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ABSTRACT

Cross-compartmental modulation and plasticity 

in the Drosophila mushroom body

Katherine Blackburn Shakman

The mushroom body (MB) is the site of odor association learning in Drosophila

melanogaster.  In the canonical model, there are two types of reinforcing dopamine

neurons (DANs): one set for rewarding unconditioned stimuli (US), and one respond-

ing to aversive US.  When DANs are activated together with an odor (the conditioned

stimulus, or CS), plasticity is induced in the downstream output neurons (MBONs).

 We have identified a DAN (V1) that surprisingly responds preferentially to odors,

and responds weakly or not at all to various classical US.  In order to explore the

relationship between V1 odor responses and the established roles of the MB, I charac-

terized the responses of DAN V1, and probed its relationship to odor-driven behavior,

associative conditioning, and activity in other MB compartments. These data show

that V1 receives recurrent input from identified MBONs, contributes to the activity

of an MBON that enhances alerting behavior, and that its odor responses are modu-

lated by conditioning. We therefore present the study of the α2 compartment, which

V1 innervates, as the dissection of an atypical compartment of the MB, one that acts

as a hub by which various information from other compartments and brain areas is

integrated in order to alter a behavioral response to odor. This work furthers our

understanding of the MB not simply as an engine of classical learning, but as a system

of diverse interconnected modules that allow coordinated fine control of behavior.
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Preface

In this dissertation I sought to understand the role of an atypical compartment of

the Drosophila mushroom body in chemosensory information processing and behavior

selection. The first two chapters follow the discovery that dopamine neuron (DAN)

V1 responds to olfactory stimuli in a valence-independent manner, and the impact of

V1 activity on its downstream mushroom body output neuron (MBON) α2sc. The

third chapter explores the potential of recurrent MBON-DAN connections acting as

input to V1, and the functional relationship between the α2 and α’3 compartments.

The fourth chapter describes factors such as experience that alter the activity of the

V1 DAN. The fifth chapter develops the role of the α2sc MBON in an attention-

like alerting behavior – cessation of grooming in response to odor onset. Finally

the broader context and importance of these results are further discussed in the

concluding chapter.
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Introduction
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“ It is too bad! Always the old story! When a man has finished building his house, he finds that he

has learnt unawares something which he OUGHT absolutely to have known before he – began to

build. The eternal, fatal ‘Too late!’ The melancholia of everything COMPLETED–! ”

-Friedrich Nietzsche, Beyond Good and Evil, ed. Project Gutenberg, translated by Helen

Zimmern
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Introduction to the Fly as a Model System for Neuroscience

The fruit fly Drosophila melanogaster is able to produce sophisticated behaviors with

relatively few neurons. These behaviors include courtship (Heimbeck et al. 2001;

Ejima and Griffith 2007), high-speed escape (Card and Dickinson 2008), learned

approach and avoidance (Tully and Quinn 1985; Belle and Heisenberg 1994; Dubnau,

Chiang, and Tim Tully 2003; Schwaerzel et al. 2003; Aso, Sitaraman, et al. 2014), and

context- and state-specific behaviors (Joseph et al. 2009; Bräcker et al. 2013; L. P. C.

Lewis et al. 2015; Hattori et al. 2017), to name a handful. When other species of flies

are included, the behavioral repertoire is even more complex, including such exotic

behaviors as underwater ”diving” or crawling (Breugel and Dickinson 2017). Such

a range of behaviors is accomplished with relatively few neurons – on the order of

100,000 in the case of the fruit fly (Kohl and G. S. Jefferis 2011), compared to the

estimated millions of neurons in a mouse (Herculano-Houzel, Mota, and Lent 2006)

or billions in a human brain (Herculano-Houzel 2009). In order to understand a

brain of any size, one must be able to explain how the brain senses its inputs, what

computations it performs, and how it generates its behavioral output.

The fly affords an opportunity to study a brain that generates a rich array of

behavioral outputs with a relatively small and therefore experimentally very tractable

set of neurons, made even more accessible to experiment by the powerful genetic tools

that have been developed for the fly. The most significant tool has been the Gal4/UAS

binary expression system (Fischer et al. 1988; Duffy 2002). Other binary systems, the

LexA and QF systems, as well as additional tools for further restricting expression to

a subpopulation of cells, have enabled further advances such as multi-color labeling

and other separate manipulations of multiple populations of cells within a single fly,

in a way that is highly reproducible and visualizable.
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Neural Circuits Underlying Olfactory Sensation and

Memory in Drosophila

The fly olfactory system in particular is an excellent model system for the study of

neural circuits that underlie various behaviors due to the exceptional availability and

documentation of tools for labeling specific sets of neurons (Aso, Hattori, et al. 2014),

easily measured behavior (Tully and Quinn 1985), and well-studied neural circuitry

(Scott Waddell 2010).

In Drosophila, as in mammals, odorant molecules are detected by olfactory sensory

neurons in the periphery. Each olfactory sensory neuron expresses a single type of

olfactory receptor, and all sensory neurons expressing a given receptor converge onto

a single glomerulus in the antennal lobe of the fly brain (Laissue and Vosshall 2008).

