0.1% triton, 4% Normal Goat Serum or StartingBlock. All the steps were carried out in Terasaki
plates, with each well containing 2-3 brains to keep track of fixation, wash, and block timing. The brains were then moved to
24-well plates for incubation with primary antibody solution at 4C. Subsequent steps of secondary antibody incubation, mounting
and imaging were the same as described above. Primary antibodies were rat anti-mTFP (1:500), chicken anti-GFP (1:5000), rabbit
anti-mNeonGreen (1:500), mouse anti-mKusabira-Orange2 (1:500), guinea pig anti-mKate2 (1:500) (Dawen Cai Lab) and secondary
antibodies were Alexa 488, 594, 647 conjugates (1:500, Invitrogen), CF 555, CF 633 (1:500, Sigma), and Atto490 LS (1:250, Hyper-
mol). For dense Bitbow labeling in Figure 2A, a similar protocol was followed as described in Li et al.®' The difference from the sparse
Bitbow protocol above was that the mounting media was Vectashield. The confocal image was acquired with Zeiss LSM780 with a
40 x 1.3 NA oil immersion objective (421762-9900-000). A 32-channel GaAsP array detector was used to allow multi-track detection
of five fluorophores with proper channel collection setups.

The following protocol applies to the dissections, immunohistochemistry and imaging of fly brains done post-behavior (Figures 6
and 7), and for the Brp staining (Figures 1D and 2H). These were done principally as previously described”®; https://www.janelia.org/
project-team/flylight/protocols. In brief, brains were dissected in Schneider’s insect medium and fixed in 2% paraformaldehyde
(diluted in the same medium) at room temperature for 55 mins. Tissues were washed in PBT (0.5% Triton X-100 in phosphate buffered
saline) and blocked using 5% normal goat serum before incubation with antibodies. Since flies had to be tracked individually, single
dissected tissues were fixed and washed in microwell plates. After washes in the microwell plate, tissues were mounted on poly-L-
lysine-coated cover slips before performing immunohistochemistry, post-fixation, and embedding in DPX as described. Tissues
expressing GFP and tdTomato were incubated with chicken anti-GFP (1:1000, Fisher) together with rabbit anti-dsRed (1:1000, Clon-
tech), and mouse anti-BRP hybridoma supernatant (1:30, DSHB), followed by Alexa Fluor 488-conjugated goat anti-chicken (Fisher),
CyTM3-conjugated goat anti-rabbit (Jackson ImmunoResearch), and CyTM5-conjugated goat anti-mouse (Jackson
ImmunoResearch). Some tissues were labeled with mouse anti-ChAT hybridoma supernatant (1:100, DSHB) instead of anti-BRP,
while all other antibodies remained the same. Nuclei were stained with DAPI. Image z-stacks were collected using an LSM880
confocal microscope (Zeiss, Germany) fitted with Plan-Apochromat 40X/1.3 and Plan-Apochromat 63X/1.40 oil immersion objec-
tives. All tissues were first imaged at 40X with a voxel size of 0.44 x 0.44 x 0.44 mm3 (1024 x 1024 pixels in xy). Selected tissues
were imaged at higher resolution in one of three ways: at 40X with a voxel size of 0.22 x 0.22 x 0.44 mm3 (2048 x 2048 pixels in
xy; “40X hi-res”), at 63X with a voxel size of 0.19 x 0.19 x 0.37 mm3 (1024 x 1024 pixels in xy; “63X hi-res-1"), or at 63X with a voxel
size of 0.1 x 0.1 x 0.37 mm3 (2048 x 2048 pixels in xy; “63X hi-res-2").

Molecular cloning of mBitbow2.2

DNA fragment of EcoRI-FrtF15-KDRT-FIpN-KDRT-Swal was synthesized by GeneArt (Thermo Fisher), and cloned in pattB-nSyb-
sr(FIp)F15°" to replace the N-terinal region of flippase, yielding pattB-nSyb-sr(KDonFIp)F15. nSyb-sr(KDonFlp)F15 was then ampli-
fied by PCR and integrated into Ndel-linearized mBitbow1.0 through Gibson assembly, yielding mBitbow2.2.

HU ablation
To generate flies with reduced Kenyon cell numbers, we used an existing chemical method to ablate KC neuroblasts.
Drosophila, 4 mushroom body neuroblasts from each hemisphere give rise to ~500 KCs each.'?” Most neuroblasts pause their

29,69,70 In
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divisions during the first 8 hours after larval hatching (ALH), however MB neuroblasts continue to divide. Therefore, by feeding larvae a
mitotic poison hydroxyurea (HU) during this time window, Kenyon cell neuroblasts can specifically be ablated.®® We can achieve a
wide range of KC numbers by tweaking the concentration and duration of HU application.?® This allowed us to generate flies with 0 to
4 KC neuroblasts, and the effect on each hemisphere was independent of the other resulting in a large range of KC numbers. How-
ever, as we described previously, the most informative brains, with intermediate numbers of KC neuroblasts remaining, are difficult to
obtain—most ablation batches have a preponderance of unaffected or fully ablated mushroom bodies.

