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Preface
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Chapter lintroduction

Introduction to Drosophilaas a Model for Olfaction

The use of the fruit fly,Drosophila melanogasterfor genetic research has proved
invaluable and enduring. The fly has also emerged as a useful tool for addressing questions in
neuroscience, especially in olfactory systems
toolkit, its ease of husimdry, and its numerically reduced nervous system with identified neurons
that can be found in every individual {@lsen and Wilson, 2008)

Early studies on olfaction arose from the uséadsophilafor studies on learning and
memory in which odors were used as the conditioned stimulus. This was done by providing
punishment (electric shock) in coordination with one of two odors, leadinly tleafctively avoid
the shockpaired odofQuinn et al., 1974)The use of odebased behavioral assays eventually led
to the discovery of specific olfactory gen@s/yub et al., 1990ps well as insect brain regions
associated withltactory learning and memoxge Belle and Heisenberg, 1994; Heisenberg et al.,
1985)

Due to the advancement in the studyDwbsophib genetics, researchers were able to
identify genetic mutants in relation to oedetection at an early stage. Inspired by Seymour
Benzer s wor k 1 n g(KamapkaarndiBenger, tOI7 Kiku&hi demohsaatet s
that genetic mutations in flies coube used to alter odor responses between parent generations
and their offspringKikuchi, 1973) This discovery in part led to the search for the genes and brain
structure organization responsible for olfaction. Differences in odor responses were observed

between wild type populations Dirosophib based on geographic origiRuyama, 1976as well



as intrapopulational differencéalcorta and Rubio, 1989 0dor responses were also determined
to be ethologically critical for proper courtsi{ggverhoff and Richardson, 197.4)

The prevalence of olfaction acrd3sosophilabehavioral and ethological research made it
clear that a cellular and physiological basis for odor perception was néedeldndmark study
on Drosophila olfactory structures, Stocker et al. used antennal cobalt dye fills to identify
individual glomeruli in the antennal lobe (AL), the first olfactory relay in the insect {Baicker
etal.,1983) Thi s al |l owed t hviual gloroeruli mighorepresemt futictiomat A i n
units, each receiving antennal i nput in a cha
his work in structural study, further characterizing glomeruli as well as identifying neuronal types
in the antenal lobe including local interneurons (LNStocker et al., 1990)

While structural analyses of th®rosophila olfactory system were underway,
electrophysiological study and other activity assays were being employed. Field potentials
(Alcorta, 1991)were used to determine odor response variations in mizensird and Pichon,
1984)as well as to determine possible olfactory genes (Borst, 1984). Activity assays such as 2
deoxyglucose mapping showed that differing odors caused specific patterns of glomeruli to be
activated(Rodrigues and Buchner, 1984¢nding early credence to the neural coding of odor
stimuli through the combination of glomerular responses.

The discovery of mammalian odorant recept(@Bsick and Axel, 1991)aired with
algorithms to search for these genes in the fully sequebecesiophilagenome(Adams et al.,

2000; Clyne et al., 1999gd to the neuroscientific ads and methods used today that thrust
Drosophilainto the forefront of olfactory research. Coinciding with these advances was the advent
of the GAL4/UAS binary expression systefBrand and Perrimon, 1993 flies, allowing

Drosophilato develop as a favorable organism for the study of olfaction. Structural analyses,



activity assays, and behavior have been refined and are commonly implemented in modern studies,
along with transgenimethods for monitoring and manipulating specific populations of neurons

in the olfactory system.

Basic Organization of the Antennal Lobe

Olfaction inDrosophilabegins with the binding of odor molecules to chemoreceptors
expressed by olfactory receptmurons (ORNs). ORNSs are housed in one of three broad types of
sensilla located on the surface of the third antennal segments or the maxillary palps (Fig. 1A).
This organization of ORNSs located on the external surface of the antennae and palps greatly
fadlitates direct recordings fro®RNs anchas thus contributed @ r o s o prépid tise éss
model system for olfactiofWilson, 2013) The sensilla classes are the basiconic, trichoid, and
coeloconic seriba and they are distinguished based on their anatomy, physical appearance, and
the specific ORNSs that they hou&&lyne et al., 1997; Grabe et al., 2016; Stocker, 199dgh
class of sensillum is present in a specific spatial pattern on the antenna, but there is large overlap
between the regions where each sensillum class is found. Basiconic sensiltéefire w
distributed over the surface of the antennae but are most concentrated at the anterior proximal
region and absent at the distal tip. Trichoid sensilla are predominant at the distal tip and
coeloconic sensilla are found at the greatest density quosterior surface.

Sensilla typically house two ORNSs (though the range is one to four) per sensillum with
each ORN expressing one or two chemoreceptors. A strict organization is observed where the
same ORN types are reliably paired together. Based opdiedis ORNSs they possess, there are
4 types of trichoid sensilla and 4 types of coeloconic sensilla on the antenna. The maxillary palps

contain only 6 classes of ORNs housed in three types of basiconic sensilla (and no trichoid and



coeloconic sensilla). Aere are approximately 415 sensilla on the antenna and 57 sensilla on the
maxillary palpgGrabe et al., 2016 his corresponds to approximately 1,150 ORNSs per antenna
and 120 ORNs per maxillary palfiSrabe et al., 2016Yhile most types of sensilla are
represented equally between matel female flies, dimorphisms in a number of specific types of
sensilla exis{Grabe et al., 2016; Shanbhag et al., 2000; Stocker, 2001)

ORNSs from the antenna and palps project their axons along the antennal nerve to spherical
compartments of neuropil in the brain called glomeruli. In total, there are 56 glomeruli and a central
region that serves as a hub for the axons and dendrites ohseanervating the Al(Tanaka et
al., 2012) In the AL, ORN axons synapse onto the dendrites of projection neurons((FiNg
et al., 2005; Stocker et al., 1996)oadly defined as any cells possessing dendrites in the AL and
axons that convey olfactoipformation to higher order brain regions, such as the mushroom
bodies (MB) or lateral horn (LH) of the protocerebrum (Fig. rgmann, 2006; Strausfeld and
Hildebrand, 1999)Several different classes of PNs have been described (see Projection Neurons),
though thebestdescribedcanonical PNs are those tlahervate a single glomerulus, release the
excitatory neurotransitter acetylcholine, and project to the protocerebrum via the medial antennal
lobe tract (mALT). In thisvork, the term PN in isolation of any description will refer specifically

to these PNs.
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Figure 1. Organization of theDrosophilaolfactory system.

A) A schematic representation of tbeosophilahead showing the antennae and maxi
palps shaded in light gray. Trichoid, basiconic, and coeloconic sensilla are distribute
antenna in distinct yet overlapping regions. Each sensilla class hoigas ORNs and ¢
be identified based oits morphology. Dashed outline in fluorescence image show
boundaries of the antenna or palps. S
images. Adapted from Grabe et al. (2016), Elucidating the neuronal architecture of ¢
glomeruli intheDrosophilaantennal lobe. CellReports, 16(12), 348413, with permissio
B) A schematic of th®rosophilabrain showing ORN axons synapsing with PN dendri
the AL. PNs then project to the LH where they synapse onto LHNs. ORN = olfactory r
neuron, PN = projection neuron, LHN = lateral horn neuron. C. Within the glomerulus
ORN that expresses the same olfactory receptor (denoted by the same color of ORN
to the same glomerulus. ORNs synapse with every PN in the glomeruamme@li ar
interconnected via multiglomerular LNs. LN = local interneuron.

Olfactory Receptor Neurons
At the heart of olfactory coding resides the ORN and the detection aspect of olfaction.

Drosophilaexpress three classes of chemosensory receptosdrasequence homologies within
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each class. These classes are the olfactory receptors (ORs), ionotropic receptors (IRs), and
gustatory receptors (GRs). ORs are liggatied ion channels that share little sequence homology
with mammalian olfactory €proteincoupled receptors (GPCR@enton et al., 2006; Clyne et

al., 1999; Kaupp, 2010; Vosshall, 200Additionally, they are sevepass transmmbrane
proteins but have an inverted membrane topology relative to GE&R&nN et al., 2006; Lundin

et al.,, 2007) ORs were identified in th®rosophilagenome by algorithmic sequence analysis
(Clyne et al., 1999s well as cloningvosshall et al., 1999Through cloning and spatial mapping,

the receptors were shown to be expressed only in the antennae and maxillary palps, reinforcing
their role as chemical receptdkéosshall et al., 199910R-expressing neurons typically express a
single OR in addition to the emceptor termed Orco (formerly OR83Benton et al., 2009; Couto

et al., 2005; Fishilevichral Vosshall, 2005; Larsson et al., 200lBs are considered variant
ionotropic glutamate receptors that bind to odors instead of glutdBextéon et al., 2009)The
mechanism of gustatory receptor mediated signaling is unclear; however, it is known-that co
expression of the only two gustatory receptors used for olfaction is necessary to confer CO

sensitivity(Kwon et al., 2007)

ORN Axonal Targeting

Each ORN expressing a given class of ORs will projettécsame glomerulus (Fig. 1C)
(Couto et al., 2005; Vosshall et al., 200@h average of 30 ORNs converge on each glomerulus,
but this number varies from 10 to @5rabe et al., 2016Each ORN synapses onto each PN within
the glomerulus(Gaudry et al., 2013; Kazama and Wilson, 20883 each individual ORN
contributes equallyo the total number of synapses in that glomer(Missca and Luo, 2014)n

order to acheve proper AL development, ORNs must target to their corresponding glomeruli. The



PNs6 contribution to glomerular formation i
stages of pupal formation by means of interdendritic interactideféeris et al., 2004)These
projections are target specific, nméag a given ORN will consistently project to its corresponding
glomerulug(Gao et al., 2000)and the PN dendrites will consistently forne tijlomerul (Jefferis
et al., 2004) Interestingly, this level of specificity has been shown to be independent of OR gene
expressior{Dobritsa et al., 2003)his is contrary to mammalian ORN axonal targeting, which is
dependent on the OR genes expressed in each N@ozra et al., 2002)

Although much remains unclear, one mechanism by which ORNs and PNs pair properly is
by homophilic targeting using transmembrane proteins like Terawitd Teneurim (Fig. 2A)
(Hong et al., 2012)which are also involved in the formation Dfosophila neuromuscular
junctions(Mosca et al., 2012)n this process, ORNs will only pair with PNspegssing the same
Teneurin profile (currently defined by classesTeheurins), and mismatches can be generated
using overexpression or RNAI suppressiotesfeuringenegHong et al., 2012)

Other proteins, such as the Toll receptors, have also been implicated HPRRAIring.
RNAI knockdown screens for various proteins causing a misdirection in the DAL and/or VAld
glomeruli identified DllI-6 and Tolt7 as being involved with proper targetifward et al., 2015)
Although known for being the beginning of a wellaracterized signaling cascade, the
downstream signaling and even the entire cytosolic portion of the&Bwoiltl Tolt7 receptors were

deemed unnecessargrfproper ORNPN pairing in the aforementioned glomer(Ward et al.,

S

(



Antennal ORNs

Axonally produced
% repulsive signaling
molecule

Future axon targeting
path

ORN Projections Maxillary Palp
ORNSs

Figure 2. Aspects of ORN axon to PN dendrite targeting to glomeruli
A) Homophilic targeting of specific cell surface proteins is used by ORN axons to properly targ

dendrites. ORNSs will onlpair with PNs expressing the same cell surface marker profile. Marker
include proteins such as Teneurins and Toll receptors. Genetic changes to the expression level
proteins can cause mistargeting. Different shapes in the ORN to PR pespngsent different proteil
profiles. B) Temporal contributions to targeting are utilized by maxillary palps ORNSs (blue). Ant
ORNSs (purple) must arrive prior to maxillary palps ORNs during AL development for palps OR
properly target to their gloemuli. Antennal ORNs produce repulsive molecules such as-$amwhich
bind to PlexinA receptors on the palps ORNSs, assisting in their guidance. The temporally delaye
of the palp ORNSs are represented by the dashed lines.
2015) This implies the extraceilar regions of ToW6 and Tolt7 can be used for cell surface
recognition.

Putative developmental proteins, like Wntd/u et al.,, 2014; Yao et al., 200@nd
HedgehodChou et al., 2010bas well as cell surface markers such as Dg€ogal et al., 2019;
Hummel et al., 2003 Ephrin(Sekine et al., 2013¢ell adhesion protein®arish et al., 2018xand
various semaphoringdoo et al., 2013; Sweeney et al., 2011, 2@d&)also known to be involved
in guiding ORN axons and PN dendrites toward proper glomerular formation. Aberrations in the

production of these proteins produce phenotypes such as mistargeted ORN axons or PN dendrites.

Interestingly, there appears to be a temporal aspect mediated by Semaphand PlexinA
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between ORN axons in which antennal ORNs must develop and begin patterning in order for
maxillary palps ORNSs to properly target glomeruli (Fig. 2B)veeney et al., 200./Furthermore,

a broader spatial component is also involved. Differential expression of the transcription factors
Atonal and Amos in the ORNSs is necessary for proper development of the posterior and anterior
glomeruli, respectivelyOkumura et al., 2016 he combination of multiple cell surface proteins,
temporalregulation, transcription factors, and developmental proteins shows the complexity of
proper glomerular formation in the AL. Investigations into interactions between these contributors
as well as concepts such as concentration differences of cell suréakersncould begin to

elucidate the details of this complex process.

ORN Physiology Is Mediated by Receptors

While proper OR expression may not be necessary for axonal targeting of ORNSs, the
olfactory receptor determines the physiological propertieth@fneuron. Or22a and Or22b are
expressed in the ab3a neuron, and deletion of these genes ablates the sensitivity of this neuron to
odor stimulationDobritsa et al., 2003)As suggested in the ORN Axonal Targetsegtion, the
ab3A neuron still targets the DM2 glomerulus without issue, however it no longer responds to its
preferred ligand, ethyl butyrafBobritsa et al., 2003)he Or22a/b deficient ab3a neuron has been
repurposed to study other ORs using GAL4/UAS control. Various OR genes have thus been
expressedimti s fAdecoder o neuron in what is called
OR in the empty neuron assay results in a change in odor sensitivity determined by the new OR
(Hallem et al., 2004)Additionally, individual receptors can yield both excitatory and inhibitory
responses by means of interacting with different ofldedlem et al., 2004)Therefore, the odor

response is dependent on the interaction between a given odor epidr@dallem and Carlson,



2006) so no single odor nor receptor can be cl
However, it was demonstrated that esters and alcohols tended to produce strong excitatory
responses, and araics were often found to be more inhibit¢Hallem and Carlson, 2006)he

empty neuron assay has also been used to reveal the breadth of tuning of ORs. Broadly tuned ORs,
such as Or67a and Or49b, were identified along with nrmwed ORs, like Or82@allem and

Carlson, 2006)As might be expected, when odmncentrations increased, a wider variety of

ORs are activate(Hallem and Carlson, 2006\s stated by Hallem, Ho, andaflson (2004),

Al receptor s] vary widely in their breadth of
receptors they activate, 0 indicating the i mpo
Aside from OR receptor expression, few perialhdactors influence ORN olfactory responses.

For example, ORN odor responses are invariant to the wind speed in which they are (#teated

and Wilson, 2012)One notable exception however is the emphatic coupling between ORNs

residirg in the same sensillum, where activity in one ORN can inhibit an(Blezt al., 2012)

lonotropic Receptors

In addition to ORsPDrosophila express a subfamily of ionotropic glutamate receptors
(iGIuRs) known as IRs. They have more variable extracellular regions than j@ibiRk bind to
various olfactory ligands instead of glutamé@Benton et al., 2009 owever, IRs maintain the
ion-channel characteristics of traditional iGluR&buin et al., 2011) but alsoconfer odor
responses much | i ke ORs. For exampl e, mi sexpr
confers the IRspecific odor responsivityBenton et al., 2009)IRs act in a complementary

function to ORs with respect to odor representation; while ORs tenespond to esters and

10



alcohols, IRs mainly respond to amines and a(&ilbering et al., 2011)}urthermore, IRs and

ORs have been shown to be evolutionarily distf@cbset et al., 2010)

Representation of FoodBased Odors

Volatile products of fermentation are highly attractive Doosophila Importantly, a
distinction is made that the response to tiodatiles of the yeast causing the fermentation
independent of the fruit are what cause the attraction bel@egoher et al., 2012 he presence
of the yeast has been found to encourage oviposition and larval devel¢Bewhdr et al., 2012)
Yeast byproducts such as ethanol, acetic acid, anttuz®ediol are overrepresented in the
antennal lobe. Additionally, food deprivation increases signaling in ORNs sersitappetitive
odors in a neuropeptiedependent manner while decreasing sensitivity to aversive (idorst
al., 2015; Root et al., 2011pdors related to food tend to be attractiveDrosophilaand are
generally overrepresented in the anter(irlem and Carlson, 200Ghdicating their ethological
relevance. Furtherme, Drosophilaalso detect and respond to odors that indicate potential harm
associated with food. Geosmin, a product of toxic bacteria and fungi found on fruit, interacts with

a single receptor and elicits a strong, aversive behésiensmyr et al., 2012)

Projection Neurons

Projection neurons are defined as the output cells of the antennal lobe, transmitting
olfactory information from the AL to theHLand MB. Originally, the term PN referred specifically
to uniglomerular excitatory projection neurons that served a similar function to the mitral and

tufted cells of the mammalian olfactory bulb. It is now appreciated that there are likely several

11



typesof neurons that convey olfactory information to other brain regions; some of these cells differ
substantially from the originally described PNs.