The outputs from each glomerulus are antennal lobe projection neurons (PNs), which

bifurcate their axons to innervate two structures called the mushroom body (MB) and

the lateral horn (LH) (Masse, Turner, and G. S. X. E. Jefferis 2009). This pair of

structures drives both innate and learned olfactory behaviors (Heisenberg et al. 1985;

Belle and Heisenberg 1994; Heimbeck et al. 2001; Martin Heisenberg 2003): the

MB is required for learned behaviors (Heisenberg et al. 1985; Belle and Heisenberg

1994; Martin Heisenberg 2003), and the LH appears to be necessary and sufficient

for certain innate behaviors (Heimbeck et al. 2001).

The MB is composed principally of intrinsic neurons called Kenyon cells (KCs)

which number about 2000 per hemi-brain; the KC axons form the most striking

anatomical features of the MB, which are referred to as the MB lobes (Figure 0.1).

Odors are represented in the MB by sparse, unstructured ensembles of KCs (Campbell

et al. 2013). These representations of odor are generated primarily from the inputs

that each KC receives from an apparently random collection of antennal lobe projec-

tion neurons (Caron et al. 2013), although recent evidence suggests that locally-acting
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modulatory neurons also play a role in shaping the pattern of odor responses in the

lobes (Cohn, Morantte, and Ruta 2015). The ~2000 KCs per hemi-brain converge

on a relatively small number (~30) of mushroom body output neurons (MBONs,

Aso, Hattori, et al. 2014). These MBONs are the class of neurons which project

from the MB to other areas of the brain, including the lateral horn and parts of the

protocerebrum (Aso, Hattori, et al. 2014).

α

β β'

α'

!

Figure 0.1: The lobes structures of the Drosophila mushroom body (MB), formed
by the axons of the Kenyon cells (KCs). The γ KC axons form the medial γ lobe
(highlighted in red on the right-hand side of the MB). The α/β KCs bifurcate to form
the vertical α and medial β lobes (highlighted in blue) while the α’/β’ KCs bifurcate
to form the α/β lobes (yellow). Image adapted from Aso, Hattori, et al. 2014.

In order to impart meaning on these random KC ensembles, order must be re-

stored. This order emerges at the level of the output neurons, those neurons down-

stream of the KCs in the mushroom body. Until now, little has been known about

the outputs of either the MB or the LH. A recent collaboration between our lab and

the Gerald Rubin lab of Janelia Farm (Aso, Hattori, et al. 2014) revealed a compre-

hensive map of all of the output neurons from the MB: We now know that all ~2000

KCs converge on merely 34 mushroom body output neurons (MBONs) on each side of

the brain. The organization of the MBON dendrites within the MB lobes is striking:
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the dendritic domains of the MBONs form a clear and distinct pattern of compart-

ments which tile the lobes (Aso, Hattori, et al. 2014). In addition to this remarkable

organization, it was observed that many of these MBONs project directly to the LH,

and the rest appear mainly to project to LH poly-synaptically or to feed back to the

mushroom body.

KCs

DANs

+

+ !

!
MBONs

Figure 0.2: Illustration of the canonical model of MB plasticity. The Kenyon cells,
shown in blue, are the principal excitatory neurons that make up the mushroom body
neuropil. The axons of these KCs form a parallel fiber system where each KC forms
multiple synapses onto the dendrites on many output neurons (MBONs, shown at
bottom in gray). MBON marked with green plus or red minus indicates MBON
involvement in approach or avoidance behavior respectively. The dendritic domains
of these MBONs divide the MB into sections called compartments (or modules).
Each of these compartments receives modulatory input from a single class of MB
dopamine neuron (DAN, shown at top in gray). DAN marked with green plus or red
minus indicates DAN responds to rewarding or punishing cues respectively.

In general, the MB compartments are defined by a single type of MBON (consist-

ing of one or a few cells with similar morphology), having little to no overlap with
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adjacent compartments (schematized in Figure 0.2) . Furthermore, each of the com-

partments in a hemisphere defined by an MBON dendritic domain is innervated by

the axons of a dopaminergic neuron (DAN) (Schwaerzel et al. 2003), which is thought

to convey a teaching signal that directs plasticity in its corresponding compartment.

These DANs originate from two clusters: the paired anterior medial (PAM) DAN

cluster contains at least 83 cells of about 12 types, which project primarily to the

MB medial (γ,β, and β’) lobes and respond to rewarding cues such as sugar (Friggi-

Grelin et al. 2003; Claridge-Chang et al. 2009; Liu et al. 2012); the protocerebral

posterior lateral cluster 1 (PPL1) DANs number about 6-7 cells of 5-6 types (Aso,

Hattori, et al. 2014), and project mainly to the vertical (α and α’) lobes (Friggi-Grelin

et al. 2003) and respond variously to aversive stimuli such as noxious heat and bitter

compunds (Kirkhart and Scott 2015).