The protocol was adapted from Elkahlah et al.>® and Sweeney et al.”® We set up large populations of flies in cages two days prior to
ablation and placed a 35 or 60 mm grape juice agar plate (Lab Express, Ann Arbor, Ml) in the cage with a dollop of goopy yeast. One
day prior to the ablation, we replaced the grape juice/yeast plate with a new grape juice/yeast plate. On the morning of the ablation,
we removed the plate from the cage and discarded the yeast puck and any hatched larvae on the agar. We then monitored the plate
for up to four hours, until many larvae had hatched. Larvae were washed off the plate using a sucrose solution, and eggs were dis-
carded. Larvae were then strained in coffee filters, and submerged in hydroxyurea (Sigma, H8627) in a yeast:AHL mixture, or sham
mixture without HU. Ablation condition was 10 mg/mL HU, given for 1 hour. One batch experienced 15 mg/mL HU, given for 1 hour;
this was done to gather more data points with a lower KC clone count. Larvae were then strained through coffee filters again, rinsed,
and placed in a vial or bottle of B food (for MBON functional imaging and immunohistochemistry) or Janelia food supplemented with
0.2 mM all-trans-retinal (for behavior) until eclosion. We opened a new container of hydroxyurea each month as it degrades in contact
with moisture, and we found its potency gradually declined. We achieved a U-shaped distribution of the HU effect, with many sam-
ples unaffected and many with all four KC neuroblasts lost. Ablated animals along with the control group (sham) were shipped in tem-
perature-controlled conditions to Janelia Research Campus for behavior. A digital thermometer was kept in each shipment to record
the lowest and highest temperature experienced during shipping. Batches that experienced ~15-27 Celsius were used for experi-
ments. Animals were either shipped as larvae or late pupae, and not as adults in order to give enough time window for using the
appropriate age of adult flies for behavior experiments.

Identification of relevant MBON driver lines

LexA drivers for MBONs were screened from Janelia FlyLight online collection database and previous split-GAL4 characteriza-
tion.*®> Among the LexA drivers, R25D01 was selected based on its specific expression in y2,6’1 MBON, involvement in odor-
associated appetitive memory formation, and ability to drive quantifiable GCaMP86s expression.**®> We used R25D01-LexA to
drive expression of GCaMP6s in y2,’1 MBON for MBON functional imaging, and to assess connection between KCs and
MBONs morphologically.

In vivo functional imaging

Protocol was adapted from Elkahlah et al.>® and Ruta et al.’®® We prepared 2-5 day old adult flies for in vivo two photon calcium
imaging on a Bruker Investigator, affixing the fly to packaging tape (Duck EZ Start) with human hair and UV glue (Loctite 3106).
The fly was tilted to allow optical access to KC somata, at the dorsal posterior surface of the brain. For MBON axonal imaging,
the fly was similarly prepped to allow optical access to the mushroom body lobes for visualizing MBON axons; these flies also carried
a Kenyon cell label to serve as an anatomical guide. We waxed the proboscis in an extended position to reduce motion. Imaging was
performed in external saline (AHL). For odor delivery, half of a 1200 mL/min airstream, or 600 mL/min, was directed toward the
antennae through a Pasteur pipette mounted on a micromanipulator. At a trigger, 10% of the total air stream was re-directed
from a 10 mL glass vial containing mineral oil to a vial containing odorants diluted 1:10 in mineral oil, or a second vial of mineral
oil (mechanosensory control). Final odor dilution was therefore 1:100. Filter paper ‘wicks’ were inserted into each vial to allow
odor to saturate the vial headspace. Odors were delivered for two seconds, with 30 s in between stimulations. We used a simplified
olfactometer capable of delivering five different odorants in which overall airflow was metered by analogue flowmeters (Brooks In-
struments) and valve switching controlled by an Arduino. Odor delivery was initially optimized using a mini-PID placed in the half of
the air stream not directed at the fly (Aurora Biosciences). Images were collected at ~5 Hertz, and we imaged a single plane for each
sample. Odors used were ethyl acetate (EA), isobutyl acetate (IBA), benzaldehyde (BZH), octanol (OCT), and methylcyclohexanol
(MCH). Recording neuronal responses to the mineral oil control allows us to monitor sensory components that are a shared across
the different odor stimuli, including olfactory responses to volatiles in the oil and mechanosensory responses to slight changes in air
flow as vials switch on and off.'**

Kenyon cell in vivo imaging experiments on empty attp2 control and mud RNAi cohorts were done with BZH (Figure 1), as were our
previous experiments on HU-ablated animals.?® However, due to a technical issue of odor precipitation with BZH, we switched to
OCT inimaging experiments in the fall of 2020. The Tao RNAi cohort (Figure 3) were done after this date, with OCT. Due to the difficulty
of obtaining stable recordings of Kenyon cell populations in vivo, in Figure 3 we compare the Tao RNAi animals to the empty attp2
controls imaged earlier using BZH (see legend of Figure 3). To ensure that nothing had changed in our imaging setup or the environ-
ment between these dates, we imaged a few empty attp2 controls interspersed with Tao RNAi animals, using the OCT setup (not
shown); we did not observe any striking difference from the control data shown in Figure 3. Indeed, across our functional imaging
experiments with Kenyon cells in variously constituted mushroom bodies for the last four years, we have never observed the prev-
alent and non-selective odor responses that we observe in Tao RNAi Kenyon cells.
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Analysis of KC somatic odor responses
We collected data from a total of 14 empty attp2 control animals (14 hemispheres imaged), 13 mud RNAI (20 hemispheres imaged),
18 Tao RNAI (34 hemispheres imaged), 8 Dscam®2625" animals (17 hemispheres imaged), and 15 yw controls for Dscam (35 hemi-
spheres imaged). For each animal, the two hemispheres were imaged and analyzed separately. Sometimes, only one hemisphere
was imaged due to the preparation and a few hemispheres were excluded from analysis because of poor image quality. For
some animals, a second plane of cells was imaged from the same hemisphere if the first one looked unstable or did not have enough
cells in view, accounting for the instances above in which hemispheres imaged appears greater than two per animal. Mineral oil was
delivered twice, and then each of four odors were delivered twice, in sequence. Following mineral oil, odor order varied. Given the
convention in the field and due to experiments in locusts showing that the first presentation of certain odors can cause distinct Ken-
yon cell responses to all subsequent presentations of that same odor, we only analyzed the second presentation of each odor.'%%'2°
Following functional imaging, we collected a Z-stack of the mushroom body on the two-photon. We used these images to cate-
gorize the extent of KC increase in mud RNAI animals, by measuring the maximum cross-sectional calyx area. Only sufficiently
expanded hemispheres (maximum cross-sectional calyx area > 1800 pm?) were included in analysis as “Kenyon cell-increased” an-
imals. While sex differences have not been reported in the mushroom body, we tried our best to include an equal mix of males and
females in the imaging. However, after the images were filtered for analysis based on the exclusion criteria provided, we ended up
with a disproportionate number of males and females. All samples are accounted for here:

Total Poor Kenyon cells Less than Analyzed

hemispheres Damaged/ image Mineral oil did not Too much 15 ROls (# of males
Genotype/Condition imaged unresponsive quality frame shaky look increased motion (cells) stable and females)
Empty attp2 control 14 1 2 1 N/A 4 0 6 (5 females, 1 male)
(for RNAI)
mud RNAI 20 1 1 2 2 7 1 6 (all males)
Tao RNAI 34 3 4 0 N/A 13 2 12 (11 females, 1 male)
yw control (for Dscam) 35 2 6 0 N/A 18 1 8 (4 females, 4 males)
Dscam?®-36-25-1 17 1 5 0 N/A 3 1 7 (6 females, 1 male)

All samples were motion-corrected using Suite2p.°® Using FIJI “Blind Analysis Tools” package, we blinded ourselves to the mo-
tion-corrected datasets. We excluded images if there was too much motion to be able to follow the same cell over time, or the image
quality was poor (e.g. warping in the image, cells hard to see). After filtering for these criteria, ROls were chosen in each of the samples
and we measured Af/f (i.e. (f-fo)/fo), comparing stimulus frames with pre-stimulus frames. ROIs were manually chosen and we were
careful about ensuring that the cell remained within its ROI for all frames. For samples where the ROIs were only stable in 3 out of 4
odors, those images were only used to calculate the proportion of cells that were responsive to each odor, and not in calculating the
number of odors each cell responded to. Any image where the mineral oil stimulus frames were not stable was not analyzed, and any
image with less than 15 ROls stable was not analyzed. After these gates, there were 6 empty attp2 controls (for mud and Tao RNA), 6
mud RNAI, 12 Tao RNAI, 8 controls (for Dscam), and 7 Dscam®3625 images in the analysis. The baseline fluorescence was deter-
mined for each odor delivery by taking the average of the frames within the three seconds before the trigger. The stimulus frame was
determined by taking the peak response between 0-4 s after stimulus onset, to account for the valve opening and the two second
odor delivery. To define ‘responsive’ cells, we chose to use a cutoff of Af/f > 0.2 (20% increase in fluorescence over baseline) across
samples. This was to avoid obscuring overall differences in responsiveness across the conditions. In all figures, the proportion of
Kenyon cells responding to each stimulus and proportion of Kenyon cells responding to 0, 1 or multiple odors were calculated using
this threshold.

For visualization, we used the “Math” and “Image calculator” tools in FIJI to make a custom colored heatmap of the Af/f re-
sponses, where cells with Af/f values < 0.2 were colored black. The background outside the KC somata was cleared for ease of visu-
alization, and the “Af/fimage” was created by using average value of pixels in baseline frames as f, and average of peak frames as f,
and applying the calculation ((f-fo)/fo) to the images. The maximum value for the color scale varies in each figure due to the diverse
range of odor responses in the different circuit manipulations tested. The grayscale image displaying the cells was created by
creating an average projection of all the frames for that hemisphere.

Control odor responses were in line with what we have previously reported using GCaMP6s and match electrophysiological spiking
responses in the previous work by Murthy, but surpass the spiking response rates we observed previously.®'%"%" |mportantly,
because GCaMP6s is so sensitive, it is likely to report sub-threshold as well as spiking responses.

Analysis of MBON odor responses

We collected data from a total of 10 empty attp2 (RNAi control) animals (18 hemispheres imaged), 17 mud RNAi animals (29 hemi-
spheres imaged), 11 Tao RNAi animals (21 hemispheres imaged), 8 sham animals (15 hemispheres imaged), and 9 HU-treated an-
imals (15 hemispheres imaged). Each hemisphere was analyzed separately. Occasionally, only one hemisphere of the animal was
imaged due to the MBON/KC signal not being visible in preparation. Guided by vertical lobe of KCs, we used a single focal plane
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to image axonal response of y2,a’1 MBON in each hemisphere. We chose to record axonal responses for the following reasons: (1)
axonal imaging is more feasible than dendritic and somatic imaging, as somata of ¥2,’1 MBON are too deep and their GCaMP signal
was obscured by fluorescence from the KC lobes, (2) functional KC-MBON connections should allow signal propagation to down-
stream neurons, which can be seen by axonal activity of MBONSs. Similar activity measurements have been used in previous
research.'?® Odor delivery was the same as mentioned in the section above except that all odors were delivered in a certain order.

Following functional imaging, we collected a Z-stack of the mushroom body on the two-photon. We used these images to cate-
gorize the extent of KC increase or decrease by measuring the maximum cross-sectional calyx area. All samples are accounted
for here:

KCs did not look

Total increased (mud RNAI) Too much  Too low
Genotype/Condition  hemispheres = Damaged/unresponsive  or decreased (ablation) motion expression  Analyzed
control (attp2) 18 0 N/A 4 3 11 (9 females, 2 males)
mud RNAI 29 0 6 6 8 9 (1 females, 8 males)
Tao RNAI 21 0 N/A 6 3 12 (5 females,7 males)
Sham 15 1 N/A 0 0 14 (7 females, 7 males)
Ablation 15 0 2 2 1 10 (2 females, 8 males)

Only sufficiently expanded mud RNAi hemispheres (maximum cross-sectional calyx area > 2200 um?; for control(attp2) and mud
RNAI, each calyx was imaged by two-photon right after Calcium imaging) were included in the analysis of the KC-increased animals.
Only sufficiently HU-ablated hemispheres (maximum cross-sectional calyx area < 2100 um?; for Sham and Ablation, each calyx was
imaged in post hoc dissected brains by two-photon). For RNAi modulation, as LexAop-GCaMP6s in all animals are heterozygous, we
excluded images where axonal baseline fluorescence was not distinguishable from the background; these are categorized as “Too
low expression”. In sham and KC-reduced condition, LexAop-GCaMP6s is homozygous and provided robust axonal GCaMP
expression. All samples were motion-corrected in batch using Suite2p.®® ROIs were automatically chosen by applying triangle
auto-threshold method in FIJI (v2.3.0) to find pixels with higher intensity than the background in the axonal area, including axon ter-
minals and fibers. For Af/f, we chose the time window 5 s to 2 s before onset of odor stimulus as baseline, while peak responses were
the maximum response between 0 s to 12 s after odor stimulus onset. Corresponding visualization was performed similar to the
method described above by averaging 5s to 2s before onset of odor as baseline, and averaging 2s after maximum response as
peak. There is no “0.2 cut-off”.