Most projection neurons are derived from one of three neuroblasts named according to the
position of their célbodies: the anterodorsal, lateral, and ventral neurolfliesteris et al., 2001)
The best described members of the anterodorsal and lateral neudebiestt PN are
uniglomerular, excitatory cholinergic neurons, which project to third order brain regions via the
medial antennal lobe tract. These cells have been referred to as ePNs (excitatory PNs), uPNs
(uniglomerular PNs), mPNs (mALjrojecting PNs), and simpli?Ns. This nomenclature can
create confusion as other neurons in the AL have been assigned similar abbreviations. For
example, multiglomerular PNs have also been referred to as mPNs. For the purposegook this
| will refer to the canonical excitatoryniglomerular PNs as ePNs and the GABAergic
multiglomerular PNs as iPNs. | do this acknowledging that PN nomenclature is still not fully
resolved and that the identification of future classes of PNs will likely necessitate revisiting how |

refer to theseeaurons.

PN Anatomy

The dendrites of ePNs project into a single glomerulus ipsilateral to their somata. On
averagetwo to threeePNs innervate each glomerulus, though the number rangesfieim six
(Grabe et al., 2016). While the volume of the glomerulus is dictated primarily by the number of
ORN:Ss, it also correlates slightly with increasing ePN number (Grabe et al., 2016). It is generally
believed thatall the ePNs that innervate a single glomesufunction identically, and stark

differences between ePNs within a glomerulus have not been reported. There is also a correlation
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where glomeruli innervated by the highest number of ePNs receive their input from narrowly tuned
ORNSs (Grabe et al., 2016).

Within the glomerulus, ePNs receive synaptic input from ORNSs, LNs, and from sister ePNs
that innervate the same glomerulus. Interestingly, approximatefjoanth of the ePN synapses
within the AL are outputsrom the ePNgRybak et al., 2016)The ORN to ePN synapse is
cholinergic and reliably blocked by the nicotinic receptor antagonist mecamyléfain@ma and
Wilson, 2008) Cholinergic, as well as electricalynapses are also used between sister PNs to
correlate their spontaneous activity and odor respdi@emama and Wilson, 20093PNs make
synaptic connections onto LN®Vilson and Laurent, 2005nd in turn receive direct inhibition
from several classes of LNkiu and Wilson, 2013)

The next best @racterized group of PNs arises from the ventral neuroblast and have their
somata located ventral to the AL. These PNs are inhibitory, utilize GABA, and project to the LH
via the mALT. Most of these ventrally positioned PNs innervate multiple glomeraligtha
smaller subset is uniglomeru@hen et al., 2016; Tanaka et al., 20I12)ese PNs have also been
referred to by a number of abbreviations including iPNs (inhibitory PNs), vVPNs (VEIN&)
mPNs (multiglomerular PNs), and mIPNs (mediolateral tract PNs). Here, | refer to these cells as
iPNs. iPNs have been further subdivided into three types based on their glomerular innervation
patterns (Tanaka et al., 2012): Type 1 are uniglomerwae Z are multiglomerular and represent
the vast majority (~80%), and Type 3 are panglomerular. Further classes of iPNs have been
recently identified and are thus poorly described in terms of physiology and function. The iPNs
are densely interconnected wiall of the other cells classes within the AL. Like the ePNs, they
also receive direct excitation from ORNSs but are generally more broadly tuned to od¢Wapgt

et al., 2014)This may be due to a combination of direct input from more ORN types (since iPNs
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typically innervate multiple glomeruli) or from lateral excitat@gnnections. iPNs also make
reciprocal connections with ePNs. They are excited by ePNs and in turn depolarize ePNs via

electrical synapses.

Characterization of PNs

Initial studies into the organization of the AL focused on screening GAL4 promoter lines
to identify cells that appeared most like the traditional PNs described in other insects; namely
uniglomerular PNs. However, recently there have been more consistent efforts to fully characterize
the projection neurons in glomeruli using unbiased appestin et al., 2013; Tanaka et al.,
2012) For example, photoactivatable GFP can be used to reveal all of the neuronatiimgerv
glomerulus. This approach revealed a total of 12 PNs that innervate thse@€tive V
glomerulus representinigdividual classes of PNs that project bilaterally and exclusively to the V
glomerulus(Lin et al., 2013) Interestingly, these different classes of PNs responded uniquely to
increasing concentrations of @@nd influenced concentratiatependent aversion to tloelor,
and each had unique projections to higher order brain regitms while it is still assumed that
classic ePNs within a glomerulus function identically, it is clear that different classes of PNs within

a glomerulus function together to shape olfactmediated perceptions and behavior.

Local Interneurons

The characterization @rosophilaLNs has been among the most complicated for neurons
of the antennal lobe. In part, this is due to the incredible heterogeneity in features used to classify
them. Such features include neurotransmitter composition, anatomy as defined by glomerular

projectia, intrinsic cellular propertieSeki et al. 2010) and responses to olfactory stimuli. The
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only common feature that unites all LNs in the AL is simply that their processes are restricted
entirely to the antennal lobe. Otherwise, it is clear that AL LNs represent an extremely diverse and

complexclass of neurons.

LN Anatomy

Anatomically, virtually all LNs are multiglomerular and send their dendrites to several
olfactory glomeruli. However, the specific glomeruli targeted by LNs can vary tremendously
across cells. LNs can innervate (a) virtuallyglomeruli and be panglomerular, (b) all but a few
glomeruli, (c) a continuous region of the AL, (d) a patchy or discontinuous portion of the AL, or
(e) only a few glomeruli and be oligoglomerular (Fig.-BA(Chou et al., 2010a)t is generally
believed that LNs will release GABAiniformly throughout their dendrites, making total
innervationof a glomerulus by LNs reasonable proxy for GABA release i@t glomerulus
(Chou et al., 2010a; Hong and Wilson, 201Bjerestingly, while there are only approximately
100 LNs in each AL, a survey of nearly 1500 LNs (across different individual flies) revealed
approximately 850 unique glomaar innervation patterns (Chou et al., 2810 hus the specific
glomerular pattern cannot be used to rigidly classify LNs as this feature is not stereotyped across
flies. However, despite the great variability in LN projection patterns, their anatomical
innervations are clearly not randomly distributed. Various GAL4 lines that label LNs show

consistency in the glomeruli that they target.
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Figure 3. Diversity of individual LN morphologies and responses, and populational LN response
to private odors.
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Figure 3. Diversity of individual LN morphologies and responses, and populational LN response
to private odors. Ai E) The fiveclasses of LN morphologies as defined by Chou et al. (2010). T
classes are panglomerular (A), nearly panglomerular (B), continuous multiglomerular (C),
multiglomerular (D), and oligoglomerular (E). Paand nearly panglomerular LNs innervaté aid
nearly all glomeruli, respectively. Multiglomerular LNs innervate many glomeruli, but not to the ¢
of nearly panglomerular LNs. Continuous LN innervate neighboring glomeruli while patchy L"
not. Complimentary patchy LNs without overlap candbserved within a fly. Oligoglomerular LN
tend to innervate between one ahdee glomeruli and are the least common of the five categdrie
weakinverse correlation exists between the number of glomeruli an LN innervates and the stre
its odorresponses (Chou et al., 2010). F) Examples of spike trains demonstrating the diversity
responses. Recordings were obtained from LNs labeled by the same GAL4 line, and responst
to the same odor. Vertical lines represent individual LN spiked,the blue rectangles denote oc
delivery. Scale bar is 0.1 secondiep left a strong odor response, comparebidtiom left a weak odor
responseTop right and bottom righta fast and slow response, respectively. Responses in LNs
also be strongith a long latency or weak and short in latency. These responses tend to vary more
cells rather than odors, allowing for the prediction of other odor responses given an observed r
to a known odor. G) Odors that elicit ORN signaling to glsirglomerulus evoke LN activity in al
other glomeruliLeft the GCaMP3 signal in ORNSs in response to four odRight, the correspondincg
GCaMP3 signal of LNs to the same odors. Arrowheads indicate additional LN activity in the glom
being activatd. These data indicatelorevokedactivity in as little as one glomerulus is sufficient
elicit LN activity in all other glomeruli, and the resulting spatial intensity profile is similar across ¢
Adapted from Hong and Wilson (2015), Simultaneousoding of odors by channels with diver:
sensitivity to inhibition. Neuron, 85(3), 57339, with permission.

For example, LNs labeled by some GAL4 lines consistently avoid glomeruli wbgsate
ORNSs are selective for pheromones, while reliably targeting other glomeruli. Other GAL4 lines
preferentially label patchy LNs or LNs that innervate a continuous region of the AL. Genetic
multicolor labeling of two patchy LNs shows that their déedrappear to repel one another,
preventing them from occupying the same glomerulus (Chou et al.g20huis the logic of LN
innervation in the AL is likely not a rigid stereotypy, but rather more likely regulated on an

individual fly basis through developmental processes, such as LN to LN interactions.

LN Physiology
Similar to their diversity in morphology, LNs also demonstrgteat variability in their
physiology. Both the intrinsic properties and synaptic conductances of LNs vary across individual

cells to give them unique odor respon@elkou et al., 2010a; Nagel and Wilson, 2016; Seki et al.,
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2010; Wilson et al., 2004; Yaksi and Wilson, 201%Jch odor responses can vary with regards to
their odor tuning, sensitivity, and temporal dynamics (Fig. 3F). While the physiofdgys can
vary between neurons, there are consistencies
like their anatomy. Importantly, LN odor responses vary more across cells than they do across
odor s. This means that Is eesponses to ione fstonulnsacanihel;m a b «
predict its responses to untested odors. One of the most convincing means of grouping LNs into
individual classes is to correlate patterns of anatomy with physiology. Indeed, such trends have
been observed, suggestimat distinct classes of LNs are present in the AL (Chou et al.a2010
For example, panglomerular LNs that innervate the most glomeruli show weaker odor responses
than LNs innervating far fewer glomeruli. Additionally, LNs that selectively avoid pheromone
processing glomeruli tend to have more transient odors responses compared with other LNs. Not
surprisingly, such physiological differences thus also correlate with the GAL4 line used to label
the LNs. Given the diversity of LN physiology and the likelggance of multiple classes of LNs,
an important issue is how LNs respond to odor presentations at the population level. Because most
of the variability in LN responses occurs across cells and not odors, most odors will elicit the same
pattern of activity whin LNs across the AL (at least at the resolution of calcium imaging) (Fig.
3G) (Hong and Wilson, 2015)This fixed pattern simply scales with the strength of the odor,
defined as the total number of ORN spikes elicited. An exception to this observation is that some
odors which selectively activate a single class of ORNs generally recruit additional intraglomerular
LN activity within their targeted glomerulus.

The most commn neurotransmitter utilized among LNs is the inhibitory transmitter
GABA, although there is diversity in LN transmitter profile as well. GABAergic transmission from

LNs hyperpolarizes and inhibits both presynaptic ORN terminals and PN deri@iges and
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Wilson, 2008; Root et al2008) In the intact olfactory circuit, presynaptic inhibition of ORN
terminals is the dominant form of inhibitiomhis inhibition is divisive such that stronger ORN
responses are inhibited more than weaker respg@ss=n et al., 2010ps opposed to subtractive
inhibition where each response would be inhibited equ@llfactory receptor neurons express

both GABAx and GABAs receptorsvhich allows them to be both rapidly inhibited by LN activity

and to undergo a longer, slower form of inhibition that is likely mediated by G#ilfover after

LNs have stopped responding to olfactory stimulation. Pharmacological manipulations show that
both forms of inhibition are important for shaping olfactory responses in the AL. Some LNs in the
AL do not release GABA, but instead release other neurotransmitters. One example are the
glutamatergic LNs (GHLNS) that reside in the ventral cluster of thie (A. Das et al., 2011; Liu

and Wilson, 2013)These LNs also show diverse anatomical profiles and broad odor responses.
They inhibit virtually every class of neuron in the AL and make reciprocal connections with
GABAergic LNs. Interestingly, GHLNs do not send their processes directly into the glolmgru

but rather seem to release glutamate into the space around the glomeruli. This suggests that Glu
LNs may inhibit by bulk release and spillover of glutamate rather than forming traditional synapses
in the AL. Consistent with a model of spillover, indival GIULN to PN synapses are not
physiologically observed whereas stimulation of large populations ofLS4u reliably
hyperpolarize ePNs.

The AL also possess LNs that utilize acetylcholine as their neurotransmitter. The presence
of an excitatory local network in the AL was implied from early experiments showing that PNs
can respond to odors to which their cognate ORNs are inser{Blhaadawat et al., 2007; Wilson
and Lauent, 2005) or when the ORNSs are silenced via mutati@not et al., 2007; Shang et al.,

2007) or have been physically remové@Isen et al., 2007)These excitatory LNs (eLNs)
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surprisingly do not mediate lateral extiba via acetylcholine, but instead broaden odor responses
via electrical coupling with PNs via gap junctigivaksi and Wilson, 2010)T'he eLNs are broadly
tuned toodors and highly sensitive to even weak odor stimuli. This is likely mediated by both
input from a large array of ORNs and reciprocal connections with PNs. While eLNs use gap
junctions to mediate lateral excitation in the AL, they also make acetylchukdeted synapses

with GABAergic LNs.

Modulation and Plasticity of LNs

LNs are also key players in modulating olfactory representations in the AL, as they can
synthesize numerous neuropeptides and monoamines, and they possess several receptors for
neuronodulators released by centrifugal neurons innervating théGaltlsson et al., 2010; Kim
et al., 2017; Sizemore and Dacks, 2018) number of neuropeptides including tachykinin
(Carlsson et al., 2010; Ignell et al., 2009; Winther et al., 2008pinhibitory peptide, and
allostatin A localize to LNs. Tachykinin released by LNs inhibits the terminals of ORNs to depress
odor activity (Fig. 4A) [gnell et al., 2009). This suppression targets glomeruli tuned to aversive
odors and is invoked during food deprivation. This form of modulation (along with additional
ORN-mediated forms) enables flies to better navigate towards appetitive (does al., 2015)
Dopamine is also supplied to the AL by a pair of LNs that also likely release GABA (Chou et al.,
201(®). However, the specific role of most kfdleased peptides has not been thoroughly
investigated. In addition to releasing modulating compounds, LNthaneselves the targets of
neuromodulation. Modulation of LNs has been best characteanzesard toserotonin (5HT)
(Coates et al2017; Dacks et al., 2009; Singh et al., 2013; Sizemore and Dacks, 2016; Zhang and

Gaudry, 2016) Each of the fiveDrosophila 5-HT receptors localize to at least some LNSs.
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Endogenous serotonin hyperpolarizes both LNs and PNs and ultimately leads ¢ol r@éactory
responses in most glomeruli (Zhaagd Gaudry, 2016). In flies, only one serotonergic neuron

innervates the AL. This cell is termed tbentralaterally projecting, serotoRimmunoreactive

A Hunger Driven Modulation B Plasticity and Habituation
PN LN ORN
Fed vs.
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Odor Cone
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Figure 4. Local interneurons participate in both classical neuromodulation and plasticity of
olfactory responses.