The observations that each DAN axon terminates precisely within a particular

compartment and that most respond to rewarding or punishing cues immediately

imply a logic for learning in the MB whereby each compartment has a specific contri-

bution to learned behavior (Aso, Sitaraman, et al. 2014; Vogt et al. 2014; Séjourné,

P.-Y. Plaçais, et al. 2011). In recent years, a canonical model of mushroom body-

dependent association learning has emerged. In this model, all odors activate all of

the MBONs, some of which are capable of producing approach behavior, and others

of which induce avoidance (Aso, Sitaraman, et al. 2014; Owald and Scott Waddell

2015). The model holds that in the naive fly, the contribution of these approach

and avoidance MBONs is more or less balanced and no behavior is induced by the

MBONs when no learning has taken place. But after co-occurrance of an odor and an

unconditioned stimulus (US) such as a rewarding food taste or a noxious chemical,

select KC-MBON synapses are altered such that the MBON responses to that odor

will no longer be balanced, and the next presentation of that odor will elicit a learned

behavioral response.
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How is the learned response accomplished, and how is odor specificity achieved?

Odor specificity is thought to depend on the sparse and randomized representation of

odors among the population of KCs (Lin et al. 2014; Caron et al. 2013), which seems to

allow similar odors to be discriminated by de-correlating their representations at the

level of the KCs. The reinforcing US provide ”teaching signals” that modify particular

sets of KC-MBON synapses (Hige et al. 2015; Perisse et al. 2016). The behavioral

valence of a particular DAN appears in general to be opposite to the behavioral

valence of the DAN that modulates it (its ”cognate” DAN) (Aso, Sitaraman, et

al. 2014; Aso and Rubin 2016). For example, activation of the the γ2α’1 MBON

induces approach behavior (Aso, Sitaraman, et al. 2014), while its corresponding

DAN MV1 responds to aversive US such as bitter (Kirkhart and Scott 2015) and

electric shock (Mao and Ronald L Davis 2009) and is capable of inducing learned

avoidance behavior (Aso and Rubin 2016). Accordingly, the canonical learning rule

is that in a given compartment, any KC-MBON synapses that are active at the time

of an odor presentation will be suppressed if that odor is accompanied by activation

of the DAN (Hige et al. 2015). The canonical model also includes a mechanism for

”forgetting” or ”resetting” the depressed KC-MBON synapses: activation of a DAN in

the absence of odor (”unpaired DAN activity”) has been shown to lead to facilitation

or enhancement of MBON odor responses (Cohn, Morantte, and Ruta 2015; Hige et al.

2015). Intuitively, this is a useful property as it prevents spurious associations arising

from random coincidence of stimuli from being maintained as lasting memories. The

canonical model, therefore, can be summarized as odor-specific modulation of MBON

activity by DANs of the opposite ”sign” valence (Figure 0.2), which when activated

by US suppress any active KC-MBON synapses and facilitate the remaining silent

KC-MBON synapses. This modulation of MBONs thus breaks the balance of MB

output and biases the fly’s behavioral response towards or away from the conditioned

odor.
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However, the numerosity and diversity of the MB DAN populations is not ex-

plained by the canonical model: rather than simply dividing the mushroom body

reinforcement neurons into an appetitive element and an aversive element, the MB

is tiled by 14 types of PAM DANs and 6 types of PPL1 DANs (Aso Hattori et al.

2014). Within the PPL1 population, the response properties of the DANs are also

diverse: of the 5 DANs labeled by the TH-Gal4 driver, one responds to heat but

not to bitter, one responds to bitter but not to heat, and some respond equally to

both (Kirkhart et al. 2015). In mammalian systems, there is additional diversity in

the striatal DANs: one population responds primarily to reinforcing stimuli, while

another population responds primarily to novel cues and may reflect the associability

or salience of CS cues (Menegas et al. 2017). We sought to investigate the response

properties in a subset of MB DANs, the V1 DANs (also known as PPL1-α2α’2 or

PPL1-α’2α2), and assess their impact on downstream circuit elements and behavior.

Attention and Memory

Another similarity between flies and mammals is the connection between memory

and attentional systems (Swinderen et al. 2009): a number of mutations that impact

sensory memory also lead to deficits in immediate sensory responses. For example,

one assay used to study attentional behavior in Drosophila is the visual optomotor

response (Van Swinderen and Flores 2007), in which flies have a higher probability

of turning a at choice point in a maze when the maze has a particular type of visual

stimulus (grating) versus a blank backdrop. This has been interpreted as differences

is sensitivity or ”attention-like” response to the visual stimulus. This optomotor

response varies among wild-type flies and can be bred for. Furthermore, mutations

that impact the optomotor response also impact memory: dunce and rutabaga, two

classical memory mutations in flies, also impact optomotor responses (Swinderen et

al. 2009). Importantly for the study of memory and the mushroom body, rescue of
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AL

LH

PN

MB

KCs

α2sc

SIP

V1

Figure 0.3: From the antennal lobe (AL), projection neurons (PNs) transmit olfac-
tory information to the Lateral Horn (LH) and the Mushroom Body (MB). MB lobes
are innervated by MB Output Neurons (MBONs), such as the MBON α2sc, which
send axons to downstream areas, including the LH and Superior Intermediate Pro-
tocerebrum (SIP). Dopaminergic neurons such as V1, which have dendrites in the
protocerebrum, extend axons into the MB lobes, where they appear to modulate the
strengths of KC-MBON synapses. The outlined region of MB lobe is the α2 com-
partment, which receives dopaminergic input from the V1 DAN and is innervated by
the dendrites of the α2sc MBON. The α’/β’ lobes are not pictured.