Y-arena

Single fly behavior experiments were performed in a novel olfactory Y-arena. A detailed description of the apparatus is provided in
Rajagopalan et al.”" Briefly, the Y chamber consists of two layers of white opaque plastic. The bottom is a single continuous circular
layer and serves as the floor of the Y that flies navigate. The top is a circular layer with a Y shaped hole serving as the walls of the Y.
The length of each arm from center to tip is 5 cm and the width of each arm is 1 cm. These two layers are placed underneath an
annulus of black aluminum. A transparent glass disk is located in the center of this annulus and acts as the ceiling of the Y - allowing
for video recording of experiments. This transparent disk is rotatable and contains a small hole used to load flies. The black annulus
houses three clamps that hold the circular disk in place. All three layers are held together and made airtight with the help of 12 screws
that connect the layers. The Y chamber is mounted above an LED board that provides infrared illumination to monitor the fly’s move-
ments, and red (617 nm) light for optogenetic activation. Experiments were recorded from above the Y using a single USB3 camera
(Flea3, model: FL3-U3-13E4M-C: 1.3 MP, 60 FPS, e2v EV76C560, Mono; Teledyne FLIR, with longpass filter of 800 nm). Each arm of
the Y has a corresponding odor delivery system, capable of delivering up to 5 odors. For our experiments, olfactometers injected air/
odor streams into each arm at a flow rate of 100 ml/min. The center of the Y contains an exhaust port connected to a vacuum, which
was set at 300 ml/min using a flow meter (Dwyer, Series VF Visi-Float acrylic flowmeter) - matching total input flow in our experiments.
We wrote custom MATLAB code (MATLAB 2018b, Mathworks) to control the Y-arena and run experiments.

Behavioral Protocol
Odorant information
The following odorants were used to form cue-reward relationships in the Y-arena task:

1. 3-Octanol (OCT), diluted in paraffin oil at a 1:500 concentration and then air-diluted to a fourth of this concentration.
2. 4-Methyl-cyclo-hexanol (MCH), diluted in paraffin oil at a 1:500 concentration and then air-diluted to a fourth of this concentration.

Y-arena behavioral task structure and design
Flies were starved between 36-60 hrs before being aspirated into the Y-arena for experiments. Flies were inserted randomly into one
of the three arms. This arm was injected with a clean airstream and the two odors were randomly assigned to the other two arms. For
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agiven fly, one of the odors was paired with reward 100% of the time. Once a fly reached the choice zone of either odor arm, a choice
was considered to have been made. If the rewarded odor was chosen, the fly was rewarded with a 500 ms flash of red LED (617 nm,
1.9mW/cm?) to activate the appropriate reward-related neurons. The arena was then reset with the arm chosen by the fly injected
with clean air and odors randomly assigned to the other two arms. This was repeated for many trials with flies making either 40 or
60 naive choices where neither option was rewarding and 40 or 60 training choices where one option was consistently rewarded.

For each behavior batch, at least one control fly was also run the same day to account for any batch effects. The exception to this is
the batch of Tao RNAI flies. Due to technical reasons, we were unable to get behavior results from control flies on the same day.
Therefore, we used the controls from the mud RNAi behavior batches to compare their behavior to, since the control genotype is
the same for both the RNAI conditions.

Circular arena behavioral task structure and design

Groups of approximately 15-20 females, aged 4-10 day post-eclosion were anesthetized on a cold plate and collected two days prior
to experiments. They were transferred to starvation vials containing nutrient-free agarose. Starved females were trained and tested at
25°C at 50% relative humidity in a dark circular arena described in Aso and Rubin.® The arena consisted of a circular chamber sur-
rounded by four odor delivery ports that divide the chamber into quadrants. The input flow rate through each port was 100 mL/min,
which was actively vented out a central exhaust at 400 mL/min. Odors were pentyl acetate (PA), butyl acetate (BA) (Sigma-Aldrich
product numbers 109584 and 287725, respectively). These odors were diluted by an odor delivery system which utilizes air dilution of
saturated odorant vapor, and delivered odors at a 1:16 dilution of saturated vapor.

Flies were aspirated into the arena via a small port, and allowed 60s to acclimatize before training commenced. Training consisted
of exposing the flies to either PA or BA while providing optogenetic stimulation via a square array of red LEDs (617 nm peak emission,
Red-Orange LUXEON Rebel LED, 122 Im at 700mA) which shone through an acrylic diffuser to illuminate flies from below. LED acti-
vation consisted of 30 pulses of 1s duration with a 1s inter-flash interval, commencing 5s after switching on the odor valves and ter-
minating 5s after valve shut-off. The other odor was then provided for 60s without LED activation. Three training repeats, separated
by 60 seconds, were used.