A) Top left a model for neuromodulation of ORN output in response to food deprivation. Star
results in potentiated ORN responses for ORNs that mediate attraction (such as DM1 ORN
increase is sensitivity is represented by an additive gain function. @RMNEs that mediate aversion 1
high concentrations of odor become less sensitive to odors upon starvation in a manner consis
divisive gain controlBottom leftf a schematic of the cellular basis for starvatraiuced modulation
showing the conneicins between an ORN (black), PN (magenta), and LN (blue). ORN terminals re
acetylcholine onto PN dendrites. ORN terminals possess tachykinin receptors (DTKR) ant
neuropeptide F receptors (SNPFR) in the AL. Tachykinin (DTK) is supplied by fdeahéurons anc
short neuropeptide F (SNPF) is released by ORNSs directly. Starvation decreases circulating insul
and decreases insulin receptor (InR) activation. In the aversive DM5 ORN axons, this resuli
increase in DTKR expression and dimshed ORN transmitter output. In the attractimediating DM1
ORN axons, reduced InR signaling increases sNPFR expression and amplifies ORN release
dendrites. Note that DM5 and DM1 ORNSs each express both DTKR and sNPFR. It is only the
in their expression levels upon starvation that is unique to the ORNRIghs.a representation of th
Drosophila brain showing ORNs, LNs, and PNs. B) A model for habituation showing decre
GABAergic LN output as the primary cause. Processes and reseptuired for normal olfaction ar
shown in black and components required for habituation are shown in light gray. Habituation re
a marked increase in LN GABAergic transmission onto PNs. During prolonged odor exposure |
activated by ORN ingt. The PNs recurrently excite the LNs either directly through acetylcholir
indirectly through excitatory local interneurons. Plasticity likely occurs in the LNs as habitt
requires a functionalitabagagene, a calciurcalmodulirdependent adenytiacyclase, in a subset (
LNs termed LN1s. These LNs corelease glutamate onto PN terminals and the vesicular gl
transporter vGIuT is required for habituation. Glutamate activates NMDA receptors only in act
PNs. This is critical to ensure thanly LN synapses onto previously activated PNs are potenti
While most LNs are mukior panglomerular, habituation is restricted to only those glomeruli tha
activated during prolonged odor presentation.
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deutocerebral neurof€SDn) (Dacks et al., 2006) Mani pul ati on of the CSI
multiple odormediated behaviors such as £@voidance and sensitivity to tH@rosophila

pheromone 1=Lis vaccenyl acetate (cVApingh et al., 2013)However, some glomeruli do not

receive input from the CSDn and yeim&n sensitive to serotonergic pharmacology (Zhand

Gaudry, 2016). This suggests that some bNBNs may be able to respond to serotonin released
extrasynaptically or potentially in the hemolymph.

In addition to altering odor representations via newrdulation, LNs can also change odor
responses through learning and plasticity (Fig. 4B). Liengn exposure to COinduces an
expansion specific to the V glomerulus, which is innervated by ORNs selective foritG©
accompanied with an increaseé@. odor response in LN neurites within the V glomerulus, which
decreases PN output resulting in behavioral habitugi&acthse et al., 2007DRN activity
remains the same after lotgrm odor exposure, and so habituation is thought to be mediated by
either ORN axon prunin@Golovin et al., 2019)increased LN inhibition of PN dendr#éS. Das
et al., 2011; Larkin et al., 2010; Sadangmma et al., 2013)or both.These effects appear to
glomerulus specifiS. Das et al., 2011; Golovin et al., 2019; Larkin et al., 2010; Sachse et al.,
2007) This leads to an interesting question: if LNs typicafinervate many glomeruli, how is
modulation of LN output restricted to only the activated glomerulus? Current models propose that
LN activity is enhanced only in the portions
glomeruli (Ramaswami, 2014; Twick et al., 2014y this model, ORN activity drives only
postsynaptic PNs and activates NMDA receptor :
activate LNs within the glomerulus in a dendrodendritic fashion, it is reasonable to believe that
reciprocal PNLN synapses cdd be potentiated locally within only that glomerulus. While the

LNs will also inhibit other glomeruli (mediating lateral inhibition), the lack ofdd activation in
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those glomeruli appears to prevent the strengthening of synaptic connections within those
glomeruli. Consistent with this model, habituation fails to be induced (a) if NMDA receptors are
knocked down in PNsS( Das et al., 2011), (b) futabaga a calcium dependent adenylate cyclase
gene, is knocked down in LNS.(Das et al., 2011), or (c) if PN activity is suppressed during the

period of the habituating loAgme odorexposurgSudhakaran et al., 2012)

Olfactory Coding

Early olfactory coding in th®rosophilabrain is a result of ORN, LNna PN properties,
harmoniously working to modulate the inputs and outputs of the antennal lobe based on given
odors. The main goal of this system is optimization of signal processing: to balance the
discrimination of a plethora of odors while also keephngsystem as fast as possible. The result
is conflicting components contributing to the olfactory system, leading to multiple, coexisting
proposednodels of coding.

The simplest proposed model of olfaction is perhaps that of the antennal lobe being a
simple relay of signal. That is, the ePNs receive excitatory inputs from ORNs and faithfully
transmit to higher order brain regiofNg et al., 2002; Wang et al., 2003)he accuracy of
neuronal activity imaging at the time, paired with km®wledge that ORNs expressing a given
receptor converge at the same glomer(@o et al., 200Q)supported this faithful transmission
model. However, it is now clear for multiple reasons that substantial processing of odor
representations occurs both through lateral connections across olfactory channels and through the
ORN to ePN synapse itself. First, ePNs are more broadly tuned to loalotheir respective ORNs
(Wilson et al., 2004) Additionally, ePNs are hyperpolarized and suppressed by GABAergic

mechanims and LNs can be heterogenous in glomerular innervation and odor reqpdisas
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and Laurent, 2005) astly, ePN activity can still be observed from &RNs downstream of empty
ORNswhen recorded in the empty neuron assay, suggesting excitatory or disinhibiting lateral
activity (Olsenand Wilson, 2008; Shang et al., 2008)nce blocking GABA receptors does not
affect this ePN activity, this activity was deemed to be from excitatory LNs (Shang et al., 2007).
Taken together, this evidence shows that profound odor processing indeeslin¢be antennal

lobe and is accomplished through a variety of means.

Labeled Lines and Combinatorial Coding

Some olfactory circuits are more narrowly tuned than others. Often referred to as single
channel or labeled line circuits, these pathways are characterized by ORNs narrowly tuned to just
a single odorant molecule along with similarly tuned PNs, althouighaibrth noting that some
PNs may be broadly tuned despite being postsynaptic to narrowly tuned GBN=f and
Wilson, 2007) These lines often represent ethologically relevant odors, such as those involved
with mating, oviposition, and foefinding, indicating a possible correlation between efficiency of
transmission, extent of processing, and importance of the odor to.tRerflgxample, one labeled
line is that of the gustatory receptors Gr21a and Gr63a, which detect carbon dioxide and whose
neurons project only to glomerulus (Kwon et al., 2007; Suh et al., 2009Dther labeled line
odors include geosmin, cVA, methyl laurate, and limonene. Geosmin interacts only with Or56a
found on ORN ab4B, which projects to the DA2 glomer(&tensmyr et al., 2012)ethyl laurate
and cVA areDrosophila pheromone signals that activate ORNs also projecting to dedicated
glomeruli (VALlv(Dweck et al., 2015and DA1(Datta et al., 2008)espectively). Sces involved
with preferential oviposition such as limonene and ot@drus terpenes excite the DC1

glomerulus and cause attraction (Dweck et al., 2015). Another potential labeled line is the Or83c
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expressing ORNs projecting to the DC3 glomerulus, respgnéxclusively to farnesol, a
behaviorally attractive odor for flies produced in ripirus fruits (Ronderos et al., 2014)

However, if single channels were to be used exclusivel{pfosophilaodor coding, the
number of possible odors represented would be a reflection of the 56 glomeruli. An alternative
means to represent odors is not through the activation of labeled lines, but rather through the

relative activity across many glomérurhis strategy, called combinatorial coding, allows for the
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Figure 5. Transformations of odor representations acrossynapses in the early
olfactory system.

A) A schematiaepresentation of the synaptic connections of ORIN&k), PNs (magenta)
and LHNs (green). Convergenarad divergence occur at each stage of processing as
by the altto-all connectivity from ORNs to PNs and from PNs to LHNs. Gray, dashed ¢
indicates the connections within the AL. B) Normalized PN responses peak earlier r
to ORNs. This occurs because PNs rest near their firing threshold and receive
synaptic input from every ORN innervating the same glomerulus. The strong sy
between ORNs and PNs also renders PNs sensitive to weak odors. C) Inhibition in
prevents saturation of PN responses (solid line without lateral inhibition and dashe
with lateral inhibition) thus allowing them to code odors over a greater rangdoo

concentrations. Inhibition in the AL is provided primarily by GABAergic LNs. D) T
convergence of all PNs onto all LHNs also contributes to rapid olfactory discriming
LHNs are most sensitive to the fast rising phase of PN responses. E) A ohautir

detection based on identifying spikes rate above spontaneous activity reveals that F
LHNs are equally able to detect odors given enough time. However, LHNs show ¢
accuracy in early phases of the response (see Jeanne & Wilson, 2008 éby. This occurs
because PNs spike trains are noisier due to their high spontaneous activity. Howevel
have low spontaneous activity and only fire when PN activity is high and correlated.
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representation of a greater number of odors as well as for more opportunities for transformations

to occur through interglomerular interactions. It is clear that most odors are coded iafius,fa

as many ORs are responsive to multiple odor molecules and a given odor molecule is likely to
activate multiple ORs (Hallem et al., 2004; HallandCarlson, 2006). This also allows odors to

be encoded across a wide range of intensities by recragwgORN classes when other ORN
responses might have saturated. A flyds disc
Euclideandistance between ePN activity patterns across thec#ltulated in a space with a

number of dimensions equal to the numbkeglomeruli measure@Badel et al., 2016; Parnas et

al., 2013) Some glomeruli may play a distinct role within the context of combinatorial coding.

For example,some d¢pmeruli are preferentially activated by odors that are attractive and may

represent the positive valence of olfactory signals within the AL while others may signal aversion

(Semmelhack and Wang, 2009)

ORN to ePN Synapse

Significant tranformations occur at the ORN to ePN synapse to ensure olfactory coding is
fast and reliable. This holds true for ORN to ePN synapses used to encode odors represented by
either labeled lines or combinatorial coding. The convergence of all ORNs onto allvéRiNs
glomerulus (Fig. 5A), combined with a high probability of release at ORN terminals, allows ePNs
to be rapidly depolarized above thresh@@handawat et al., 2007; Kazama and Wilson, 2008)
The peak ePN response to a strong odor actually occurs before the peak ORN response (Bhandawat
etal., 2007), essentially anticipating the ORN peak (Fig. 5B). Thereforeemmnce represents
an aspect of olfactory coding used to accelerate olfactory processing. This is important as

Drosophilahave been shown to respond behaviorally to olfactory stimulation within less than 100
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ms(Gaudryet al., 2013)A high convergence ratio also makes ePNs exquisitely sensitive to dilute
odor concentrations. Although individual ORNs are n@yyne et al., 1999pooling their input

makes ePNs more reliable than ORNSs at predicting odors. ePN sensitivity is further enhanced
through their cordated activity that arises both from the divergence of ORNs onto each PN and
specific properties of the synapse (KazamdWilson, 2009). The high probability of release and
high number of release sites at the ORN to ePN synapse means that therattéMagiation in

guantal content across release sites and across ePNs. Whiko@RNEPSC amplitudes vary
greatly over time, they are strongly correlated with the interval between spikes in the presynaptic
ORN. Fast spiking in an ORN leads to rapidréspion across all of its synapses, and longer spike
intervals result in larger EPSC amplitudes. Correlated ORN input across all ePNs innervating a
glomerulus helps correlate ePN activity to provide a more reliable signal for downstream circuits

to decoddFranks, 2015; Jeanne and Wilson, 2015)

Lateral Interactions

Further processing occurs at the glomerulus through lateral input. Application of GABA to
theDrosophilabrain hyperpolarizes PNs and suppresses their odor responses @dkanrent,
2005). This suggests an inhibitory system in the antennal lobe which could serve as a means of
global gain control in the AL, the source of which was found to be LNs (Nig, 082). These
inhibitory LNs (iLNs) mediate their action through presynaptic, GABAergic suppression of ORN
activity (OlsenandWilson, 2008). The mechanism of presynaptic inhibition has been supported
by computational analysis, which indicated poststinaphibition would not be able to contribute
to proper gain control and accura@izumi et al., 2012)When direct ORN input is removed,

lateral inhibition is eliminated and lateral excitatisnobserved instead. This demonstrates that
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glomeruli are connected via both lateral excitation and inhibition and that the locus of lateral
inhibition must be presynaptic (Olsemd Wilson, 2008). Inhibition has been observed to be
panglomerular in thagtimulation of one glomerulus results in LN activity in all other glomeruli
(Hong and Wilson, 2015). This pattern is invariant, with activation of any glomerulus always
causing the same LN activity pattern. The strength of this activity tends to cowélatedor
concentration (HongndWilson, 2015) and with the overall ORN response (OkaehWilson,

2008). It scales linearly with the logarithm of the ORN field potential, which is an indirect measure
of the total amount of action potentials elicitedossr all ORNs (Hongnd Wilson, 2015).
Additional intraglomerular inhibition can be observed in cases of some private odors such as in
DA2 activation from geosmin, VL2a activation by phenylacetaldehyde, and V activation from
carbon dioxide (HongndWilson, 2015).

Although LN activity is panglomerular and invariantly patterned, the sensitivity of PNs to
inhibition is variable(Olsen et al., 2010)There is large but consistent variation in glomeruli
sensitivity to GABA pharmacology and GABAergic LN activity, as defined by changes in PN
output (Hong and Wilson, 2015)Furthermore, it is not likely that differential glomerular
innervation or release by LNs contributes to the variable sensitivity (Bfwiidyilson, 2015). This
leads to each glomerulus having a characteristic level of sensitivity to lateral inhibgiors t
independent of odor tuning, and therefore being talgét not stimulusspecific. Interestingly,
single odors will often activate multiple glomeruli, some representing high and others low
sensitivity to inhibition (Hon@ndWilson, 2015). This suggsts a method of odor coding in which
an odor may be identified by the pattern of activation of ®&BA sensitivity glomeruli, and the
concentration by glomeruli with high GABA sensitivity. Therefore, representations of odors in

this model are independesftconcentration while simultaneously allowing for a vast range of odor
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strengths. Taken together, it is apparent that lateral inhibition in the antennal lobe serves as a means
of gain control, preventing PN saturation when ORN activityigh (Fig. 5C).

eLNs also contribute to shaping olfactory responses in the AL. eLNs and ePNs can excite
each other in a reciprocal fashion, although the eLN to ePN coupling is generally strorayey
et al., 2010) Since lateral inhibition exists, it is possible that lateral excitation coutd fsten
disinhibition as opposed to actual excitation. However, blocking GABA receptors in the antennal
lobe has no effect on the lateral excitati@hang et al., 2007)suggesting the activity is not
mediated through disinhibition. Interestingly, the activity of eLNs could cause an indirect
inhibition by exciting target PNs and thus activating associated (lBlssi and Wilson, 2010)
The reciprocal excitation along with indirect inhibition could contributdh® simultaneous
activation and silencing of multiple glomeruli during the presentation of a single odor. This leads
to a possible mechanism for which strengths and identities of odors are coded in the early olfactory
system. The functional consequencehase connections is that eLNs may also help boost PN
responses to weak stimuli by distributing activity from the most active PNs to connected glomeruli.
During strong odor activation, eLNs should help prevent PN responses from saturating by both
distribuing their activity and recruiting the GABAergic LN network through acetylcheline

mediated synaptic transmission.

Comparisons to theMammalian Olfactory Bulb

The Drosophila antennal lobe has gross structural similarities with the mammalian
olfactory bulb (OB). At the most basic level, both have olfacsaysory neurons (OSNs) which
project to and synapse with principal neurons within a dedicated neuropil called the glsmerul

These neurons then project to higher order brain regions. At the level of the sensory neuron to
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principal neuron synapse there exist local interneurons which modulate the inputs and outputs of
the circuit. However, a more detailed examination reveafmortant differences between fly and
mammal olfactory relays.

Mammalian OSNSs bind odorant ligands in the nasal epithelium and project their axons into
the OB. Like the fly, all OSNs expressing the same receptor project into the same glomerulus
(Wachowiak et al., 20050ne key difference to note is mammalian ORs apeotein coupled
receptorgBargmann, 2006yvhile fly ORs are ligandjated ion channel@enton et al., 2006;
Clyne et al., 1999; Kaupp, 2010; Vosshall, 2008¢ditionally, while the AL glomeruli are
organized in a single structure, the OB glomeruli comprise just one of multiple layers. The
glomerular layer houses ti&8N synapses, short axon cells (SACs), external tufted cells (ETCs),
and periglomerular cells (PG§)Vachowiak and Shipley, 20Q6The external plexiform layer
houses the tufted cells (TCs). The mitral cell (MC) layer and the granule cell (GC) layer are
composed primarily of cells of their nana&es. The OB principal neurons, MCs and TCs, project
to higher order brain regions. Two main targets include the piriform c(€tei et al., 2011and
the amygdalgRoot et al., 2014)These regions are roughly analogous toRhasophilahigher
order olfactory regions: the mushroom body and lateral horn. The piriform cortex and mushroom
body are generally responsible for learned otfgcbehavior, while the amygdala and lateral horn
account for innate olfactory behavidfShoi et al., 2011; de Belle and Heisenberg, 19%btRt
al., 2014; Schultzhaus et al., 2017)

As mentioned above, there are many distinct populations of local interneurons in the OB.
GCs are GABAergic, projecting into the mitral cell and external plexiform layers to inhibit
principal neuron responses. SACs project across glomeruli and are GABAmdglopaminergic

(Borisovska et al., 2013)lheir connections and roles are complex and not fully understood.
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Another type of SAC may be found in the GC layer; these SACs are GABAergic and inhibit GCs.
Glutamatergic ETCs drive excitation of MCs. PGs project within glomeruli, providing local,

intraglomerulainhibition to both OSNs and principal neurdihajac et al., 2015)

Serotonergic Modulation

The mammalian serotonergic system innervates and modulates tH{&cBan and
Shipley, 1987)Here, serotonin (biT) can act on SACs to indirectly inhibit OSKBrunert et al.,
2016; Petzold et al., 2009n inhibitory role for BHT in the OBis further evidenced by a boost
in MC firing rates during 81T antagonisn{Kapoor et al., 2016 However, opposing data shows
5-HT can also excite MCEBrill et al., 2016) These data are opposite, but not in contrast as the
MC population expresses both excitatory and inhibiteryToreceptors (BHTRs) (Kapoor et al.,
2016; McLean et al., 1995)Vith multiple recepts and cell classes receivingd inputs from
the raphe nuclei, serotonergic modulation of the OB is sfadeted and warrants further study.