dunce in central brain regions including the mushroom bodies rescues the attention-

like deficits of the mutant (Swinderen et al. 2009), strongly suggesting a role for some

mushroom body neurons in directing attention. Perhaps this attentional mechanism

may even be required itself for optimal memory formation, allowing the fly to filter

out familiar or irrelevant sensory stimuli that might otherwise interfere with memory,

perhaps expending more resources on exploring or consolidating memories of highly

salient stimuli. The salience of a stimulus, or propensity of the stimulus to attract

attention and exploration, may vary not only among individual flies, but may also

vary in a single animal in response to changes in state or previous experience with
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the stimulus.

Recently, work from our lab has unveiled a compartment in the fly that is required

for a particular type of attentional behavior: alerting to novel odorants (Hattori et al.

2017). In this case, attentional alerting is observed as the cessation of a highly moti-

vated behavior (grooming to remove a yellow dust that has been applied to the body

of the fly) in response to a brief presentation of an olfactory stimulus that is new to

the fly. This previous work provided the first direct demonstration of how elements

in a mushroom body microcircuit responded to a novel stimulus and contributed to

an attentional behavior, as well as how the neural responses and behavioral response

to the stimulus were changed as the fly gained experience that rendered the stimulus

familiar. The elucidation of the novel odor compartment opened the door for ex-

ploration of other atypical and attention-related functions throughout the mushroom

bodies. As these chapters will document, our investigation of the α2 compartment

yielded a picture of just such a non-canonical MB compartment whose properties lead

us to reconsider the diversity of functions that can be subserved by the circuit motif

of an MB compartment.
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1

Olfactory tuning of mushroom body
dopamine neuron V1
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1.1 Background: Dopaminergic Neuron V1

Previous work in the field has shown that the dopamine neuron V1 (sometimes called

the ”upper stalk” dopamine neuron, or PPL1-α2α′2) is responsive to certain odor-

ants (Mao and Ronald L Davis 2009). I sought to assess the response of the V1

dopaminergic neuron (DAN) to aversive and appetitive odorants, in order two dis-

tinguish between two hypotheses about the role of these DAN odor responses: (1)

if V1 responded only to aversive odorants but not to appetitive odorants, then this

would be consistent with a role for V1 in associating innately aversive odors with

other sensory cues, or (2) if V1 responded robustly to both appetitive and aversive

odorants, this would suggest a less canonical role for the V1 DAN.

We were particularly interested in the possibility that if V1 responded to both

appetitive and aversive odorants, this could signal that V1 is responding to any

change in the odor environment, and might therefore be important for causing the fly

to explore or attend to odorants. This would be consistent with behavioral data that

suggest that contrary to the classical model of DAN-induced learning, pairing V1 with

odor does not lead to learned approach or avoidance of that odor, but that activation

of V1 can enhance long-term aversive learning (Aso and Rubin 2016), perhaps by

changing the way that the fly responds behaviorally to the odor (e.g. causing the fly

to attend to the odor by exploring it more, giving it more time to form an association).

1.2 Tuning of V1 and MV1

We began by characterizing the responses of V1 to various odors. In order to mea-

sure odor-evoked changes in neuronal activity we employed 2-photon imaging of a

genetically encoded calcium indicator (Chen et al. 2013) with a head-fixed fly prepa-

ration and an automated olfactometer system for odor delivery (see Methods). In

initial experiments we used either a Gal4 driver (MB058B Split Gal4) that allows us
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to express the GCaMP calcium indicator specifically in the V1 DAN and no other

cells of the MB, or a driver (82C10LexA) that labels a subset of dopamine neurons

including V1 and MV1 (see Methods for full genotypes). We used the V1-specific

driver to image only V1 when characterizing the responses of V1 to a panel of 6 odor-

ants or varying concentrations of odor. We selected a panel of odorants for study by

identifying several odors that had been determined in published work to be strongly

appetitive and several that had been shown to be strongly aversive (Parnas et al.

2013; Ronderos et al. 2014; Séjourné, P. Y. Plaçais, et al. 2011), and matched the

concentrations used to the behaviorally relevant concentrations of odorant from the

literature. In order to check whether differences in average response were intrinsic

to odor identity or could be due to perceptually weaker concentrations of odorant,

we gathered ”concentration curve” data by presenting three different concentrations

each for two odors (6 stimuli total) and recording the responses to these 6 stimuli

in the same flies. We did this for the odor with the weakest average response (ben-

zaldehyde) and an odor with one of the highest average responses (3-octanol). The

results (Figure 1.7) showed no discernible difference in average response to the higher

concentration of benzaldehyde and the medium or high concentrations of 3-octanol.

We also tested the dynamics of V1 odor responses by presenting a sustained pulse of

odor lasting 15 seconds (Figure 1.5).