Following training, testing was carried out with PA and BA. In the test configuration, the two different odor choices are presented in
opposing quadrants for 60s. Videos of fly behavior were captured at 30 frames per second using MATLAB (Mathworks, USA) and
BIAS (http://archive.iorodeo.com/content/basic-image-acquisition-software-bias.html) and analyzed using custom-written code
in MATLAB.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis

Analysis considerations

We analyzed males for immunohistochemistry in our manipulations. For functional imaging experiments, we used mixed-sex pop-
ulations, and did not observe any correlation with sex (not shown). The Y-arena and circular arena behavior used females due to
the size of the arena not being optimal for males. Therefore, the flies dissected post-behavior and used for calyx area quantification
in those animals and Brp staining (Figures 1D, 2H, and 6F) were also females. Sex differences in the fly are well-documented,
including in our own previous work, and anatomic and physiologic sex differences have not been observed in the mushroom
body.®'?” Any brains that appeared damaged from dissections, or those with the mushroom body region obscured due to insufficient
tracheal removal, were not included in the analysis.

Researchers performing quantification could not generally be blinded to experimental condition due to the overt changes in neuron
numbers and brain structures induced by our manipulations. However, analysis was performed blind to the goals of the experiment
when possible, and quantitation of features on the anterior and posterior sides of the brain were recorded independent of one another
and merged after all quantifications were completed. Moreover, many of our analyses make use of variation within an experimental
condition or genotype, providing an additional bulwark against observational bias.

Calyx area

To measure the size of the mushroom body calyx, we used genetically-encoded fluorescence driven in Kenyon cells by OK107-Gal4.
In cases where the fluorescent marker was not added, we used markers such as ChAT to visualize the structure. We then identified its
largest extent in Z (i.e. along the A-P axis), outlined it in FIJI (as in white outlines in Figure 2H) and calculated the cross-sectional area
using the ‘Measure’ command. We have previously shown the calyx area to positively correlate with KC number and hence, serve as
a readout for KC number in the hydroxyurea-treated, KC-reduced and mud RNAi-driven, KC-increased conditions.*®

Kenyon cell numbers

To count Kenyon cells, we again used genetically-encoded fluorescence driven by OK107-Gal4. We counted labeled somata in every
third slice in the stack (every third micron along the A-P axis), with reference to DAPI to distinguish individual cells from one another.
We initially determined that somata in slice 0 could also be seen in slices —2, -1, +1, and +2 but not in slice —3 or +3. To avoid double-
counting, we therefore counted every third micron. For Figure 4, Kenyon cells were counted using a cellular segmentation tool called
Cellpose.''® The confocal stack for each hemisphere was split into single planes every third micron, and those slices were cropped to
where the KC somata are present and given as input image into Cellpose. The count from each slice was then summed up to get the
total count. The software used the Kenyon cell fluorescence, nuclear signal (DAPI) in the Kenyon cells, and an automatically cali-
brated cell diameter to identify individual cells. We verified that the counts obtained matched manual counts.
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Kenyon cell and projection neuron neuroblast state

For quantifying Kenyon cell neuroblast state in Figure 6, as we have done previously,?® we used 58F02 to fluorescently label late-born
Kenyon cells and counted clumps of labeled somata surrounding the calyx as well as groups of labeled neurites leaving the calyx and
entering the pedunculus. These estimates usually matched; in the few cases where they did not, we used the number of axon clumps,
as somata are closer to the surface of the brain and more susceptible to mechanical disruption during dissection. This resulted in
numbers between 0-4 for each hemisphere. Any additional labeling of neurons by 58F02 was easy to discriminate from KCs as those
neurons did not enter the calyx or pedunculus.

For scoring presence of the PN neuroblast (PN INB/BAIc) in sham-treated and hydroxyurea-treated animals, we included Mz19
driving a fluorescent reporter in PNs from this lineage.'?®'?? In the absence of INB/BAlc, 12 glomeruli lose their typical PN partners;
40 glomeruli are innervated by the anterodorsal PN neuroblast, which is not affected by HU ablation.’*%"'3" Mz19 labels PNs that
innervate DA1 and VA1d glomeruli on the anterior side, and DC3 on the posterior side of the antennal lobe; DA1 is innervated by
INB/BAIc PNs.'?® We quantified the presence or absence of the most distinctly labeled glomerulus — DA1, as a way to score the
PN INB/BAIc getting ablated. In some cases, we observed mislocalization of DA1. For simplification, we scored this in the “absence”
category.

Projection neuron bouton numbers

To count aggregate boutons, we used ChAT signal as previously described in Elkahlah et al.“” We counted as separate structures
ChAT signals that were compact and appeared distinct from one another and that were 2+ micrometers in diameter (except in Fig-
ure 2, Tao RNAiimages where boutons appeared smaller than wildtype). When KC fluorescence was available, two boutons would be
counted separately if ChAT signals were separated by KC signal. We found that boutons in slice 0 often appeared in slices —1 and +1
as well, but never in slices —2 or +2. To avoid overcounting, we began at the most superficial slice in the stack where boutons were
visible, and counted every other slice, i.e. every second micron. For ChAT-positive counts in Figure 4, we combined data from two
batches of experiments done on different dates — one of them carried a KC-driven fluorescent marker, the other batch did not.
Kenyon cell claw counts

To count Kenyon cell claws, we used sparse labeling of Kenyon cells driven by mBitbow2.2. We traced the dendritic projections by
scrolling through the z stack, counting any claw-like dendritic structures that appeared and stopping when we reached the pedun-
culus. To ensure we counted all the cells labeled, we matched the puncta-like signal in the pedunculus to the number of KC soma
visible. When ChAT or nc82 signal was available, we used that to define the calyx extent. We generally found the mAmetrine Bitbow
signal (shown in Figure 2C) to be the cleanest and brightest for counting the claws. We then counted the number of KC soma labeled
in the same color in which the claws were counted to obtain a “claws per KC” measurement by dividing claws of that color by the KC
soma labeled in that color. Any image with more than 6 cells labeled was not counted as it was considered too dense to get an ac-
curate claw count. An exception to this were the Dscam®3%-2%1 animals (Figure 4) where the drastic claw number decrease allowed us
to count claws for up to 10 Kenyon cells.