Drosophilaolfaction is also subject to modulation by serotd@oates et al., 2017; Dacks
et al., 2009; Singh et al., 2013; Sizemore and Dacks, 2016; Zhang and GaudryU20&ké)the
OB which receives serotonergic innervation from manris ad the raphe nuclgiMcLean and
Shipley, 1987)eachAL is innervated by a single pair of serotonergic neurons, the contralaterally
projecting, serotoniimmunoreactive deutocerebral neuron (CSDns). As suggested by its name,
the CSDn projects across the brain, mainly innervating the contralateral antérenahd lateral
horn (LH).

Serotonin from the CSDn is detected primarily by PNs and LNs in the AL. The fly has five
serotonin receptors:-BT1A and B, 2A and B, and {Colas et al.1995; Gasque et al., 2013;

Saudou et al., 1992; Witz et al., 1998nd these receptors are named in accordance with their
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mammalian homologs. Each receptor is expressed by various PNs and LNs in(®ieekhore

and Dacks, 2016)These receptors have ranging binding #@fés (Gasqueet al.,2013) and
downstream signaling pathwayestablishingheir inhibitory or excitatory natures. For example,
5-HT7R is excitatory but has the highest binding affinity, whHdBLAR is inhibitory with the
lowest affinity (Gasqueet al.,2013). These differences could lead to differential responses to
serotonin.

An interesting aspect of CSDn innervation and serotonergic modulation is observed in the
malepheromone sensing glomerulus DA1. This glomerulus receives input from OR67d neurons
which respond to the odor cVA. Responses to cVA are suppresseld byttt the CSDn neither
innervates this glomerulus nor is required for this suppression (ZéwachgGaudry2016). It
appears that while the CSDn is the main source of serotonergic infh& AL, paracrine BT

plays an important role in odor response modulation.

Nonspiking LNs of Drosophilaand Other Species

Typical action potentials are dependent on vokgated sodium channels. Drosophila
and other insects, a single voltaggtedsodium channel is expressed by plaga gene(Loughney
et al., 1989)However, not all neurons fire action potentials; rather, some populationsdéigo
depolarization and proportionally release neurotransmitters in a process known as graded
potentials. What purpose might nonspiking neurons serve? In crab proprioception circuits,
nonspiking neurons were found to transmit information with verg Iitdise at the cost of transfer
rate (DiCaprio, 2003) Computational models suggest that analog outputs, as opposed to action
potentials which represent more digital output, mhiggnhance responses to analog inputs

(Strohmer et al., 2021 Another proposed function could be that of spatially restricted activation
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(Fusca and Kloppenburg, 2022)/hile action potentials actively propagate signal transduction
across the span of a neuron, graded potentials are suited to passively disgipdistance. This

could allow for a single neuron innervating multiple regions to release neurotransmitters only in
specific areas. Conversely, evidence in leddhudo sp suggests specific €aconductances
allow for widespread and consistent signal propagation througiomspikingcells (Yang et al.,

2013) suggesting more uniform transmitter reled¥bile many theories are proposdhuis topic

of study is still poorly understood.

Adult Drosophilahave not previously bedrelieved to contain any nonspiking neurons in
the AL. However, this is not true for other insects. For example, LNs in the |@ulsst{ocerca
americand do not file action potentials, instead relying on graded potentials afids@ifelets
(Laurent and Davidowitz, 19940 the cockroachReriplaneta americanaand silkmoth Bombyx
mori), a heterogeneous population of both spiking and nonspiking LNs can bbeeal{skisch et
al., 2009; Tabuchi et al., 2019)he specific roles of nonspiking LNs in a heterogeneous population
are not clear, but functions such as intraglomerular inhibition (as opposed to lateral inhibition)
have been prmsed (Fuscand Kloppenburg2021).

Nonspiking interneurons are also present in vertebrates. A common example is the
amacrine cells of the retina. Amacrine cells are heterogeneous, as there are populations which fire
action potentials, but transmittelgase is not dependent tire action potential@Gleason et al.,

1993) Much like inhibitory LNs in the olfactory system, amacrine cells caGABAergic and
inhibit ganglion cells to regulate responses in early visual processing. Furthermore, some amacrine
cells start as spiking cells early in development and lose their spiking characteristic as the retina

matures after eyepening(Zhou and Fain, 1996)
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Drosophilaneuron spiking characteristics are also dependent on developmental state. In
larvae,mostneurons do not fire action potentig®avenscroft et al., 2020)ow and why larval
neurons do not expresmra is unknown, but evidence indicates that translational repressors
Pumilio, Nanosand Brat are involved in preventipgraexpression in the fly embry®dluraro et
al., 2008) Other nonspiking neurons have been identified in Dhesophila auditory system
(Tootoonian et al., 2012Y he specific role of these nonspiking neurons is unclear, however they

could enhance discrimination of highly dynamic inputs such as those of courtship song.

Research Topics Covered

In this work, | present uniqueles of specific LN populations in the early olfactory
system ofDrosophila Contrary to the generally accepted-pymaptic role of inhibition by LNs,
| demonstrate a population which directly inhibits PNs in a subtractive rather than divisive
manner. Frther, | show these LNs are sensitive to paracrine leveldH3f Bhodulation through
the 5HT7 receptor. In another population, | show the existence of nonspiking LNs in the fly AL.
Consistent with nonspiking cells in other insects, these LNs do not syairas Lastly, | show
through physiological recordings that these cells are likely electronically isolated, such that
activity in one region is not propagated across the span of a given neuron, suggesting a role in

intraglomerular inhibition.
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Chapter 2A population ofinterneuronsignalschanges in théasal
concentration oserotonin andnediateggain control in theDrosophila
antennallobe

Summary

Serotonin (8HT) represents a quintessential neuromodulator, having been identified in
nearly all animal specidsillesaar and Gaspar, 201@here it functions in cognitioSchmitt et
al., 2006) motor control(Jacobs and Fornal, 1998nd sensory processi{@acob and Nienborg,
2018) In the olfactory circuits of flies and mice, serotonin indirectly inhibits odor responses in
olfactory receptor neurons (ORNSs) via GABAergic local interneurons ((Disgks et al., 2009;
Petzold et al., 2009However, the effects ofBT in olfaction areikely complicated as multiple
receptor subtypes are distributed throughout the olfactory bulb (OB) and antennal lobe (AL), the
first layers of olfactory neuropil in mammals and insects, respecti@hudry, 2018) For
example, serotonin has r@ornrmonotonic effect on odor responsesDirosophilaprojection
neurons (PNs), where low concentrations suppresseaked activity and higher concentrations
boost PN responsdZhang and Gaudry, 2016¥erotonin reaches the AL via the diffusion of
paracine 5HT through the fly hemolympfZzhang and Gaudry, 201@nd by activation of the
contralaterallyprojecting serotoniimmunoreactive deuterocerebral interneurons (CSDns): the
only serotonergic cells that innervate the @®acks et al., 2006; Sun et al., 1993pncentration
dependent effects could arise by either the expression of mukiplerbceptors (8HTRs) on the
same cells or by populations of neurons dedicated to detecting seraondifferent
concentrations. Here, we identify a population of LNs that expréB7Rs exclusively to detect

basal concentrations of-BT. These LNs inhibit PNs via GAB#&receptors and mediate
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subtractive gain control. LNs expressingd57Rs are broadlyuned to odors and target every
glomerulus in the antennal lobe. Our results demonstrate that serotonergic modulation at low
concentrations targets a specific population of LNs to globally degulate PN odor responses

in the AL.

Results
The effects ofbasal concentrations of EHT are mediated via the 5HT7 receptor.

We initially focused on the pheromone sensitive glomerulus DA1 as those PNs can be
easily targeted using the Q/QUAS binary expression system, thus allowing us to use the Gal4/UAS
system tdater manipulate serotonergic transmission. We began by replicating previous results
demonstrating that the broadHIR antagonist methysergide boosts responses inirPNs
vivo. Blocking theDrosophilaserotonin reuptake transporter (dSerT) with fluoxeélevates 5
HT at release sites and reduces PN odor respffisasg and Gaudry, 201@ig. 1A1 C). These
results suggest a suppressive role faHT on PN output at low concentrations as both
manipulations influence the detection or clearancetéT @t basal levels. While the CSDns likely
contribute to establishing the basal levels -1 Bin the AL, maracrine SHT circulating through
the hemolymph is also |ikely involved as inta
on PN response§Zhang and Gaudry, 2016Fig. S1AT H). Whereas manipulating basal
concentrations of BHT suppresses PNgponses, high concentrations of exogenehl§ §Dacks
et al., 2009; Zhang and Gaudry, 20460 direct stimulation of the CShwosts PN outputHg.

S1li L).
We performed a screen to determine specifically which of theDiresophila5-HTR

subtypes areesponsible for the effects oftbT at basal concentrations. Antagonists against each

36



aPed 1xau uo panunuod)

"UIUO0]0JSS]0 SUONRUSIU0D Maje SasuodsaJ 10pojo uoissalddnsayy sereipaw Y/ 1 H-gejiydosolgayl T ainbiq

—_ —_
‘SN *
syead nesjeld Mead

(uiw) awny

o
—

[fe]
—

Z||ewlou) s/sayidg

0z oL 0
0 g

‘m.o
0z&

Aulapy+apiweidojoola|y
Bejuy ygzLH-S

(uiw) swn

0z 0l 0
0 g
3
§0¢
01 3
09 m.rw
— o
N > @
= "% fpoaws geoo0L Avm 0 CS

m Bejuy Yyl 1H-S

61852 @S +
1H-G pabeo + X1 |

apiBiasAulep +
1H-G pebeo + X1 |

1H-G pebeo + X1 1

; 3 (unw) swiy.
v > 0z 0l 0
P o g
m : 0 . ﬂ
AWZ o Jog g 0%
Pl + ...E M 1013
i MN e 09 @ m._.W
H . R N’
‘SN 3
¥eadA nesied ¥eadA A _|.__“.__ 08 Awen+ 612852 9S 0ce
LLHG-SVYN < vIeD-61ZIN mm_a:,—,__d S " By M/ 1HS .
& &
: 9 () swiy Lo (unw) swip
0l £SE 0z 0l
08 < 5¢ 50 0 g
o ]
. .
S ow 0 o 50 m
- o.Fw m. 1013
§LE 09 @ S185
SN Aylop+ uLiesueyey 0ce TSN 06 Aye+ L¥9912dS 0Ce
—.' — Beyuy ¥vZ1H-S —l— 0 Bejuy ¥aL1H-G m
_— () et (Bewy 11eg) _ (LH-S) uaso ,
— : : omu aunaxon|4
= aulesg
@ —
w
=)
g (Beyuy Y1H-G) 8qo7
m apiBiasAyisy Isr2xds og - leuusiuy
N sulles
z W seuusjuy
aufaxon|e = sw 00S
a apibiasAyja|y e 9 (va)op0 g NYO v

37



Figure 1. The Drosophila 5-HT7R mediates the suppression of odor responses atlow
concentrations ofserotonin. A) A schematic of th®rosophilaantennal lobe showing relevant neuro
and connections. Olfactory receptor neurons (ORNs) make feedforward connectitise dendrites
of projection neurons (PNSs) in olfactory glomeruli (light colored circles in AL). ORNs expressin
same olfactoryreceptor are coloreddentically and project to the same individual glomerul
GABAergic local interneurons (dark blue) allow communication between glomeruli and particip
various forms of lateral and intiglomerular inhibition. The AL receives aif its direct serotonergic
innervation from a pair of neurons termed the CSDns (redinhatvate nearly all glomeruli, excludin
pheromonesensitive glomeruli, such as DAL. Serotonin can also enter the AL via paracrine s(
See also Figure SAll recordings in this figure were made from DA1 PR¥.The mean and SEM o
peristimulus time histograms (PSTHs) of DA1 PN responses-tisdaccenyl acetate (cVA) in salin
and after the application of 50 mMethysergide (used throughout the study) or 10 fildxetine.
Methysergide is a broadl3TR antagonist. Fluoxetine raisesHT levels by blocking the serotoni
transporter, SerT. Wholeell recordings were made in vivo from DA1 PNs labeled with GFP.
horizontal bar above the PSTH indicates the odonutis periodand serves as scale bar for time (5
ms). This presentation is used throughout subsequent figures. The vertical bar indicates 50 sj
second.C) A time series showing boosting of PN responses by methysergide and suppres:
fluoxetine (n = 8 methysergide, p = 0.007, and n = 6 fluoxegire(.031). All comparisons, includin
subsequent panels, were performed with a Wilcoxon siganakltest. Data are normalized to the me
of the responserior to drug application. Error bars indieat SEM throughout applicable pandy.
Time series of the effects of the-H 1AR antagonist WAY100635 and with subsequent applicatio
methysergideE) Quantification of the preceding experiment. n = 7; saline versus drug p = 0.047
versus methyergide p = 0.15. N.S., not significant. Mean and SEMrepeesented by a + thougho
subsequent panels.and G) An identical protocol was used as in (D) and (E) but for-tH€1BR
antagonisBB216641. n = 8; saline versus drug p = 0.23; drug versug/sezthdep = 0.016H and I)
As in (D) and (E) but for the-BIT2AR antagonist ketanserin. n = 7; saline versus drug p = 0.11;
versus methysergide p = 0.94.and K) As in (D) and (E) but for the-HBT2BR antagonist
metoclopramide. n = 6; saline vergirsig p = 0.031; drug versus methysergide p = Q.Gthd M) As
in (D) and (E) but for the-5IT7R antagonist SB258719. n = 8; saline versus drug early p = 0.0!
saline versus drug late p = 0.84; drug vermathysergide p = 0.74l) Left control expement in which
5-HT is photeuncaged using UV light while recording whole cell from a DAL PN in saline with T
Uncaging 5HT has nodetectable effect on the PNsiggesting they do not expres$i3Rs. Middle:
the 5HT7R wasexpressed in DAL PNs by Gal4/I$Aresulting in theidepolarization upon U\photo
uncaging of BHT. The depolarization was effectively blocked by methyserdright SB258719 also
effectively blocked theeffects of 5HT at the 5HT7R. O) Quantification of the results in (N). W
calculded mean membrane potentials from 1 and &ftes UV stimulus over 1.5 s as peak and plate
responseggspectively. From left to right, n =5, 7, 6, 6, and 6; Wilcoxon sigaa#l test (p = 0.071; f
=0.031;p=0.218; p = 0.031).

5HTR were tested for their abilityFgDIiMpt h min
Only the 5HT7R antagonist SB258719 boosted odor activity and prevented methysergide from
further elevating DA1 PN responsdsd. 1L 7 M). We used the Gald/AS system to express 5

HT7R in DAL PNs to validate that these reagents indeed antagerZ&F in Drosophila.UV

uncaging of 5HT in control flies without the exogenous receptor indicated
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Figure S1. Low and high concentrations oéndogenous 84T signaling have opposite effects or
PN odor responses. Related to Figure 1.