In this way we found that V1 responds equally well to appetitive and aversive

odorants. We noted that V1 responds most strongly at the start of the odor, sug-

gesting that it tracks changes in the olfactory environment, specifically the onset of

both appetitive and aversive odors. This was a surprising finding because it suggests

that V1 is not responding solely to unconditioned stimuli (stimuli with intrinsic va-

lence for the fly that can act as reinforcers for learning), as would be expected in

the canonical model of mushroom body learning. At first this would seem to suggest

that V1 is turned on during any olfactory stimulus. In this case, if V1 were behaving
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as a classical DAN, we would expect that it to be generating a ”memory” for each

odorant by suppressing KC-MBON synapses every time any olfactory stimulus is en-

countered. The utility of suppressing the MBON response to every odorant seemed

dubious, or at least unclear. Furthermore, it did not appear to fit with what is seen

in the literature: it is known that the α2sc MBON does respond to odor (as do most

MBONs), and that the α2sc odor response can become reduced after shock condi-

tioning (Séjourné, P.-Y. Plaçais, et al. 2011), yet more recent work has shown that

the suppression of α2 is slow relative to the classical compartment γ1. Furthermore,

olfactory conditioning in which the γ1 DAN is paired with odor is sufficient to induce

learned behavior, whereas conditioning with the V1 DAN was insufficient (even on

the timescales where the MBON does show some plastic change in odor responses)

(Aso and Rubin 2016). This tells us that the immediate effect of V1 odor responses

is not immediate suppression of the MBON, and that classical KC-MBON plasticity

to induce a learned behavior may not be the primary function of this compartment.

We also sought to verify that this odor responsiveness was not a general property

of all MB DANs. In order to assess whether these odor responses were a univer-

sal property of all DANs or particular only to certain DANs such as V1, we used a

driver (82C10LexA) that labels both DANs V1 and MV1. This allowed us to perform

simultaneous imaging of these two DANs (Figures 1.3-1.4 and Appendix). The dis-

tributions of responses were significantly different between V1 and MV1 for all odors

tested, with an average odor response magnitude (integrated change in fluorescence

from the time of odor onset) of 10-50 percent, depending on the odorant, seen in V1.

In MV1, the average response tended to be approximately zero, or even negative in

the cases of the odors farnesol and isopentyl acetate. We conclude that while odors

reliably drive the V1 DAN, the MV1 DAN is not reliably responsive to odors.

The chapters that follow will discuss the relevance of valence-independent odor-

evoked activity in the V1 DAN to less-studied aspects of mushroom body function:
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immediate modulation of a mushroom body output neuron (MBON), the impact of

this MBON on attention-like alerting behavior, and the sensitivity of V1 itself to the

experiences of the fly. We will begin this exploration by seeking to understand the

immediate effect of the V1 DAN on its downstream MBON α2sc, as we see in the

next chapter.

Figure 1.1: Schematic of V1 imaging and example imaging plane. Left: Illustration
of GCaMP-expressing V1, with cell body outside of the mushroom body, projecting
its axons into the α2/α’2 compartments of the mushroom body vertical lobes (teal).
The outline of all mushroom body lobes is shown in black. Right: A typical imaging
plane in an awake head-fixed and tethered fly. Here, black is fluorescence detected
from excitation of GCaMP in the V1 axons.
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Figure 1.2: Imaging schematic and example imaging plane with ROIs simultaneous
recording of calcium activity in V1 and MV1 axons in the mushroom body lobes.
Left: Illustration of V1 and MV1 (both cell bodies sit outside the MB), projecting
their axons to two distinct regions of the MB lobes: V1 projects to the α2 and α’2
compartments (vertical lobes), and MV1 projects to the γ2 and α’1 compartments
of the vertical and medial lobes. Both neurons express GCaMP; different colors used
for clarity. Right: A typical plane for simultaneous imaging. Here, white is detected
GCaMP fluorescence. Conservative regions of interest (ROIs) for V1 and MV1 were
drawn based on morphology.
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Figure 1.3: Top left: Response in DAN V1 axons to 6 presentations of odor (3-
octanol) in a single live fly. Each colored trace represents corresponds to a single
trial, and the average trace across trials is shown in black. Odor was triggered 3
seconds after the initiation of imaging and switched off after 2 seconds. Top right:
Mean response with shaded standard error of the mean (SEM) error in the same fly.
Bottom left: Responses in DAN MV1 axons to the same stimulus presentations in the
same fly, recorded simultaneously with V1 responses. Bottom right: Mean responses
in MV1 with SEM, for the same fly and trials. For example responses to other odor
in this fly, see Appendix.
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Figure 1.4: Odor response magnitudes in V1 and MV1 for various odorants in 10
flies. Units on the vertical axis are integrated area under the dF/F0 curve from the
time of odor onset to the time of odor offset. Differences between V1 and MV1 were
significant for all odors tested. P-values (paired sample t-test): 0.0134 (OCT), 0.0324
(BEN), 0.0198 (FAR), 0.0036 (IPA), 0.0100 (HAC).
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Figure 1.5: Response to prolonged 3-octanol odor (15 seconds). Top left: Responses
to a 15 second presentation of odor. Colored traces correspond to individual trials
in a single fly, and black corresponds to the average response to the odor in that fly.
Top right: Average response to octanol in the same fly with shaded standard error
of the mean. Bottom left: Z-score response in each fly (colored traces) and average
response across flies (black line). Bottom Right: Average Z-score response with error
bars denoting +/- standard error of the mean. n=4 flies in the bottom row of figures.
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Figure 1.6: Responses to odor panel. Each square represents the mean response of a
single fly to the indicated odorant. Aversive odorants are indicated by red squares,
appetitive by green, and neutral mineral oil (the solvent for all odors in this figure)
by black. Crosses represent the mean response across flies to the indicated odorant.
Vertical axis is the integrated response (dF/F0) from the time of odor onset. Boxes
indicate the median and upper and lower quartiles. Whiskers extend to points that
are ≤ 1.5x interquartile range from box boundaries. n=8 flies.