Bruchpilot density

We measured Bruchpilot intensity in the calyx as a readout of synaptic density. First, we identified the Z plane with the largest extent
of the calyx in the A-P axis, and then took three measurements of the average fluorescence signal in the Brp channel in a defined ROI
region measuring ~40 pm?. The three measurements were taken randomly in different locations in the calyx to account for any vari-
ability in intensity. For normalization, the calyx Brp signal was divided by Brp signal measured in an unmanipulated brain region, the
protocerebral bridge. We chose this brain region as it was the closest to the calyx and was in the field of view in all calyx images taken.
These quantifications were done in the “63X hi-res-1" and “63X hi-res-2” sets of images (defined in the “Immunostainings” section
above).

Correlation matrix of odor responses

To assess the linear relation between each pairwise odor comparison across the cells in the control and Tao RNAi animals, we plotted
a Pearson correlation matrix using the “corrplot” package in R (v3.5.1). The range of the Pearson correlation is —1 to +1, with positive
values indicating a positive correlation and negative values indicating a negative correlation.

|.29

Behavior analysis

Y-arena

Analysis of data resulting from the Y-arena was performed using MATLAB 2020b (Mathworks). In a given experiment, the (x,y) co-
ordinates of the fly and metadata from the experiment to determine arm-odor relationships were analyzed to determine which
odor the fly chose on a given trial. This allowed us to make a list of choices made by the fly as a function of trial number. This list
was used to calculate the fly’s average preferences for the rewarded odor over the unrewarded odor (in the naive block, this was
defined based on which odor was rewarding in the training block). Time spent in the air arms was not recorded as a choice.

The proportion correct choice metric was calculated for both naive and training blocks and used in Figures 6 and 7. This was
defined as the number of choices to the rewarded option divided by the total number of choices. Only the second half of trials in
each block were used. The first half of trials were excluded from this calculation as flies take around 15-20 trials to reach a plateau
learnt performance in the training block and we did not want this metric to be diluted by trials in which learning was incomplete. To
plot individual learning curves in Figure 7, the cumulative number of choices towards the rewarded and unrewarded options were
calculated as a function of trial number and then plotted against each other. Since the control genotype for mud RNAI, KC-increased
and Tao RNAI, KC claw-increased animals was the same, we plotted the behavioral data from these three genotypes together.
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Circular arena

Videos recorded during the test phase were analyzed using custom-written MATLAB code. The centroid of each fly was identified
and the number of centroids in each quadrant computed for every frame of the experiment. For discrimination experiments, a Per-
formance Index (Pl) was calculated as the number of flies in the quadrants containing the paired odor minus the number in the quad-
rants with the unpaired odor, divided by the total number of flies.®* This value was calculated for every frame of the movie, and the
change in average Pl values over the final 30 s of the test period compared to the average Pl in the 30 seconds prior to the odor onset
was used to compute a single API for one set of flies.

Statistical considerations

Brains were prepared for imaging in batches of 5-10. In initial batches, we assessed the variability of the manipulation, for example if
we were trying to change Kenyon cell number, we looked at how variable the size of the Kenyon cell population was following the
manipulation. We used this variability to determine how many batches to analyze so as to obtain enough informative samples. To
avoid introducing statistical bias, we did not analyze the functional consequence of the manipulation until after completing all
batches; for example, if the manipulation was intended to alter Kenyon cell claw numbers, we did not quantify odor responses until
after completing all samples. Similarly, we did not measure the effect on other cell types (such as assessing projection neuron bouton
phenotypes) until after completion of all samples. Genotypes or conditions being compared with one another were always prepared
for staining together and imaged interspersed with one another to equalize batch effects except in occasional cases that have been
highlighted in methods above. Since our developmental manipulations seemed to affect the mushroom body in each hemisphere
independently and variably, we treated each hemisphere as an independent sample in our staining and functional imaging. In the
case of hydroxyurea-treated animals, if one hemisphere was affected severely, the other one is likely affected to a similar extent
but not necessarily equally, e.g. we observed KC clone counts of “[1,0]” or “[3,2]” but never “[4,0]”.

We excluded from analysis samples with overt physical damage to the cells or structures being measured. In figures and analyses,
we treated outliers the same way as other data points. For in vivo functional imaging experiments, full criteria for inclusion and exclu-
sion of each sample are discussed above under “Analysis of KC somatic odor responses” and “Analysis of MBON odor responses”.

Statistical tests applied are mentioned in each figure legend along with the p-value significance. Asterisks indicate p values asso-
ciated with these tests: *: p<0.05; **: p<0.01; ***: p<0.001; ***: p<0.0001; ns: non-significant. To communicate our findings in the
simplest and most complete way, we have displayed each data point for each sample to allow readers to assess effect size and
significance directly. When sample size could be determined from the figures, we did not explicitly state it in the figure legends. Sta-
tistical analyses were performed in GraphPad Prism, Excel, or R.
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Figure S1. Cellular odor responses in supernumary populations of Kenyon cells, related
to Figure 1.

(A) Odor responses over time for Kenyon cells shown in Figure 1G. x axes: seconds, y axes:
Af/f. Black bars: odor delivery. Each black line is one cell, with graphs at right showing
responses averaged across all cells of the sample. Each cell was normalized to average
fluorescence in the 3s period before stimulus onset. An example of a motion artifact can be
seen in ‘MO, mud RNAJ’ trace around 5s. n = 124 cells (control), 62 cells (mud RNAI). (B)
Cumulative proportion of Kenyon cells responding from 0 up to 4 odors. Each line represents an
individual control hemisphere (gray) or increased-KC mud RNAi hemisphere (red), with the
mean of all control or mud RNAi samples shown with a dotted line. (C) Relation of proportion of
KCs responding to 2 or more odors, and maximum cross-sectional calyx area of control (gray)
and KC-increased mud RNAI (red) hemispheres. Here and throughout, linear regressions are
performed across all data points shown in the figure, i.e., for the distribution of the two sample
types taken together across the variation in calyx size.
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Figure S2. mBitbow2.2 schematic and dendritic morphology in Tao-knockdown Kenyon

cells, related to Figure 2.