(continued on next page
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Figure S1. Low and high concentrations of endogenousHT signaling have opposite effects or
PN odor responses. Related t&igure 1. A) Image of theDrosophilabrain with CSDns intact anc
labeled with a 81T antibody (Green). CSDns are labeled with red arrowheads and white arrow
point to other serotonergic neurons. Scale bar = 50 um for panels A, B and F. Backgroumglwsttin
a bruchpilot antibody reveals the brain's general anatomy. B) Staining, imaging, and labeling pe
as in panel A. The CSDns were ablated with a temperaamsitive variant of diphtheria toxin whil
other serotonergic neurons remain int&¢hite dashed circles indicate the location where the CS
reside in control animals. C) PSTHs showing odor responses in saline and following methy
application when the CSDns were ablated. Vertical bar indicates 50 spikes per second. D) Quan!
of previous experiment. n = 10, Wilcoxon sigfredk test, p = 0.002. E) Quantification showing perc
increase in spiking following methysergide
t-test, p = 0.135, n = 8 control and n = $hs ablated. F) An image showing the brain after a:
ablation of all 3HT neurons by expressing diphtheria toxin with theGad4 promoter line. Some nor
specific 5 HT labeling is observed, but it does not localize to cell bodies suggestingi@lhBurons
were successfully ablated. G) PSTHs showing odor responses in saline and following methy
application when all 81T neurons are ablated. Vertical bar indicates 50 spikes per secon
Quantification of previous experiment. n = 11, Wilcoxogngidrank test, N.S. = not significant (p
0.205). As methysergide has no effect whéiiloneurons are ablated, the drug is presumed to func
exclusively through 81T signaling in this system. I) Physiological validation of the VMRINAI
transgeneTop, the Gal4/UAS system was used to express Chrimson in the CSDns. The recor
from a LN in the AL and activation of the CSDns results in a strong hyperpolarization. We obs
100% connectivity rate between the CSDns and large dorsal LNs in thedAhiarhyperpolarization
was previously shown to be mediated bjB. Bottom co-expression of VMATRNAI with Chrimson
in the CSDns eliminates the observed hyperpolarization validating the RNAI. J) A unity plot sh
boosting of odor responses of randpiNs after optogenetic stimulation of the CSDns. The firing
of each neuron is presented before and after the CSDnswidted with a 10 Hz red light sine way
to activate the channelrhodopsin Chrimson. The before and after responses are pagaerdedach
other in the plot. The sinewave was delivered between odor presentations but ceased dt
recording of odor responses. The experiment was repeated witkpoession of VMATRNAI in the
CSDns and is plotted as red triangles. K) Responses significantly elevated with stimulation of tt
CSDns, pai rtestdper®tmadde theteach of the 11 cells preferred stimulus before an
stimulation, p = 0.042. L) Responses were not significantly elevated with stimulation of the (
when VMAT-RNAi was cee X pr es s ed, p -test parfakmed® onuthk eeach & she @ ce
preferred stimulus before and after stimulation, p = 0.074.

that DA1 PNs likely do not express anyHIRs (ig. 1N), while including the transgene
demonstratethat our antagonists are effective agairBtI&R (Fig. LN i O). Thus, our antagonist
screen implicates excitatorytbT 7Rs as mediating the effects of low or basal concentrations of 5

HT on PN output.
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GABAergic LNs in the AL enable sensitivity to low concentrations of BHT.

We next sought to identify which cell classes in the AL expredd BR and may thus
mediate the boosting of PNs in response to bas$#il $evels. Currently there are no validated
antibodies available fddrosophib 5-HTRs. Therefore, we used previously described TR
MIMIC T2A-GAL4 proteintrap and gerndrap transgenic linegGnerer et al., 2015; Ito et al.,

1998; Sizemore and Dacks, 2018)d determined their overlap Wipromoter lines labeling
various cell classes in the AL (Chou et al., 281Ifferis et al., 2004). Consistent with our un
caging experiments, we found no overlap between DALl PNs and each of the five MIVIIR 5

lines Fig. S2AT E). This suggests thatAl PNs are not the direct target ofthT 7R modulation.
Previous studies have shown that ORNs as a population do not expt@gR5and may only
express HHT2BR (Sizemore and Dacks, 2016). We confirmed that the cognate ORNSs to the DAL
glomerulus (OR67d OR#) do express-BIT2BR (Fig. S2Fi O). Blocking 5HT2BRs failed to
modulate odor responses in OR67d axons in the AL as revealed by GCaMP imaging, suggesting
5-HT2BR is not involved in signaling low basal levels efl% (Fig. S2Pi R). Combined, these
resuls suggest that neither ORNs nor PNs are the likely direct targetHdf7R-mediated
modulation, and thus implicate LNs as a possible target.

We next expressed an RNAI againstib7R in various Gal4 promoter lines to identify
LNs that mediate signaling ofabal 5HT levels in the AL Fig. 2A). Because the effects of
SB258719 were more transient, we utilized methysergide and assessed whether knockirg down 5
HT7R in each promoter line could prevent the antagonist from boosting DAL odor respagses (
2B1 C). The GH298Gal4 and NP305&al4 promoter lines both express broadly within Athe
buthave no overlap in their expression patterns (Chou et al., 2010). We also screened the Janelia

FlyLight collection (Jenett et al., 2012) for Gal4 lines generated frogmieats of the BHHT7R
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concentrations of 5HT.
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Figure 2. R70A09Gal4 LNs express 5HT7Rs to detect and signal low, but not high,
concentrations of 5HT. A) A schematic of th®rosophilaolfactory system showing the experimen
configuration. Gal4promoter lines were used to express RNajainst the BAT7R in various
populations of LNSThe QUAS system was used to express GHBRih PNs for wholecell recordings.
See alsdrigure S2B) An RNAI against the 3HT7R was expressed three LN lines and tested for it
ability to blockthe effects of methysergide. The expressiothefconstruct in the GH298 LN line di
not blockthe effectf methysergide. Expression in badti?3056 and R70A09 did occlude the effer
of methysergide. From left to right, n = 7, 8, andVilcoxon sigrranked test (p = 0.015; p = 0.6
0.812). Error bars represent SEG). A time series of DAL responsestfidheexperiment in (B). Blue
shading shows time ardluration of methysergide application. InseP&TH of DAL responses whe
the SHT7R-RNAI is expressed in R70A09 LNs is shown. Horizontal black bar represents times5
odor presentation. The verticahbindicates 5@pikes per second. The black trace is the noédhe
odor responses in saline, and the Itaee is the mean odor response in methyserfidéhe R70A09
Gal4 line expresses exclusivetyapproximately 12 LNs per hemisphere in #tie See also Figure S3
E) The MiMIC-5-HT7 protein trap and the R70A@ promoter lines have extensive overlap. 9.3 +
R70A09 cells overlap with the 11.25 + 0.69 LNghaf MiMIC line [12]; replicated in 6 flieds) PSTHs
of DA1 odor responses ifluoxetine and exogenousHT. The 5HT7R-RNAi was expressed ir
R70A09 LNs via the Gal4/UAS, and DAL PiNere targeted with Q/QUAS and GRP). A time series
of the odor responses in fluoxetine and subsequenthT .5H) Quantification of the previous
experments. n = 6; Wilcoxon signemdnk test (p = 0.56; p = 0.03). Error bars represent SEM.

promoter and identified R70A08al4, whose AL expression pattern was limited to 12 LNs per
hemisphereKig. 2D). Expression of the-BHIT7R-RNAI in either NP3056 or R70ADblocks the
effects of methysergidd-{g. 2B C). Interestingly, NP3056 and R70A09 have little overlap in
their expression patterns, suggesting that both populations of LNs must express funetional 5
HT7Rs to block the effects of the antagonist and lomceatration 8HT signaling. We converted
R70A09Gal4 into a @ystem promoter linéPotter et al., 2010)sing the HACK method (Lin
and Potter, 2016) in order to test for overlap between the R70A09 and the MINITTCF line.
The new R70A09 promoterihe showed 100% overlap with its Gal4 countergag.(S30 and
most R70A09Q LNs are labeled in the MiMIC-BIT7R protein trap line, suggesting they indeed
express the receptdrig. 2E).

If R70A09 LNs use 8HT7Rs to detect low levels of serotonin, thespressing BHT7R-
RNAi. in these cells should also prevent the modulation of DA1 PNs to the serotonin transporter
blocker, fluoxetine. Fluoxetine typically suppresses odor respoRged B 1 C) butfailed to do
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Figure S2. Neither DA1 PNs nor ORNs express-AT7R. Related to Figure 2.A) The QMz19

promoter line was used to examine the overlap between DAL PNs and three-SAWIICAR protein

trap promoter lines. Red labeled cells are DAL PNs, green cells are expressed in the MiMIC lin
yellow neurons indicate overlapping populations. This nomenclature carries through all subs
panels. No yellow neurons are observed. All combinations tgsted at least 2 timeB) As in A but

testing for overlap between M9 DAL PNs and a MiMI&-HT1B protein trap line. CAs in A but

examining the overlap with MiMIG-HT2A protein (eft) and gener{ght) trap lines. D)As in A but

examining the overlap with MiMIG-HT2B protein trap lines. EAs in A but examining the overlay
with MiMIC -5-HT7 gene trap lingr) The 5208 MiMIC line (BHT2BR protein trap) expresses broac
in the brain and displays a characteristic crossing éen@RN commissure labeled with a whi
arrowhead G) ORNs were isolated in the MIMIC line by expressing flippase in the ORNs usin
OR83BQ promoter line and labeling neurons using a FRT>STOP>GRF transgene. GFP is on
expressed in ORNs where thepstmssette has been removedAHiigher zoom image of ORNSs in th
AL. I) A bruchpilot stain showing glomeruli in the AL. DAL is outlined showing expression of tf
5-HT2BR. K- O) As AT E but for a different BHT2BR promoter line, 650@) Olfactory reponses
were assessed in DAl cognate ORNs, OR67d, via expression of GCaMP7s in salil
metoclopramide, a-BIT2BR antagonist. Q) A time series of odor responses in DA1 ORNS in ¢
and metocl oprami de. R) St at i s ton OALIORM oderleyolket
responses, Wilcoxon signednk test, p = 1.00, n = 7. The lack of effect on DA1 ORN respo
suggests that-BIT2BR is not activated at basal concentrationsdffsand thus likely does not media
the effects observed with methygiele and fluoxetine.

so when BHT7Rs were knocked down in R70A09 LNSd. 2F T H). Because serotonin can have
opposing effects at high and low concentrations in thgZAlang and Gaudry, 2016Fig. S1),
we next applied a high concentration of exogenetd§ %o determine if BHT7Rs in R70A09 LNs
also signal higher serotonin concentras. DA1 odor responses boosted to exogeneHd 5
suggesting that-BIT7R-expressing LNs do not signal higher concentrations of serotéign (

2Fi H).

Characterization of 5HT7R LNs.
We further characterized-BT7R-expressing LNs with regards to their morphology,
physiology, and for the expression of othdd BRs. The MiMIC 5HT7R promoter line labels 11
12 GABAergic LNs(Sizemore and Dacks, 2016Ye performed wholeell electrophysitmgy on
40 LNs labeled by MIMIC BHT7R and filled 37 of these cells to maximize our chances of

recording from all 12 neurons (should each cell be a uniquely identifiableRigNBA). All of
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Figure 3. Characterization of MiMIC 5-HT7 LNs. (continued onnext pagé

46



Figure 3. Characterization of MiMIC 5-HT7 LNs. A) Responses of 40 recorded MiMIGBI'7 LNs
to a panel of nine odors. Recordings were maitle whole-cell patchclamp electrophysiology. Eac
odor waspresented for 0.5 s at time 0. Spike frequencies shown are mean frequencies taken
ms intervals. Some recordings exceeded the maximum frequem®sented (37.003 Hz). Howeve
these spik rates are in the 99ercentile observed within this dataset. Therefore, all frequer
observed above the 9percentile are represented as the same frequency as the cutoff value (
Hz) to better illustrate more common, weaker responses. Alisodlere presented at 1,006fold
dilution except cVA, which was diluted 40ld. B) Example morphologies of-HT7 LNs generatec
via cell fills during electrophysiological recordings. Commonly observed morphologies ingadec
glomerular (top) and nearfyartglomerular (bottom)C) Innervation patterns for 38 cells filled durir
recordings in (A). Yellow indicates a glomerulus that was avoided by a given cell and blue in
innervation. Allother glomeruli not listed were innervated by every &IIPSTHs for cVA response:
of cells that either innervate (top) or avoid (bottom) the Rfdmerulus. Mean spike frequency
shown + SEM (shaded regionsjorizontal bars indicate the 0sbtime frame cVA was presente:
Vertical bars represent spike frequen¢yz). E) (Left) The R70A09Q promotor line expresse
mCherrylabeling LNs on the lateral aspect of the AL. (Middle) The MiMBEIT1A-Gal4 promoter
line is labeledwith mcd8GFP in the same preparation. (Right) A merge of the two previous p
shows no @erlap in expression. White outlines demarcate R70A09 LNssaime scale is used ini(F
H). F) As in (E) above but showing the lack of overlap between R70A09 LNs and MiNHTLB
neuronsG) As in (E) above but showing the lack of overlap between R70AGdrd MIMIC 5
HT2A neuronsH) As in (E) above but showing the lack of overlap between R70A09 LNs and Mi
5-HT2B neurons.

the LNs were either paglomerular or nearly paglomerular(Chou et al., 2010)ith pheromone
sensing glomeruli, such as DA1 and VA1d, being the most commonly avéidp@B andC).

The LNs generally responded to cVA redass ofwhetherthey innervated the DA1 glomerulus
(Fig. 3A andD). As a population,HT7R LNs responded broadly to a panel of nine odorants with
a range of odor response amplitudes and onset latency. We used the RY@A@Aoter line to
examine the owéap of 5HT7-expressing LNs with the wetlharacterized NP3056al4 and
GH298Gal4 LN lines(Chou et al., 2018). We found little overlap between any of these lines
suggesting that-bIT7R-expressing LNs are a relatively distinct population of LINg.(S3D1 E).
Finally, we examined the overlap betweeHb7R-expressing R70AG9) LNs and the MIMIC 5
HTR lines for the additional four-BTRs. We found no overlap in the AL between these lines,
suggesting that there exists a population of LNs that dxelysexpresses the-AT7 receptor

which partly mediate the suppressive effects of leMiTsconcentrationsHig. 3ET H).

47



Protocerebrum SEZ

Optic Lobe

100% overlap

G4H
R70A09-QF2 NP3056-Gal4

120 £1: 402+37
05108

(n=6)

G4H
R70A09-QF2 GH298-Gal4

10.5+1.9
10£16

(n=4)

Figure S3.Expressionpattern of the R70A09 promoter line. Related to Figure 2.
(continued on next page



Figure S3.Expression pattern of the R70A09 promoter line. Related to Figure 2A) Full brain

image of HACKed R70A0MF2 > QUASMCDS8::GFP. Bruchpilot stain (magenta) shows -
structures of the brain. Scale bar is 30 um throughout this figuiRigB}, overlap between R70A09 (
system line expressing mChertgff) and MiMIC 5HT7 GAL4 line expressing GFRn{ddle outside

of the AL. Thesubesophageal zone (SE&pp), protocerebrumnfiddle), and optic lobel{otton) are

shown; no consistent overlap in the SEZ and protocerebrum is detected. C) GFP is express:
HACKed R70A09 Q sytem line and RFP is expressed in the Gal4 parent line. There is perfect o
between the HACKed promoter line and the GAL4 line. D) The HACKed R70A09 line is used !
overlap with the broadly expressing LN line, NP3056. Little overlap is obsertegdie these lines
E) The same strategy is used to reveal little overlap between R70A09 and the GA23MN line.