1.3 Methods

2-Photon Calcium Imaging Equipment

Imaging was performed using one of two commercial 2-photon microscopes

(Bruker) with a tunable laser (Chameleon) set to 925nm and power-modulated by a

pockel cell (Conoptics), as described in previous work from our laboratory (Hattori

et al. 2017). The laser was directed through a 60x water immersion objective (Zeiss).
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Figure 1.7: GCaMP responses to various concentrations of benzaldehyde (Ben) or 3-
octanol (Oct) recorded in the axons of the V1 dopamine neuron. Average responses to
each odor increased with increasing concentration, and at the higher concentration of
benzaldehyde the average response magnitude was not distinguishable from that seen
with medium or high concentration of 3-octanol. n=6 flies. Original concentrations
used in Figure 1.6 correspond to BenMed and OctHigh.

Emitted or reflected light from the sample was separated by a dichroic mirror and

detected as two channels by a highly sensitive GaAsP detector and a non-GaAsP

photo-multiplier tube detector (Bruker).

Fly Dissection and Preparation for Imaging

Flies were head-fixed using clear adhesive tape (Duck Tape EZ Start Packaging

Tape - Clear) to a stage made by cutting or drilling a round hold in the center of a
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35mm culture dish. First a large piece of tape was placed to entirely cover the hole in

the dish, such that the adhesive side of the tape was facing down when the dish was

placed normally on a flat surface. The fly was ice-anesthetized for up to 15 minutes

during the preparation of the stage and the initial mounting of the fly (note that flies

rapidly awakened and if not fully restrained they regained movement once removed

from the cold within approximately a minute, so that no flies showed any signs of

anesthetized state at the start of imaging). To mount the fly, it was first placed on

its back against the adhesive tape in the center of the dish so that its wings were held

flat by the adhesive. Next, at least two thin supporting strips of tape were cut and

placed over the wings and if possible the legs near the body to further secure the fly to

the stage. Then, a piece of tape was placed against the ventral edges of the eyes but

behind the proboscis, in order to hold the head of the fly against the stage. Finally, an

additional strip of tape was placed over the proboscis but avoiding the maxillary palp,

in order to hold the proboscis in place. These strips of tape all adhered to both the fly

and the first large piece of tape that covered the hole in the stage. Additional larger

pieces of tape were applied to stabilize and secure the strips and the fly as needed.

After the fly had been secured, a beveled needle was be used to cut a window in the

tape over the dorsal posterior surface of the fly head. Once this rectangular section

of tape had been removed, saline (oxygen-perfused Rachel Wilson formulation in the

case of live imaging, or modified Jing formulation in the case of explant brains) was

added on top of the window to cover the exposed section of cuticle, before dissection.

Then, a beveled needle would be used to cut an approximately rectangular section

of cuticle away to expose the brain, including the mushroom bodies and most of

the antennal lobes. Forceps (size 55, Fine Science Tools) were then used to remove

excess trachea and fat from the surface of the brain prior to imaging. The formula

for Wilson saline has been described elsewhere (Kazama and Rachel I. Wilson 2008).

The modified Jing formulation was prepared as 108 mM NaCl, 5 mM KCL, 5 mM
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Hepes, 5 mM Trehalose/2H2O, 10 mM Sucrose, 4mM NaHCO3, 1mM NaH2PO4, 2

mM CaCl2, 1mM MgCl2. Note that the MgCl2 concentration was lower than the 8.2

mM MgCl2 used in the original formulation (Wang et al. 2003).

Odorants

Odorants used: 3-Octanol (OCT) from Sigma (218405 ALDRICH), 4-methyl-

cyclohexanol (MCH) from Fluka (66360), Farnesol (FAR) from Sigma (F203

ALDRICH), Isopentyl Acetate (IPA) from Sigma (112674 SIGMA-ALDRICH), Hexyl

Acetate (HAC) from Sigma (108154 ALDRICH), Benzaldehyde (BEN) from Sigma

(418099 ALDRICH). Odorant solutions were diluted in heavy mineral oil (Fisher

O122-1) to the following concentrations unless otherwise specified: OCT 1:100, MCH

1:50 (for Chapter 1) or 1:67 (other chapters), FAR 1:20, IPA 1:333, HAC 1:333, BEN

1:333. Prior to imaging, odor-impregnated filters (typically Whatman 6888-2527, or

Whatman 6823-1327 for some early experiments) were prepared for each odorant, by

slowly pipetting dilute odor solution (500uL for Whatmann 6888-2527, approximately

100uL for early experiments using the smaller Whatman 6823-1327 size) onto the fil-

ter and allowing the solution to be fully absorbed into the filter (for approximately

30 minutes) prior to imaging. In Figure 1.7, concentrations of of the benzaldehyde

solution were 1:3333 (BenLow), 1:333 (BenMed), 1:33 (BenHigh), and concentrations

of 3-octanol solutions were 1:10000 (OctLow), 1:1000 (OctMed), 1:100 (OctHigh).