(A) Detailed schematic of mBitbow2.2 design; a simplified version is shown in Figure 2A. In the
presence of KD, the N-terminal portion of flippase will be inverted to the correct orientation,
hence enabling the expression of flippase under nSyb control in mature neurons. Similar to the
mBitbow2.1 design, the flippase will initiate a Bitbow combination. Flippase can also excise
itself, preventing sustained recombinations. (B) Images of sparsely labeled KCs in a KC>Tao
RNAI calyx showing highly branched but non-clawed dendritic projections that we observe in
some samples: maximum z projection (left), single confocal slice (right). In the example shown,
arrows mark 2 KCs labeled by mBitbow2.2 mAmetrine. Faint third soma is labeled by an

additional mBitbow?2.2 color.
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Figure S3. Cellular odor responses in animals with excess Kenyon cell claws, related to
Figure 3.



(A) x axes show seconds, y axes show Af/f. Black bars indicate odor delivery. Each black line is
one cell, with graphs at right showing responses averaged across all cells of the sample. Each
cell was normalized to average fluorescence in the 3 s period before stimulus onset. MO:
Mineral oil (mechanosensory control), EA: Ethyl Acetate, IBA: Isobutyl Acetate, BZH:
benzaldehyde, OCT: Octanol, MCH: Methylcyclohexanol. Control sample is the same sample
shown in Figure S1; we have replotted the data to allow quantitative comparison with the robust
responses of excess-claw KCs. n = 124 cells (control), 36 cells (Tao RNAI). (B) Cumulative
proportion of Kenyon cells responding from 0 up to 4 odors. Each line represents an individual
control hemisphere (gray) or Tao RNAi hemisphere (purple), with the mean of all control or Tao
RNAi samples shown with a dotted line.
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Figure S4. Cellular odor responses in animals with diminished Kenyon cell claws, related
to Figure 5.

(A) x axes show seconds, y axes show Af/f. Black bars indicate odor delivery. Each black line is
one cell, with graphs at right showing responses averaged across all cells of the sample. Each
cell was normalized to average fluorescence in the 3 s period before stimulus onset. MO:
Mineral oil (mechanosensory control), EA: Ethyl Acetate, IBA: Isobutyl Acetate, OCT: Octanol,
MCH: Methylcyclohexanol. n = 72 cells (control), 35 cells (Dscam?3¢-%>"), (B) Cumulative
proportion of Kenyon cells responding from 0 up to 4 odors. Each line represents an individual
control hemisphere (gray) or Dscam®3%-2*" hemisphere (green), with the mean of all control or
Dscam?®3¢-%1 samples shown with a dotted line.
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Figure S5. Additional functional, behavioral, and anatomic data in mushroom bodies with
diminished populations of Kenyon cells, related to Figure 6.

(A) Left: Schematic of the mushroom body lobe anatomy with KCs in green and 3’2y5 PAM-
DANSs in magenta. Axons of $’2y5 DANs in the lobe compartment are shown. Right: Single
confocal slices of the MB lobe (identified by location and Brp staining shown in blue). Mz19
driver labels ’2y5 DANSs (red). Representative images shown of sham-treated and HU-treated
hemispheres with 3, 1, or 0 KC clones. (B) A correct choices of sham-treated and HU-treated
animals shown in Figure 6D. Black bars indicate the medians. In B-D, each data point is an
individual fly. (C) Relation of A correct choices, sum of KC clone number from both hemispheres
and INB/BAIc ablation status. DA1 present in both hemispheres is indicated as “DA1 [1,1]",
presence in one hemisphere is indicated as “DA1 [1,0]”, and absent in both hemispheres is
indicated as “DA1 [0,0]” . (D) Relation of A correct choices to sum of DA1 score
(presence/absence). The data shown excludes fully KC ablated animals. Jitter added in (C-E) to
display all the data points. (E) Relation of normalized Brp density in the mushroom body calyx to
Kenyon cell clone number in sham-treated and HU-treated animals, excluding fully ablated
animals as there is no calyx present. (F) Average odor responses over time for y2,a’1 MBONSs in
Figure 61. x axes show seconds, y axes show Af/f. Black bars indicate odor delivery. Shadows
are 95% confidence intervals for corresponding averaged traces. Each cell was normalized to
average fluorescence in the 5 s to 2 s period before stimulus onset. MO: Mineral oil
(mechanosensory control), EA: Ethyl Acetate, IBA: Isobutyl Acetate, OCT: Octanol, MCH:
Methylcyclohexanol. n= 12 hemispheres (sham), 10 hemispheres (ablation). Only HU-partially
ablated hemispheres smaller than every control (maximum cross-sectional calyx area < 2100
um?) are included. This cutoff is labeled as black vertical dashed line in (G). (G) Relationship
between y2,a0’1 MBON peak odor responses and maximum cross-sectional calyx area. Gray line
is linear regression for all samples. n= 12 hemispheres (sham), 12 hemispheres (ablation). 2
HU-treated animals with maximum cross-sectional calyx area > 2100 um? are also shown.
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Figure S6. Additional functional and behavioral data in mushroom bodies of animals with
excess Kenyon cells or altered Kenyon cell dendrites, related to Figure 7.