5-HT7R-expressing LNs mediate gain control via postsynaptic GABAergic transmission.
Modulation of 5HT7R-expressing LNs could suppress oda@sponses by either
presynaptically inhibiting ORNs or postsynaptically targeting PNs. The best described role for
GABAergic LNs in the AL is to mediate gain control by presynaptically targeting QRNiSg
and Wilson, 2013; Olsen and Wilson, 2008; Rooglet 2008) Interestingly, we found that
methysergide had no effect on DA1 ORN output as measured via GJaamRet al., 209) (Fig.
4A1 B). We have previously shown that odor responses of multiple PN classes, including DM6
and DM1, are also boosted and suppressed by methysergide and fluoxetine, resggbangly
and Gaudry, 2016Neither the cognate ORNs for DM6 (OR67a) nor DM1 (OR42bpvaffected
by methysergide applicatiofrig. 4C1 D), suggesting that modulation at those glomeruli is also
postsynaptic, and that our results generalize topi@mriomone sensing glomeruli in the AL.
Consistent with our wholeell recordings, methysergiddid boost DA1 PN odor responses
measured with GCaMHMF{g. 4E1 F), suggesting that-BIT7R LNs do likely target postsynaptic
PNs.
To demonstrate a connection betweeiH’R LNs and DAl PNs, we expressed
channelrhodopsin (Chrimso(flapoetke et al., 2014) R70A09 LNs while recording from DA1
PNs. Stimulation of these LNs reliably inhibited PNSig( 4G). However, as LNs in

the DrosophilaAL can be highly interconnecté#iorne et al 2018) this effect could be
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Figure 4. R70A09 LNs use GABA to postsynaptically inhibit PNsA) Olfactory responses wer
assessegresynaptically via expressing GCaMP6s in the DAL cognate ORNs, OR67d. Exper
were performed with -photonmicroscopy(B) Blocking basal levels of-BIT with methysergide hac
no effect on OR67d odor responses. n = 9; Wilcoxon sigaeki test (p = 026). Odor pulseluration

is 1 s. Shaded region in traces and vertical lines in summary plots represent the SEM of respc
this and subsequent panélsand D) An identical protocol was used as in (B) but for Gréid Or42b

expressing ORNSs, respeatly. ORNs were stimulated with their preferred odardetsicted above the
calcium responses. Experiments were performed with -figdt imaging. Or67a; n = 6; Wilcoxor
signedrank test;p = 0.31. Or42b; n = 6; Wilcoxon signeank test; p = 0.84E) PN alor responses
were assessed withpghoton microscopy and GCaMP6s in DA1 PN¥.Methysergide boosted Pl
responses. n = 8; Wilcoxon signreghk test (p = 0.008%5) Wholecell recordings from DAL PNs witt
R70A09 LNs expressing Chrimson. DA1 PNs show hydarjmation when R70A09 LNs wer
stimulated (shown imed). Each trace indicates different trial$) TERPS analysis was used

determine whether the connection is monosynaptic. Chrimson and NaChBac were expressed in
LNs, and TTX waspplied to blok all polysynaptic connections. LNs were activated with red light
NaChBaemediated action potentials support synaptic relddsaosynaptic responses were measu
in DA1 PNs via wholecell recordingl) Activating R70A09 LNs results in PN hyperpolaion that
is blocked by GABAergic pharmacology) Quantification of the previous experiments. n =
Wilcoxon signeerank test; p = 0.03K) TERPS was performed between R70A09 LNs and randc
sampled PNs. Picrotoxin did not significantly reduce the lamie of the synapticinhibitory

postsynaptic potential IPSP)n=%; udent 6s t test; p = 0.29.
decreased amplitude otéstp<h0001l) Expriessionrof GABAB RNAGih
DAl PNsblocksmeths er gi deds ability to boost odeank

test; p = 0.27M1 O) Unity plots comparing the firing rates of PNs in glomeruli DAL, DM6, and D
to their preferred odorants before and after pharmacological manipulatiérdTokignaling. Points
above the unity line show a boosting of odor responses after drug application. PN responses we
at 5 different odor strengthédditive/subtractive gain will result in an upward or downward shift
the data respective to thaity line. Red lines represent the bfislines to all PN data in thaondition.
DALl methy n = 5; DAL fluox n = 6; DM6 methy n = 8; DM4 methy n = 5. See also Figui®) $4.in
(M)1 (O) but for randomly sampled PNs. The odor presented was pentykaedtach broadly activate:
ORs.n=38.

polysynaptic. We used our recently developed TERPS tech(@faag and Gaudry, 2018, 2016)

to isolate a direct, monosynaptic connection. Weexjgressed Chrimson along with the T-TX
insensitive sodium channel NaChB@ditabach et al., 20Q6Ren et al., 2001 the LNs and
recorded from DAL PNdHg. 4H). TTX was then applied to block ndftaChBaamediated spikes

and eliminate all polysynaptic connections. The inhibitory synapse between R70A09 LNs and
DALl PNs is likely monosynaptic and GABAergic as it remains even after the application of TTX
and because it is sensitive to GABA pharmacoldgy.@l i J). We repeated this experiment on

randomly sampled PNs to demonstrate that such connections are not specific to the DAL
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Figure S4. A solenoid based olfactometelesign for varying odor concentration based on Jeanne
and Wilson 2015. Related to Figure 4.

A) The olfactometer is designed such that the head space of the odor vial can be depleted by pi
through the vial and then dumping the odorized air howse vacuum line. The odor concentration
the head space should decrease the longer the odor vial is purged. A second solenoid after the
redirects the odor stream to carrier steam and fly after the vial has been flushed for a varied ar
time. We sequentially varied the flush duration between trials and waited 1 minute between trials 1
the head space of the odor vial teeqilibrate. B) PID recordings overlaid from trials with varying oc
vial flush intervals. A clear decreaseddor strength can be observed with increasing flushing of
odor vial. The PID was located at the recording rig at the exact position of the fly recording ch
Olfactory stimuli were presented to the PID in the same manner as they were presprapdrations
in Figure 4. C) Individual trial and trial averages showing the voltage response of the PID, which |
the strength of the olfactory stimulus.

glomerulus. Here, we applied the GABAnd GABAs antagonists sequentially and found that

most of the inhibition is mediated via GABAeceptors Kig. 4K). To complement our TERPS

appoach, we expressed an RNAI targeting the GAB&ceptor (Root et al., 2008) specifically in

DA1 PNs, and found RNAI expression prevented

responsesHig. 4L). Together these data suggest a direct monosynaptic carmeéetiveen 5

52



HT7R-expressing LNs and DA1 PNs. However, these results do not expressly rule out potential
contributions from polysynaptic connections in addition to the monosynaptic connection.

While presynaptic gain control has been vagbkcribed in the A (Olsen and Wilson,
2008; Root et al., 2008), comparatively little is known about postsynaptic inhibition
in DrosophilaPNs. We recorded DA1 PN responses across a broad range of cVA intensities to
examine how HAT7 signaling mediates gain controFig. S4A 7 C). The application of
methysergide boosted both weak and strong odor responses nearly equally, suggesting the drug
had at least a partial additive effect on the gain of PN output. Fluoxetine had the opposite effect
and suppressed DAL odevoked actiity in a subtractive manneFig. 4M). Methysergide also
boosted DM6 and DM4 PN responses to odors fairly selective to their cognatei@Rs( O),
suggesting a conserved role feH3 7 signaling across the AL. Finally, we used an odorant (pentyl
acetae) that broadly activatd3rosophilaORNSs (Hallem and Carlson, 2006) and sampled random
PNs in the AL to determine how the global representation of odors is affected by blo¢kKing 5
signaling. The application of methysergide boosted the responseshadaapled PN across all

intensities Fig. 4P).

Discussion
Cellular detection of basal concentrations of 81T.

We identified a subset of GABAergic LNs which are responsible for signaling low levels
of 5-HT in the AL. The BHT7R is well suited fodetecting changes in basal concentrations of 5
HT as it is the highest affinity serotonin receptobmosophila(Gasque et al., 2013nterestingly,
5-HT7R-expressing LNs in the R70A09 promoter line do not appear to express any-BthRs5

thus suggestg they may be dedicated cellular sensors of lddTdevels. LNs are an ideal target
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for modulation as they influence several aspects of olfactory coding in botliGkeslry and
Schenk, 2018; Wilson, 201&nd mice(Lledo et al., 2008, 2004)Serotonin is also a potent
modulator of GABAergic transmission in vertebra{€ranna, 2006 and 5HT targets local
interneurons in the OB as wéBrill et al., 2016; Brunert et al., 2016; Petzold et al., 2008)s
expressing 8HT7R are nonrspecific in their glomerular innervation patterns and odor responses,
suggesting a general role for their modulation. Indeed, we observed that manipulations of basal
levels of serotonin signaling had similar effects across glomeruli encodingmpdregs, private
odors, and broadly activating public odors. However, it is critical to rbf€AR expression likely
differs across glomeruli. We demonstrated that DA1 PNs do not expte§gF, but other PNs
likely do. Multiple cell classes in the AL exp®5HT7R (Sizemore and Dacks, 201é&h)d may

do so in a glomerulus specific manner. Thus, it is likely the exact effeetHaf &iffers slightly
across glomeruli and is dependent on the unique expression patteHiT@R5across cell types
within each glorerulus. Glomerular specific effects otbl' have been reported previougBacks

et al., 2009) Importantly, data regarding expression patterns-dif3R come from approaches
which label neurons according to promoters for these recgf@neser et al., 2Ib; Sizemore and
Dacks, 2016)While we can discern which cell classes express speeHitRs, there is no data

to verify if individual LNs can traffic receptors to dendrites innervating specific glomeruli. Future
studies employing physiology or novel raollar tools will be vital for determining howHbTRs

are dispersed across the AL to modulate PNs innervating different glomeruli.

Postsynapticgain control and bidirectional modulation.
The best characterized form of inhibition in the @&Isen et al., @10; Olsen and Wilson,

2008; Root et al., 2008nd OB(McGann, 2013; Wachowiak et al., 20@&presynaptic inhibition
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that targets ORN terminals and mediates divisive gain control. Divisive gain control is important
as it prevents the saturation of downstream PN and mitral cell responses, allowing olfactory
circuits to encode odors over a wider range of concentratidmsg and Wilson, 2013; Silver,
2010; Wilson, 2013)This form of gain control also allows the postsynaptic cell to utilize its entire
dynamic range as the strength of presynaptic input increases. Finally, inhibition targeting ORNs
leaves the window ofemporal integration in PNs unaltered by inhibitory conductances.
Interestingly, our results suggest that low concentratibtT Snay specifically shift the balance
between preand postsynaptic inhibition and mediate subtractive gain control. The postsynapt
inhibition arises in part from a monosynaptic connection betwddi AR-expressing LNs and
PNs. Such direct connections from LNs onto PNs are supported by EM reconstructions of the AL
in both the adult fly and larvaéBerck et al., 2016; Horne et al., 2018he properties of
postsynaptic inhibition are distinct from those described alfpioét and Koch, 1997; Silver,
2010) Postsyaptic inhibition will suppress PN firing from a broader distribution of inputs, rather
than just its cognate ORNSs. Subtractive gain control reduces the maximum firing rate of a neuron
thus diminishing its influence on perception regardless of stimulusgsire This may be
advantageous for suppressing behavior when sensory stimuli are presented in the wrong context.
The utilization of divisive and subtractive gain control within the same circuit is not unique to
olfaction as it has also been described édttentional regulation of visigReynolds and Heeger,
2009)

An alternative function for the suppression by loancentration 84T may be to praide
stability to olfactory processing under modulation. Data from the lobster stomatogastric ganglion
(STG) indicates that dopamine has opposing actions on the same neurons depending on its

concentratior{(Rodgers et al., 2011Yhis mechanism has a homeostatic effect and stabilizes the
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motor output(HarrisWarrick and Johnson, 2010%imilarly, we found that low and high
concentrations of serotonin also have opposing effects, which are likely medjatiifielent
receptors on different cells. Bidirectional modulation by the same transmitter has been reported in
numerous other systenghlai et al., 2010, 2009; Teshiba et al., 20G)ggesting it may be a
common feature of the central nervous system across eipbsgogenetic groups. Indeed, as in

flies, odor responses in vertebrate mitral cells are also boosted by methysergide and exegenous 5
HT (Brill et al., 2016; Gaudry, 2018; Kapoor et al., 2018his suggests that bidirectional

modulation by BHT may be auniversal theme in olfaction.

Materials and Methods
Experimental model andsubject details

Flies were reared on Nutfly Bloomington Formulation (Flystuff.com, San Diego, CA)
at 25 °C in ipint plastic bottles. All experiments were performed on femads fl 3 days post
eclosion. All fly stocks containing the optogenetic transgene Chrimson (Klapoetke et al., 2014)
were raised on rehydrated potato flakes (Carolina Biological, Burlington, NC) mixed with 0.2 mM

all-transretinal.

Odor and odor delivery

Odas were presented as previously described (Zhang and Gaudry, 2016). In brief, a carrier
stream of carboffiltered house air was continuously presented at 2.2 L/min to the fly. A solenoid
was used to redirect 200 ml/min of this air stream into an odobefake rejoining the carrier
stream, thus diluting the odor a further-fbd prior to reaching the animal. cVA (Pherobank,

Wageningen, Netherlands) was delivered as a pure odorant before-fible t@rrier stream
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dilution. For all experiments, the odoma® presented every 40 s.Hig. 4, we varied the odor
strength by adding a solenoid valve between the odor vial and the carrier tube (Jeanne and Wilson,
2015). This allowed us to flush the odor vial before redirecting the odor to the fly. Flushing the
odar vial for longer time periods resulted in lower effective concentrations of the odor at the fly.
We verified this olfactometer with a pheianization device (Aurora Scientific, Ontario Canada,

mini-PID 200B) as seen ikig. S4.

Whole-cell electrophysiology

In vivo wholecell recordings were performed as previously described (Zhang and Gaudry,
2016). Data were lowass filtered at 5 kHz using an AM Systems model 2400 amplifier (AM
Systems, Carlsberg, Washington) and digitized at 10 kHz. Pipettes wexé fpath thinwalled
borosilicate glass (World Precision Instruments, Sarasota, FL; 1.5 mm outer diameter, 1.12 mm
inner diameter) to a resistance 6fl82 Mq . To visualize neurons, w
from an infrared LED guided through a fiberiopfrhorlabs, Newton, New Jersey). The external
recording solution contained, (in mM) 103 NaCl, 3 KCI, 5trid(hydroxymethyl)methyP-
aminoethanesulfonic acid, 8 trehalose, 10 glucose, 26 NaHCO3, 1 NaH2PO4, 1.5 CaCl2, and 4
MgCI2 (adjusted to 271®75 mOsn). The saline was bubbled with 95% 02/5% CO2 and reached
a pH of 7.3. Our internal solution contained, (in mM) 140 potassium aspartate, 10 HEPES, 4
MgATP, 0.5 Na3GTP, 1 EGTA, and 1 KCI. Cells recordedHigr. 3 were filled with biocytin in
the internal slution for posthoc morphology visualization via confocal microscopy. For whole
cell recordings, a small hyperpolarizing current was applied to offset the depolarization caused by
the pipette seal conductance. lightfte matchthdfisny r e st i

rate of similar neurons obtained in eattached recordings. Neurons which did not fire
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spontaneously or that had depolarized membrane potentials upofirbveate excluded from the
study. DA1 PNs were labeled using the Q/QUgyStem (Potter et al., 2010) with the MZQ%
promoter. These cells were identified based on their soma location in the lateral cluster of the
antennal lobe and responsiveness to cVA.

GABAergic LNs in the MiMIG5-HT7R promoter line were targetbased on soma size
and location. The cells were labeled using nuclear localized GH&E#3 to reduce the total
fluorescence in the preparation. We believe we did not record from glutamatergic LNs as their cell
bodies are located in the ventral AL aneéytinave distinct physiology that differentiates them from
GABAergic LNs. Uniglomerular PNs and GABAergic PNs were excluded from our analyses
based on morphology revealed by neurobiotin. All flies used in the MiBAKI 7R promoter line
were heterozygous fdaoth transgenes and only female flies were utilized.

The CSDns irFig. S4 were activated via Chrimson activation with a 10Hz sinewave of
660nm red light. Activation proceeded during all of the inter trial intervals for those preparations

and stopped whiledor responses were collected.

TERPS analysis

We expressed NaChBac and Chrimson in LNs with the GMR7@24&@ line. This
promoter | ine | abels LNs and only a small set
was used to block all spiking in theLAWe confirmed this by depolarizing each neuron and
observing they could no longer fire action potentials. We used goomgkred red LED (Red XxP
E, 620 630 nm wavelength) and Buckpuck driver (RapidLED, Randolph, Vermont) to stimulate
GMR70AQ09 neurons expssing Chrimson and NaChBac. The LED was mounted directly

underneath the preparation and light was presented at 0.238 mW/mm2 as measured by a Thorlabs
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light meter PM100A with light sensor S130C. LED activation would result in a hyperpolarization

in the pstsynaptic cell. Once TTX was added, the duration of the LED pulse was adjusted to
ensure that the hyperpolarization persisted. This duration varied from 100 ms to 500 ms across
preparations but was kept constant for each fly. GABA antagonists were ttled tud the
recirculating perfusion system to determine the nature of the chemical synapse. As with previous
studies (Zhang and Gaudry, 2016), we found a depolarizing response which remained even in the
presence of the acetylcholine antagonist mecamylaminis. depolarization is presumed to be
mediated by gap junctions as it is insensitive to cadmium, @pecific calcium channel blocker

that prevents synaptic transmission. Flies expressing Chrimson were raised on food containing 0.2
mM all-transretinal.All -trans retinal was prepared as a stock solution in ethanol (35 mM), and 28
el of this stock was mixed into approxi mately

top of a vial of conventional food.

Photoactivation of caged serotonin

We used a higipower UV LED (M365LP1, 365 nm wavelength, Thorlabs) to elicit
photolysis of cagederotonin. The light was presented at 0.2 mW with a 20 ms pulse. The external
saline containing cageserotonin was recirculated at the beginning of experispesmid we
replaced it every experiment. To prevent undesirable photolysis, we shielded the preparation from

ambient light.