Olfactometry

An olfactometer (Island Motion) interfaced with the imaging rig computer was

used for automated control of odor delivery during imaging sessions. Outputs from

each olfactometer valve as well as a carrier stream were fed into a manifold (Island

Motion) for mixing. The output of the manifold was bifurcated, with one half of the

output flow directed to the fly and the other to a photo-ionization detector (Aurora

Scientific mini-PID) to verify the timing and intensity of odor stimuli. The constant

carrier flow was set to 1000 mL/min for all experiments, and the odor or oil flow was
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set to 300-500 mL/min.

Flies

Adult female flies were used for two-photon imaging experiments. Calcium in-

dicators or other fluorescent markers were targeted to neurons of interest using the

Gal4/UAS or LexA/Aop binary expression systems (Brand and Perrimon 1993; Lai

and Lee 2006; Pfeiffer et al. 2008; Rodríguez, Didiano, and Desplan 2011; Jenett et al.

2012).

Full genotypes by figure:

Figures 1.1-1.4: w; 82C10LexA [attP40]/AOP-6f [su(Hw)attp5]; +

Figure 1.5: R82C10-p65ADZp[attP40]/UAS-6f; R50B03-ZpGdbd [attP2]/MB-

DsRed

Figures 1.6: yw/w; MB247-DsRed,UAS-GCaMP6f[attP40]/R82C10-p65

ADZp[attP40]; TM2/R50B03-ZpGdbd [attP2]

Figure 1.7: yw/w; MB247-DsRed,UAS-GCaMP6f[attP40]/R82C10-p65

ADZp[attP40]; +/R50B03-ZpGdbd [attP2]
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2

Impact of V1 Dopamine Neuron on
Mushroom Body Output Neuron α2sc
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2.1 Background: The Impact of Dopaminergic

Neurons on Mushroom Body Output

A pivotal insight in the field of olfactory learning in Drosophila was the recognition

that two clusters of dopaminergic neurons (DANs) provide teaching signals to the

mushroom body lobes (see Schwaerzel et al. 2003; S. Waddell 2013; Hige et al. 2015;

Aso and Rubin 2016). However, the full picture of how these various DANs can

impact the Kenyon cells (KCs) and the mushroom body output neurons (MBONs),

and in some cases impact other DANs (Cohn, Morantte, and Ruta 2015), remains an

area of investigation.

In order to understand how V1 activity impacts behavior, it is necessary to un-

derstand how it impacts its cognate MBONs: we reasoned that any impact of V1

activity must be dependent on the MBONs downstream of V1. However from the

literature it was unclear how V1 might impact these MBONs. The classical model

of MB learning holds that each DAN, when activated in the presence of odor, should

lead to reduction in the odor responses of its cognate MBONs (Hige et al. 2015). But

when dopamine neurons were activated in the absence of odor or KC stimulation,

MBON responses to subsequent KC stimulation were potentiated (Cohn, Morantte,

and Ruta 2015). This suggests that DAN stimulation can have either suppressive

or potentiating effects on KC-MBON synapses, depending on the DAN stimulation

paradigm. Furthermore, direct (KC-independent) activation of the α1 MBON has

been seen when the PAM-α1 DAN was activated, suggesting that in some cases the

DANs can provide excitatory input directly to their cognate MBONs. Therefore,

we had to consider at least three possible modes by which the activity of the V1

DAN could impact the MBON: suppression of KC-MBON synapses, potentiation of

KC-MBON synapses, or excitation of the MBON.
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2.2 Evaluation of the role of dopamine neuron V1

in shaping the α2sc mushroom body output

neuron response to odors

In order to determine the main impact of the V1 DAN on MBON activity, we first

elected to record MBON odor responses while silencing synaptic transmission from

the V1 DAN. We reasoned that if the activation of the V1 DAN by odor primarily

suppresses KC-MBON synapses, then we would see increased MBON odor responses

when V1 transmission was constitutively silenced. However if the V1 DAN poten-

tiates KC-MBON synapses or even directly enhances MBON odor responses, then

eliminating V1 transmission would lead to a decrease in MBON odor response.

V1 innervates both the α2 and α’2 compartments of the vertical lobes. The output

neurons from the α2 compartment are referred to as MBONs α2sc and α2p3p, and the

output from the α’2 compartment is MBON α’2. Previous studies have identified a

role for α’2 in certain types of appetitive memory, and for α2sc in both appetitive and

aversive memory (Aso, Sitaraman, et al. 2014; Séjourné, P.-Y. Plaçais, et al. 2011).