(A) Mean and standard error of group performance indices over time in the circular arena “hard
discrimination” assay. Positions of all animals were monitored for the 30 seconds prior to odor
onset (blue), at t=30s. Odor was presented for one minute (red bar, t=30-90s). Performance
index at each time point is calculated as ((animals in quadrants assigned to paired odor)-
(animals in quadrants assigned to unpaired odor))/total animals. In Figure 7E we subtract the
animals’ time-averaged PI before odor onset (blue shading) from the time-averaged PI during
odor test (t=60-90s, pink shading). n=5-6 groups per genotype of 15-20 animals each. (B)
Average odor responses over time for y2,a’1 MBONs shown in Figure 7G. x axes show
seconds, y axes show Af/f. Black bars indicate odor delivery. Shadows are 95% confidence
intervals for corresponding average trace. Each cell was normalized to average fluorescence in



the 5 s to 2 s period before stimulus onset. MO: Mineral oil (mechanosensory control), EA: Ethyl
Acetate, IBA: Isobutyl Acetate, OCT: Octanol, MCH: Methylcyclohexanol. n= 10 hemispheres
(control), 9 hemispheres (mud RNAI), 12 (Tao RNAI). For mud RNAI, only Kenyon cell-
increased hemispheres (maximum cross-sectional calyx area > 2200 um?) are included. This
threshold is labeled as black vertical dashed line in (C). (C) Relationship between y2,a’1 MBON
peak odor responses and maximum cross-sectional calyx area. Gray line is linear regression for
all samples. n= 10 hemispheres (control), 15 hemispheres (mud RNAI); six hemispheres from
mud RNAI calyces with calyx cross-sectional area overlapping controls (< 2200 um?) are
included among these 15.



Parameter MB Name Variable | Number in Number
Name natural MB engineered
here
Number of inputs Olfactory projection | N 52 40-52
neuron types
Number of Kenyon cells per M 2000 500-4000
expansion layer hemisphere
neurons
Expansion ratio Kenyon cell E 38 10-77
(M/N) number/odor
channels
Number of inputs to | Claw number K 5 1-12
each expansion
layer neuron
Spiking threshold Number of input n/a For most cells, *We suspect it
channels active for at least 2, has not changed
KC to spike though some
cells have been
observed to
spike with one
input active
Strength of APL activity > Unknown Unknown
feedback inhibition
Total connections Total number of S 10,000 2,000-24,000
between sensory Kenyon cell claws
and expansion layer

Table S1. Quantitative variables of mushroom body calyx wiring and function, related to
Figure 1.
We use the framework developed by Litwin-Kumar et al [1].



Condition Result N M E K | KC spike | = S
threshold
Wild type KCs 52 | 2000 | 38 |5- | ~2claws | unknown 10,000
respond 6
to 0-1
odors
5HU ablation Fewer 40- | 500- | 10- | 5- | ~2 claws | Proportional | 2,500-
KCs, but |52 | 2000 | 50 | 6 | (inferred) |to KCs 10,000
each active
responds (inferred)
to the
same
number
of odors
Mud More 52 | 2000-| 38- | 6 | ~2claws | Proportional | 10,000-
knockdown KCs, but 4000 | 77 (inferred) | to KCs 24,000
each active
responds (inferred)
to the
same
number
of odors
Tao EachKC |52 | 1700 | 32 |12 | ~2claws | Proportional | ~20,400
knockdown responds (inferred, | to KCs
to more as active
odors described | (inferred)
in legend)
Dscam1[TM1] | EachKC |52 | 1800 |35 |1 | 1-2claws | Proportional | 1800
overexpression | responds (inferred, | to KCs
to fewer as active
odors described | (inferred)
in legend)

Table S2. Summary of the effects of our developmental manipulations on mushroom
body calyx connectivity variables, related to Figures 1-7.

To estimate Kenyon cell spike threshold when claw number varies, we used the following
reasoning: In our previous work, we found that 5-80% of PNs were activated by different odors,
with a median of 23% [2]. This is consistent with assessment of glomerular responses in the
antennal lobe [3]. To model the relationship between claw number and spike threshold, we
make three simplifications: That bouton responsiveness does not influence claw connectivity,
weights of connections between boutons and claws are uniform, and activity of each bouton is
independent of each other. This allows us to model the process of Kenyon cell receiving inputs
from PNs as a Boolean process, such that each PN connected with a Kenyon cell can provide
an active input with a probability of 0.23. Then, the number of active inputs (X) a Kenyon cell
receives follows a binomial distribution: X~Binomial(p, n), in which p is the probability of a PN
being active (p=0.23) and n is the claw number of a given Kenyon cell. We can then calculate
the probability of a Kenyon cell receiving k (k € [0, n]) active inputs with: Pr(X = k) =

(Hp* —p)"* = (})0.23%0.77". If a Kenyon cell receives inputs greater than or equal to its
firing threshold (th), this Kenyon cell will be activated. The probability of a KC being activated
could be calculated as: Pr(X > th) = Y., Pr(X = i) = ¥1-,,(7)0.23'0.77™~L. With this model,
we estimate that for wild type animals, 41% of Kenyon cells with six claws would receive at least



two inputs from among the 23% of boutons that are active in response to a median odor, and
that 13% of six-clawed Kenyon cells would have at least three active inputs. A spiking threshold
of 2-3 claws is therefore consistent with our experimental observation here that 20-40% of
Kenyon cells respond to each odor. Dscam1[TM1]-overexpressing Kenyon cells had 0-2 claws
(median of 1). If the spiking threshold was reduced in these animals, such that only one active
claw was required for the Kenyon cell to fire, we would expect ~23% of Kenyon cells to respond
to a median odor, because 23% of boutons would be active. However, we found that odor
responses were more dampened than this, with only ~10% of Kenyon cell responding per odor.
This result suggests that the number of active claws needed to spike the Kenyon cell remained
the same in this condition. Tao-knockdown Kenyon cells had ~10-14 claws. If the “active claws
needed” threshold rises in these animals, such that ~5 or more active claws were required for
the Kenyon cell to fire, we would expect only ~10% of cells to respond to a median odor (i.e.
only 10% of Kenyon cells would have five or more claws innervating the 23% of active boutons).
Again, this is inconsistent with what we see. For a Kenyon cell with 12 claws, 53% of cells would
have at least three active claws in response to a median odor, and 79% would have at least two
active claws. This threshold, the same as for a wild type six-clawed Kenyon cell, is more
consistent with our experimental observation that 80% of expanded-claw Kenyon cells in the
Tao knockdown condition are activated by each odor.
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