Two-photon calcium imaging
Imaging was performed in vivo on flies using a similar approach to our

electrophysiological recordings. @ustom chamber was made that possessed a piece of steel foil

59



with a hole cut out to match the perimeter of
a small window was cut into the fly head capsule to view the brain. The glial sheathirygngverl

the brain remained intact. We used female flies aged 3 days@oston and reared at room
temperature. Imaging experiments were performed at room temperature. Flies were dissected in
the same manner as those used in whole cell recordings ancefesiitis the same extracellular

solution. The saline was bubbled with 95% 02/5% CO2 and reached a pH of 7.3. 920 nm
wavelength light was used to excite GCaMP6s undeiptimaion microscopy. The microscope and

data acquisition were controlled by Thorlmage @.Borlabs, Inc.). An image of the sample was
scanned at a speed of 60 frames/second and averaged every 10 frames. Thus, the sample was
recorded at 6 frames/second. Odors were delivered for 1 second after the first 2 seconds of each
trial. An intertrial interval of 80 s was applied between each trial. A volumetric ROI was set
manually for each experiment that surrounded
were measured as changes in fluorescence, i n
fluorescence brightness changes over the baseline period (the first 2 seconds of each trial before

the odor delivery).

Single photon calcium imaging

We performed some of our ORN imaging experiments using-fiette single photon
imaging due to its simpligit over the 2photon approach. GCAMP7s (Dana et al., 2019) was
expressed in ORNs of interest (OR67a and OR42b) using the GAL4/UAS binary expression
system. Flies expressing GCAMP7s were mounted in a custom chamber identical to that employed
for physiology ad 2photon imaging. The head capsule was opened, and antennal lobes were

imaged using a CMOS camera (Photometrics Prime). Videos were captured at 50 Hz framerate.
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GCAMP7s was excited with a blue LED and shuttered between trials. Odors were delivebed in 0.
second pulses each minute via the same olfactometer used throughout the study. The labeled
glomerulus was determined by eye and a focal plane of approximately the middle of the glomerulus

was imaged. Ten odor presentations were recorded in external sallition perfusion followed

by ten presentations in 50 &M methysergide. Mi

was measured in MATLAB. Statistical difference was determined via Wilcoxon Signed Rank test.

Pharmacology

The following chemicals ere used in this study at the concentrations indicated:
met hysergide mal eat ei4%750 e M,uoXxcedriinse, (QAS €IV 9
56296787) , WAY100635 (20 ¢€iM31l)T,0cSB 2sl,6 6CAALS (62304 9cOMB,
193611 67-5), ketanserii 2 0 €& M, TocriB3/,) , CAMet®286prami de (2
CAS 364625 ) , SB258719 (20 &e&M06FJocrCiGRP546R8 1B3D76&N
CAS 14918421-4) , mecamyl amine (1I80)gMteSirgomat oQAD §:
Tocris, CAS1866081-6 ) , pi cr ot oxi n (i87-8g MPECcS&gedsarotonin (RDAS 1 2 4
e M, Tocri s, I2BR)S, 1&2rmbd/ 32&r ot oni n (1980 Sewtbhin Si g me
solutions were made fresh from powder immediately prior to each experiment and wrapped tightly
in aluminum foil to prevent oxidation by light. We used a peristaltic pump to recirculate the
external recording solution in all experiments using pharmaceuticals. Drugs were added

sequentially to the same recirculating solution.
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Cell ablation

Cell ablation bydiphtheria toxin was performed as previously described (Zhang and
Gaudry, 2016). In brief, a temperattgensitive variant of diphtheria toxin was expressed in the
CSDn or Trh neurons by the GAL4/UAS system. @iag post eclosion, adult flies were
transfered to 31 °C for three days. The efficiency of the diphtheria toxin was assessed by

immunohistochemistry with the serotonin antibody for each preparation post hoc.

Immunohistochemistry

Dissected brains were fixed with 4% paraformaldehyde for 15 min at temperature.
Fixed tissue was blocked with PBS containing 2% Trited(® and 10% normal goat serum
(NGS) for 30 min and then incubated for 1 day each (with washing in between) at room
temperature in PBS containing 1% Triton180, 0.25% NGS, and a primyaantibody or
secondary antibody solution. The brain was mo
following primary antibodies at the indicated dilutions: 1:50 mouse-baintihpilot (nc82)
(Developmental Studies Hybridoma Bank, lowa), 1:1000 tabbti5-HT (Sigma, S5545).
Secondary antibodies from Invitrogen were used at dilutions of 1:250, which were Alexa Fluor
633 goat antmouse IgG (Life Technologies, A21050), Alexa Fluor 568 goatrantise IgG (Life
Technologies, A11004), Alexa Fluor 638aj antirabbit (Invitrogen, A21071). Confocal images
were acquired with Zeiss LMS710 confocal laser scanning microscope under 40x or 63X

magnification.
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Quantification and statistical analysis

Statistical results for each experiment can be found ifighee legends. Values are given
as means = SEM. As only one neuron was sampled pervglues are reported as either a fly or
a neuron. Wilcoxon signed rank tests were performed for all paired comparisons between one
treatment and the control withingtlsame group. Significance was determined by a p value less
than or equal to 0.05 and sample sizes were based on similar studies in the field. For physiological
measurements, these ranged from126 animals and between -63 for qualitative
immunohistochemisy. All cells which received pharmacological treatments were included in the
study. If a cell had a depolarized resting membrane potential or poor access resistance, the

recording was terminated before pharmacological manipulation.
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Chapter 3Nonspikinginterneurons in thBrosophilaantennallobe
exhibit spatially restrictedactivity

Introduction

Inhibitory local interneurons (LNs) are prevalent throughout animal nervous systems and
often serve to regulate circuit function. One such example are the LNs in the antennal lobe (AL)
of the fruit fly Drosophila melanogasteThe AL is the first olfactoryelay of the fly, where
olfactory receptor neurons (ORNSs) with the same receptor con(@ogko et al., 2005; Vosshall
et al., 2000jand synapse onto projection neurons (RlE®Uto et al., 2005; Stocker et al., 1990)
in neuropil known as glomeli. The PNs then transmit the signal to higher order brain regions
(Bargmann, 2006)0dor ligands bind olfactory receptors on the antennaegdic@ting spike times
across the activated ORNs. PNs tend to rest at a potential close to their spiking threshold and the
coordinated input from ORNSs drives a drastic odor respomaecterized by a large burst of fast
spikes(Bhandawat et al., 2007; Kazama and Wilson, 2008)s regulate this odor response
activity through pre and postsynaptic inhibitio(Olsen and Wilson, 2008; Root et al., 2008;
Suzukiand Schenlet al., 2020)

The inhibition from LNs is important to odor codingbmosophila By inhibiting ORNSs,
LNs allow the full dynamic range of ORN spik to be utilized across a broad range of odor
concentration§Olsen and Wilson, 20087 his leads to an increase in odor discriminability for two
reasons: first, strong odorgeaprevented from oversaturating responses, and second, small
differences between similar odors can be highligh@den et al., 2010)lhese gain and contrast
controls enhance olfactory responses.

One poorly understood aspecybsophilalLNs is their variety of morphologies. Previous

literature has demonstrated the multitude of complex innervation patterns fChis et al.,
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2010a) but little is known about the function of these various populations. In mammalian olfactory
bulbs (OBs), LN morphology ahanatomical location in the strata of the bulb allow for
distinguishing cell classes, therefore simplifying their identification and further characterization.
Therefore, roles of LN subtypes become more decipherab@rdsophila LN morphological
classfications can only be determined pbsic. Little information can be gained about the role of
an LN by the location of its soma in proximity to the neuropil, and the AL is not organized into
layers like the OB. This complicates the studyDwbsophila LN morphology in relation to
function. Previous work has shown unique roles for subpopulations ofCNsu et al., 2022;
Huang et al., 2010; Liu and Wilson, 2013; Suzaekd Schenlket al., 2020) but no obvious
correlation with morphology is observed. Further, there are few genetic promoter lines available
to specifically label morphological classes for study.

An exception ighe R32F16Gal4 promoter line from Janel{denett et al., 2012)vhich
we usedhereto study the role of one such LN morphological class in olfaction. R32¥14
labels patchy LN¢Sizemore and Dackpgersonal communicatipnvhich are named so for their
discontinuous, patchwork innervation pattern of gloméfCiiou et al., 2010ayWe demonstrated
that these LNs are unique@wosophilafor more than just their morphology: they are sking.
We explored this characteristic using electrophysiology, calcium imaging, and tissue staining. Our
results suggest these patchy, nonspiking LNs are compartmentalized through electrotonic isolation
achieved through postanscriptional regulationfeodium channels. Lastly, we propdbatthese
cellsare involved in two LN functions which are poorly understaatraglomerular inhibition

and spontaneous activity regulation.
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Materials and Methods
Fly rearing

Male and female flies were raised and crossed in sparse cultures at 25C on cornmeal,
dextrose, and yeast mediyadapted from Brent and Oster, 197@Josses involving Para were
performed at 20C torpvent any effects of higher temperatures on the modified Para channels.
Genetic lines used in this study can be found in Table 1. For electrophysiology experiments, adult

flies 1-2 days post eclosion (dpe) were used. FlpTag and HCR experiments wenmeerbor 5

7 dpe flies, and calcium imaging was done eéhdpe flies.

Table 1. Genetic lines of flies used

Transgenidrosophilalines used in this study from the Bloomington Drosophila Stock Center ar

the Drosophila Genomics Resource Center.

Fly Line Source Identifier
GMR32F10Gal4 | Bloomington | RRID:BDSC_49725
GMR70A09Gal4 | Bloomington | RRID:BDSC_47720
UAS-mCD8::GFP | Bloomington | RRID:BDSC 32194
GMR32F10LexA | Bloomington | RRID:BDSC_53565
LexAop-GFP Bloomington | RRID:BDSC_52266
UAS-FLP Bloomington | RRID:BDSC_4539
paraflptag GFP Bloomington | RRID:BDSC_92146
NP3056Gal4 DGRC RRID:113080
UAS-JGCAMP7b | Bloomington | RRID:BDSC_79029
UAS-mCherry Bloomington | RRID:BDSC_52268
LexAop-mCherry | Bloomington | RRID:BDSC_52271

Odors and Delivery

Odorants, dilutions, and solvents used in experiments for each figure are listed in Table 2.
During electrophysiology and calcium imaging recordings, odors were delivered via an

olfactometer. A 2.2 L/min carbeiiltered airstream was constantly presentethe fly. To deliver
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odors, 0.2 L/min of this stream was redirected through an odor vial, fulitbeéng the odor by

10-fold. Each odor presentation throughout the study lasted 0.5 seconds.

Table 2. Odorants and dilutions in each figure.
Chemicals, dilutions, solvents, and sources of odors used during odor exposure experiments.

Figure | Odorant Dilution Solvent Source Identifier

1 Pentyl Acetate | 102, 10 Parraffin oil Sigma-Aldrich CAS: 628-63-7
5-6 Pentyl Acetate | 10 Parraffin oil Sigma-Aldrich CAS: 628-63-7
5-6 Benzaldehyde | 10+ Parraffin oil Sigma-Aldrich CAS: 100-52-7
5-6 cVA Pure None Pherobank, Netherlands | CAS: 6186-98-7
5-6 Valeric Acid 104 Water Sigma-Aldrich CAS: 109-52-4

-10 -8
7 Pentyl Acetate 186 ’1%)(_)4 " | Parraffin oil Sigma-Aldrich CAS: 628-63-7
Electrophysiology

Whole cell patch clamp recordings were doneivo. Flies were mounted in a custom foil
chamber and the brain was exposed. External saline solution was constantly perfused throughout
each experiment and contained, (in mM) 103 NaCl, 3 KClI,-tsigthydroxymethyl)methyP-
aminoethaneulfonic acid, 8 trehake, 10 glucose, 26 NaHGQA. NaHPQ4, 1.5 CaC], and 4
MgCl> (adjusted to 27275 mOsm). This solution was bubbled with 95%/5% CQ and
adjusted to a pH of 7.3. Pipettes were pulled-io¥ Mq r e s i s twallecberosilicate m t h i
glass (World Precisn Instruments, Sarasota, FL; 1.5 mm outer diameter, 1.12 mm inner
diameter). For current clamp recordings, pipettes were filled with an internal solution containing
(in mM) 140 potassium aspartate, 10 HEPES, 4 MgATP, 0:&WNg, 1 EGTA, and 1 KCI. For
voltage clamp recordings, the internal solution contained (in mM) 140 CsOH, 140 aspartic acid,

10 HEPES, 1 EGTA, 1 CsCl, 4 MgATP, and 0.53@&P. Internal solution osmolarities were

adjusted to 265 mOsm with a pH of 7.2. Cell fill shown in Figure 1B wasdfilith biocytin.

Preparations were illuminated during patching via a fdggic oblique infrared LED (Thorlabs,
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Newton, NJ), and cells were targeted by their expression of mDC8::GFP under binary expression
systems. All recordings were digitized at 10 kHzurrent clamp recording data were low pass
fillered at 5 kHz with an AM Systems model 2400 amplifier (AM Systems, Carlsberg,
Washington). After breaking in, resting potentials of spiking cells were adjusted to elicit baseline
firing rates observed in gvious ceHattached recordings. Nonspiking cells were adjusted to
similar potentials. Voltage clamp data were low pass filtered at 1 kHz and cells were46€ld at
mV. Current signals were conditioned using positive/negative subtraction. In brief, @ cferie
small depolarizing steps which fail to evoke any active components are applied. The resulting
passive components in the current recording are summated and subtracted from the response which
includes active components. This effectively removes passimgonents from the recording.

This signal correction was applied offline, such that raw signals were preserved. \jaitade

sodium currents were distinguished by their sensitivity to tetrodotoxin (TTX).

Pharmacology

To determine sodium dependent sgike and current s, TTX (1 ¢l
Jerusalem, Israel) was used to specifically block volgaged sodium channels. During voltage
clamp recordings, synaptic transmission was blocked with-e@P6 26 ( 50 ¢ M, Tocr
14918421-4), mecamylamine (100 M, Si gma-3%1QAS a8h2d6 pi cr ot oxi n (
CAS 12487-8). Experiments involving these drugs were done using a recirculating perfusion

system.
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Immunohistochemistry

Brains were dissected in ice cold external saline and immediately fixed for 15 minutes in

4% paraformaldehyde, then blocked in PBS containing 2% Tritd@0and 10% normal goat

serum for 30 minutes, both at room temperature. Brains were then incubptadary antibody

solutions for 12 days at 4C and secondary antibody solutions-fi2 Bours at room temperature.

Primary and secondary antibodies and dilutions are listed in Table 3. Samples were continuously

protected from light starting after dissectidA Zeiss LSM710 confocal microscope was used to

acquire i

mages

under 4 0 x

or

63x magni fication

are zprojections generated in ImageJ. Quantification was performed in ImageJ and statistical

Table 3. Antibodies and other tissue staining reagents.
Primary and secondary antibodies @amditu hybridization reagents and sources.

Reagent Dilution | Source Identifier
Mouse antiBruchpilot 1:50 | Developmental Studies| .. b ao. RRID: AB_2314866
Hybridoma Bank, lowa
) ] Developmental Studies | Cat# DNEx #8; RRID:

Rat aniNCAD 1:500 | pybridoma Bank, lowa | AB 528121

. . ] . Cat# A10262; RRID:
Chicken antGFP 1:1000 | Invitrogen AB 2534023

. . . Cat# 632496; RRID:

Rabbit antiDsRed 1:400 Clontech AB 10013483
Streptavidin Alexa Fluor 1:250 Invitrogen Cat# S11226; RRID:
568 ' 9 AB 2315774
Goat antichicken Alexa 1:250 Invitrogen Cat# A11039; RRID:
Fluor 488 ' 9 AB 2534096
Goat antirabbit Alexa Fluor 1:250 Invitrogen Cat# A21071; RRID:
633 ' 9 AB 2535732
Goat antirat Alexa Fluor 1:250 Invitrogen Cat# A11077; RRID:
568 ' 9 AB 2534121
Goat antimouse Alexa 1:250 Invitrogen Cat# A21050; RRID:
Fluor 633 ' 9 AB 2535718
HCR fruitfly-paraB1 1:250 Molecularinstruments | N/A
HCR transgenkEGFRB3 1:250 Molecular Instruments | N/A
HCR amplifier B1 Alexa 1:50 Molecular Instruments | N/A
Fluor 647
HCR amplifier B3 Alexa 1:50 Molecular Instruments | N/A
Fluor 546
Biocytin Hydrazide 13 mM | Life Technologies Cat# B1603
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analysis was perfmed in MATLAB (Table 4). To account for stochastic labeling in the FlpTag

experiments, we only measured signals from the right AL of each fly regardless of stain intensity.

Flies without FIpTag labeling throughout the brain were excluded.

Table 4. Statistical tests and parameters.
Summary of statistics used in each figure.

Fig | Distribution | Test Sample Size | Statistical Data
2C | Normal | e e | R hoom < 1o {=-1:3664, di= 24, p = 0.1845
Unpaired ttest | R32F10n=12) . _ _ _
2F | Normal (two tailed) R70A09 1 = 14 t =5.0714, df = 24, p = 0.000035
NP3056 n =8, | F =[35.5101, 18.5213, 28.5431,
5D | Normal ANOVA R32F10 n =15) 21.8342];
R70A09 n = 10| p =[1.6e8, 5.8e6, 1.1e7, 1.4€6]
Descending, left to right:
Nort NP3056 n = 8, | X2 =[16.3083, 11.1783, 1.3186, 19.284
6 parametric KruskatWallis | R32F10 n = 15, 11.6920, 9.0253];
R70A09 n = 11| p =[2.9e4, 0.0037, 0.5172, 6.5&
0.0029, 0.011]
R70A09: F =0.5698, p = 0.6383;
NP3056: F = 1.1598, p = 0.3374;
ANOVA NP3056 n = 11| R32F10: F = 7.4735, p = 0.00005;
7D | Normal (Tukey's Post | R32F10 n = 10| R32F10 Concentration Pairalues:
Test) R70A09 n = 12| -10 and-8 = 0.9677-10 and-6 = 0.0379;
-10 and-4 = 0.0013:-8 and-6 = 0.1047;
-8 and-4 = 0.0049;6 and-4 = 0.5954

In situ hybridization
Hybridization chain reaction (HCR, Molecular Instruments, Los Angeles, CA) was used to
detect RNA transcripts. Probes for fieratranscript were engineered by Molecular Instruments.

Amplification hairpins used cHRSHptiaeol forcampld i n T

in solutiono was adapted for our samples by m.

adjusted to 200 €L (concentr a100 was substiteteddor k e p t
Tween20. Samples were continuously protected frbght after dissection. Imaging was

performed the same as immunohistochemistry. Endogenous fluorescence from GFP expressed in
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the cells of interest was also imaged in these samples. Images sHegr2ih and B are masked
to enhance visualization of tpara transcript signal and were generated in ImageJ. Quantification

was performed in ImageJ and statistical analysis was performed in MATLAB (Table 4).

Calcium Imaging

GCAMP7b(Dana et al., 2019¥as expressed under Gal4/UAS control and odor responses
were acquired using wide field imaging. Samples were illuminasétg a470 nmblue LED
(M470L4, Thorlabs, Newton, NJ) and images were captured at 20 frames per second using a
CMOS camera (Photometrics, Tucson, AZ). Tmmute intertrial intervals were used to allow
baseline fluorescence level stabilization and tovgme phototoxicity. Video recordings were
motion corrected us (Theyenaz bteal., f198&) dnadged. €lgangespi u g i n
fluorescence were calculated the dfference between a given frame and the average baseline,
normalized to the baselingp ). ¥alues were measured across the entirety of the AL visible in
the selected focal planenless indicated otherwisé&nalyses were performed in MATLAB
(Mathworks, N#éck, MA) (Table 4). Peak odor responses were defined as the average of three
frames centered on the highgsE /vdiue in the odorespons@eriod.Resulting peakp F ffr&émes
were then averaged across three trial repeats and then Gausspasofiterd at 10x10 pixels.

Because the focal plane was not always consistent between preparations, principal
components analysis and correlation coefficients were calculated within individual fly responses
and then compared across fliEsr input into PCA and ceelation calculations, the average peak
gF/F frames were concatenated roywr ow f r om t he f rdismemsiana veptorsx el s i
for each fly. The resulting vectors each had the same number of elements as pixels in the average

frames. These vectors veethen inserted into a matrix for analysis for each individual fly. The
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explained variance in PCA and correlation coefficients were then compared between flies. The
images in Fig. 5A are sample PC scores reshaped into the dimensions of the inputharages.
correlation coefficientsgpF /v&ues were normalized assezores to reduce the contribution of
response strength to the correlation, thus biasing the result to focus on activation patterns.
Spontaneous activity fluorescence was automatically detestdall peaks outside of the
odor responseperiod. These events were then manually screened to eliminate small motion
artifacts not adjusted during motion correcti®n. increase stringency in the screening process,
only flies in which20% or more ofthe events were defined as true spontaneous activity were
included in the analysis, and the events flagged as motion artifacts in these flies were é2cluded
of 15 flies excluded) Sizes of active regions for concentration series and spontaneous activity
analyses were defined as pixels above the 40th percentile of all pixel values across all trials for a
given fly. The 40th percentile threshold was chosen as an approximated mean of thresholds
gener at ed us i Fogspodtaneaudastivimempgaisd GH146Gal4 driving UAS
GFP was imaged with the same equipment, and glomerular sizes were measured manually in

ImageJ.

Results
A population of local interneurons in the antennal lobe does not fire sodiurdependent
action potentials.

We began charadieing patchy LNs by measuring their odor responses using vdedlle
patch clamp electrophysiology. To target specific cells, we used the R84 promoter line
driving the expression of UABICDS8::GFP, labeling only patchy LNs within the AL (FIA).

Another LN promoter line, R70AG8al4, labels mainly parand nearly paiglomerular LN Fig.
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1B). These LNs display robust responses to most odors characterized by a burst of large spikes

paired with odor onsetF{g. 1D). Surprisingly, we failed to observe action potential when

Figure 1. Population of nonspiking LNs has
patchy morphology and kcks voltagegated
sodium current.
Innervation patterns of a single LNs labeled
the A) R32F16Gal4 and B) R70A0%al4
driver lines obtained by stochastic labelii
using SPARC2 and cdllilling, respectively.
Sample LN responses to“4 pentyl acetatedr

% h C) R32F16Gal4 and D) R70A0%al4 lines.
R32F10-Gal4 R70A09-Gal4 Horizontal bar denotes the timing of the od

Local Interneuron (LN) Local Interneuron (LN) pulse as well as scale (500 ms). Other od
tested include methyl acetate and ethyl ace

C o, Dulor ((58) o (0 a8} at 10* and 1@ dilutions, respectively. E)
E| Current step stimulus apptigo sample trace:

S in F-H. F) Spiking LN voltage response |

current clamp steps from E. G: Same as ir

except in the presence of 1 uM TTX. (
m Voltage response to steps in E for a sam
nonspiking LN. H) Voltage clamp responses
R32F10 LN Response R70A09 LN Response a single spiking LN (me) and multiple

E nonspiking LNs (red, n = 9) during a voltag
E step from-60mV holding potential te30mV
for a duration of 50 ms.
<
S
200 ms

Current Steps (Stimulus) R70A09 (Spiking) LN

‘= ==

S 200 ms S 200 ms
R70A09 (Spiking) LN R32F10 (Nonspiking) LN
(TTX)
I -4
S

10 ms

R32F10 (Nonspiking) LNs
R70A09 (Spiking) LN
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recording from the R32F1Gal4 lebeled LNs, despite a clear odevoked depolarizationF{g.

1C). This phenomenon persisted across holding potentials and broadly activating odors, in addition
to a lack of spikes during spontaneous activity. To determine if this lack of spiking was aimply
artifact of recording or choice of odor, we stimulated cells with an array of current injetigns (
1E). In R70A09Gal4 cells, each positive current injection reliably elicited strong spiking
responses with larger steps eliciting stronger resposgs1F) which were abrogated in the
presence of the voltaggated sodium channel blocker, tetrodotoxin (TTKig( 1G). However,

the same current injection stimuli did not evoke spikes in R3ZFdl@ patchy LNsKig. 1H).
Qualitatively, the voltage respsa to current injection of these nonspiking LNs resembled that of
spiking LNs in TTX. Next, we examined if patchy R32FK&@l4 LNs exhibit sodium current, but
simply not enough to elicit action potentials. To investigate this possibility, we performegevolta
clamp recordings. We determined the F$ehsitive sodium currents by recording during voltage
steps before and after TTX application. These currents can be attributed solely to-galéahe
sodium channels. WhilBrosophilaLNs are not well suited to achieve strong space clamp, we
were still able to observe TFXensitive sodium currents reliably in spiking R70AB8l4 LNs
(Fig. 11). Performing the same experiment on R32EH)M LNs, we failed to observe any TTX
sensitive cuents in the cellsKig. 11). Therefore, we detecteitheraction potentials nor sodium
current in R32F1{5al4 patchy LNs in the Althus demonstratg the existence of nonspiking

LNs in the fly antennal lobe.
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Nonspiking LNs do not have voltagegated saium channels, but still transcribe the para
gene.

Drosophilahave one voltaggated sodium chaeh gene,para, and these channels are
required for firing traditional sodiumdependentaction potentialyGermeraad et al., 1992)

Mutations inpara tend to be lethal or debilitating to the fly, demonstrating the importance of
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Figure 2. Voltagegated sodium channel gene transcriptpara, is detected in nonspiking LNs but
conditional tagging reveals lack of translation.

Sample GFP (left), para transcript (middle), anerge (right) of A) nonspiking and B) spiking LI
populations in the AL. Transcripts were stained using hybridization chain reaction (Mol
Instruments) and images were masked to emphasiabeting with GFP. C) Violin plot of pare
transcript stain itensities in the AL, normalized by volume. n = 14 for R32EHM, 12 for R70A09.
White circles denote means. Di f f destgprr0.88). Bampl
images for D) R32FH&al4 and E) R70A0%al4 of UASFIp driven paa-FlpTagGFP. F) Violin plot
of GFP labeling intensity, normalized by AL volume. n = 12 for R326a34, 14 for R70A09. White
circles denote means. D i-tdstf pp=r0®00@36). i s si gni f
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sodium current for proper neuronal functig@iddigi and Benzer, 1976However, it has been
observed though singlecell sequencing that most central brain neurom3rosophilalarvae lack
para expression, while adult brains exprg@ssa in nearly all neurongRavenscroft et al., 2020)
Therefore, we first probed for the presencparfagene products to confirm the absence of sodium
current in LNs which we observed electrophysiologically. Due to widespaaaskxpression, we
performed in situ hybridization to spatially probe fara transcript. Because it is possilgara
was expressed in our cells of interest but only in smalhtifies, we used Hybridization Chain
Reaction (HCR, Molecular Instruments) to amplify and detect potentially weak transcript signals.
With HCR, para transcript was detected in the somas of both spiling 2B) and nonspiking
(Fig. 2A) LNs. The amount o$ignal was comparable between R32/&414 and our control line
R70A09Gal4 Fig. 2C). TheR70A09Gal4 promoter line was chosen as a control for this and
following experiments because it displays prototypical spiking responses, labels a comparable
number 6 cells to R32F16Gal4, and does not label any cells with the patchy morphology.
Transcript detection does not equate directly to gene expréBsioker et al., 2018 ost
transcriptional regulation serves a role in controlling the amount of protein pafdugiven gene.
Given the results in Figure 2&, there are two possible scenarios: fipra undergoes post
transcriptional regulation in these nonspiking LNs, or second, Para channels are produced but we
were not able to detect them using electrgtipgy. To test these possibilities, we used the
FlpTag approacltiFendl et al., 2020)FIpTag utilizes a conditional labeling of Para with GFP
driven by the expression of UARp under the contraf Gal4 lines, therefore restricting staining
to only the cells of interest. Para localizes to active zones of neurons (Figs 2D +E) and although
our implementatiorsometimeshowed stochasticity in labeling betweée twoALs of a given

brain we detecté heavy Para labeling in spiking LNBSi§. 2E). Expectedly, we observeauch
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less Para staining in nonspiking LN&d. 2D). These differences in Para signal were significant
(Fig. 2F). Taken together, these results indicate nonspiking LNs do not express Para channels,

despitetranscribingthe gene.

Calcium imaging of nonspiking LNs reveals variable spatial patterns of activation across
odors.

To assess the physiological role ohspiking patchy LNs ilDrosophila we performed
wide-field calcium imaging of LN populations during odor responses. We compared responses
between the R32F1Bal4 nonspiking LNs, R70A0&al4 spiking LNs, and the broader LN
labeling NP30585al4 line, each gxtessing UASGCAMP7hb. R70A09Gal4 labels a similar
number of LNs as R32FiBal4 (ig. 3D), and NP305%sal4 is a widely used and well
characterized promoter line which represents most identified morphological classes. As shown in
previous literature, NP3056al4 and R70A0%al4 have little to no overlap in cells labeled
(Suzukiand Schenlet al., 2020)and NP3056 LNs generally exhibit action potentials. R32F10
LexA, which shares a promoter fraent with R32F14@5al4 and labels many of the same cells
(Sizemore and Dacks, 2021), also has little to no overlap with NPG@Bband R70A09al4

(Fig. 3), indicating these LN populations are mostly distinct.
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We first presented a panel of four odors, chosen to represent both public and private odors
with varying degrees of similarity in activatglomeruli. Public odors activate a broad range of
glomeruli while private odors activate single ORN classes. We hypothesized that spiking lines
would respondio odorswith the same spatial patteanross glomeruli, such that responses between
odors wouldbe indistinguishables action potentials would propagate their activity across the
entire antennal lobeFor nonspiking LNs, we hypothesized that activation may be spatially
restricted as the graded potentials would not propagate as aatgelying in differing glomerular
activation patterns dependent on ad@onsistent with previous literature, the spiking lines
NP3056Gal4 and R70A0%al4 calcium responses were largely active across the entire visible

region of the AL (Figs 4A+B)YHong and Wilson, 2015Wwhile the patchy R32F1Gal4 cells

displayed spatially variable patterns of activatibig(4C).

C NP3056-Gal4

R32F10-LexA  (Spiking)
(Nonspiking)

33.6+4.8

Overlap: 0.0 + 0.0 (n = 5)

R32F10-LexA R70A09-Gal4
(Nonspiking) (Spiking)

|
Overlap: 0.3 £ 0.5 (n =6)

Figure 3. Nonspiking LNs labeled by R32FQ are a distinct population of neurons.

Sample images of R32F1@&xA > LexAopmCherry (Al and B1), NP3056al4 > UASGFP (A2),
R70A09Gal4 > UASGFP (B2) and merges (A3 and B3). White dashed lines denote the locat
R32F10LexA labeled somas. Quantétion indicates effectively zero overlap between R32EdxXa
and C) NP30565al4 (n = 5) and D) R70AG&al4 (n = 6).
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To quantify these differences, we first ran principal components analysis (PCA) on the
odor responsep F /adtivation patterns. As the focal plane in widdd imaging is not consistent
between preparations, we ran PCA on individuarésmpnse patterns on a pixBy-pixel basis
The percentage of variance explained by each principal comp@@ntould then be averaged
across fliesFor individual flies we saw only one major pattern in PC1 when PC scores were
projected back onto the Afor the spiking lines Kig. 5A+B) while we observed distinct
differences in the patterna PCs 14 for R32F10Gal4 (ig. 5C). These patterns represent
activated regions most shared between odors. Looking at the percent of the variance explained by

the PCsfor each line, we saw that nonspiking cells required more PCs to explain comparable
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Figure 4. Sample odor activation patterns of LN lineseveal specific responses in nonspiking cells
NP3056 (A1-A4), R70A09 (B1-B4), and R32F1@al4 (C1C4) > UASGCAMP7b response patterr
to pentyl acetate, benzaldehyde, cVA, and valeric acid. Images are an average of the three fram:
the peak ofie pF /infresponse to a given odor and are normalized to the same scale within ¢
fly. Colorbars indicate the range qfF /vadtues in percent. Odors were presented AtdilQtion in the
odor vial except for cVA, which was pure. Scale barin Aleepre nt s 10 € m.

amounts of variance
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Figure 5. Nonspiking LN odor response patterns requires more PCs to explain comparabl
variance.

PCA was run across odor response patternanftividual flies and results for a single fly are shoy
here. Score outputs are projected back onto the AL to visualize sample PCs in the context

response spatial patterns. PC1 shows substantial contribution to the variance explanation in NP3056

GaM (Al) and R70A0%Gal4 (B1), while PCs-2 show little patterning (A24 and B2B4). All PCs
display scores in distinct spatial patterns for R326aM (C1C4). D) Mean variance explained t
each PQ% = standard deviation), n = 8 for NP305&5 for R32R0-, and 10 for R70A0%al4 lines.
PCA was performed on each fly individually, and explained variances were pooled for phoiting
statistical analysis. In each PC, the explained variance for R32&M0is significantly different from
the otherlines(AMV A wi t h T-ek, py1068 5.8c%1d4e’,1.4e%for PCs 14, respectively).

Figure 6. Odor response patterns in nonspiking LNs are decorrelated.

Correlation coefficients between odor responses for A) NR3@@&R70A09, and C)R32F10Gal4

lines. Coefficients were calculated between odors for individual flies and are presented as ave
denotes statistical significance in the difference between a given odor pair and the correspond
pairs of the other two LN lines (Ksuk a| Wa l | i s -test, p$H2.98for pent| scetpt® as(
benzaldehyde, p = 3.7dor pentyl acetate and cVA, p = 0.52 for pentyl acetate and valeric acic
6.5€® for benzaldehyde and cVA, p = 2.9®r benzaldehyde and valeric acid, arnd .011 for cVA
and valeric acid).
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