We were particularly interested in MBON α2sc due to its documented involvement in

both appetitive and aversive learned behaviors, as well as its projection to the lateral

horn which suggested to us a potential interaction with or gating of innate olfactory

behavior. We therefore focused our experiments primarily on how V1 impacts the

α2sc MBON.

I silenced synaptic transmission from V1 using tetanus toxin light chain (TeTx,

see Methods) while imaging activity in MBON α2sc. I imaged the α2sc MBON in

live head-fixed flies while presenting odorants, with or without silencing of V1. We

observed a trend towards reduced odor responses in the MBON when V1 is silent

(Figure 2.1), suggesting that V1 activation may potentiate the α2sc MBON odor
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response.

This suggests that V1 activity may normally enhance the response of α2sc to

most odorants. This enhancement, if it depends on the excitation of the MBON by

KCs, is distinct from recent work in other mushroom body compartments: in some

compartments, brief excitation of the dopamine neuron leads to transient excitation

of the downstream MBONs (Takemura et al. 2017), while repeated pairing of the

dopamine neuron activity with odor leads to odor-specific depression of the MBON

response (Hige et al. 2015). But the model is that only unpaired activation of the DAN

leads to enhancement or potentiation of the KC-MBON synapses (Cohn, Morantte,

and Ruta 2015). In our case, because odor activates V1, every presentation of odor

is accompanied by V1 excitation. Therefore every odor encounter should excite α2sc.

Therefore it would seem that V1 always contributes to activation of the MBON in

the presence of odor.

However, there are limitations of this silencing experiment. One is the constitutive

nature: because tetanus toxin is expressed throughout the life of the fly, there is a

possibility of abnormal development of the circuitry, such that the silenced state

may differ in unexpected ways from what one would expect from brief temporally

restricted neuronal silencing. Another limitation is the inability to determine whether

the enhancement of the MBON is due to a direct effect of the DAN on the MBON or

if is to due enhancement of Kenyon cell inputs to the MBON. Another strategy will

be discussed which can generate more specific insight into the mechanism by which

the V1 DAN impacts MBON activity.
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2.3 Effect of V1 Stimulation on the Activity of

the α2sc MBON

The canonical model of an MB compartment holds that odor activates a subset of

KCs, which in turn activate an MBON, and that the strengths of the KC-MBON

synapses can be depressed by learning. This depression requires the release of

dopamine from the DAN in that compartment to occur during or shortly after the

odor. However, while this basic model appears to hold in a broad sense across most

of the compartments that have been studied, the specific plasticity rules have been

seen to differ across compartments (Hige et al. 2015). In some compartments, depres-

sion of the MBON odor response is seen after a brief (4-pulse) pairing of DAN and

odor, but in the α2sc compartment, the MBON odor responses are not suppressed

by the brief protocol, but can eventually be suppressed after a prolonged (120 pulse)

DAN-odor pairing protocol (Hige et al. 2015).

Intriguingly, in at least some cases DAN activation can lead to increased MBON

activity: as mentioned earlier, activation of certain DANs in the absence of odor

(”unpaired” DAN activation) has been shown to increase subsequent odor responses

(Cohn, Morantte, and Ruta 2015) and in the α1 compartment DAN activation has

been seen to directly generate slow calcium responses in the MBON (Takemura et

al. 2017). We proposed that in the case of the α2 compartment, where the α2sc

MBON is slow to suppress, potentiation of the MBON by the DAN might be partic-

ularly relevant to behavior. We therefore hypothesized that we should be able to see

potentiation or excitation of the MBON α2sc upon stimulation of the V1 DAN.

Notably, odor is not the only stimulus that can impact the activity of MB Kenyon

cells (KCs). In addition to odor responses, the KCs also show increased activity when

non-odorized airflow is presented to the antennae: in particular, the α KCs are driven

somewhat by airflow, particularly at flow onset, and the α’ KCs are driven about twice
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as strongly by both the onset and offset of airflow (Mamiya et al. 2008). Therefore, we

noted that we could learn about the interaction of KC activity and V1 stimulation in

driving the MBON by stimulating V1 in both the presence and the absence of airflow

(as well as in the presence or absence of odor).

We performed 2-photon calcium imaging of the α2sc MBON (see Methods) in a

paradigm that allowed us to present odorized or non-odorized air as well as red light

to activate Chrimson. By expressing Chrimson specifically in the V1 DAN, and the

GCaMP6s calcium indicator in the α2sc MBON, we were able to image the dendritic

responses of the α2sc MBON to V1 stimulation alone or in the presence of airflow.

The results (Figures 2.2 and 2.3) show that V1 stimulation leads to calcium tran-

sients in MBON α2sc in both the presence and absence of airflow, although the effect is

noticeably larger in the presence of airflow. The responses seen with stimulation only

are noticeably smaller in magnitude than the odor responses typically seen in α2sc,

suggesting that V1 is not driving the majority of MBON activity in this compartment,

but can supplement or enhance the activity of the MBON. The V1 stimulation data

suggest that the main effect of V1 stimulation is to enhance activation of the MBON,

and that this activation is dependent on airflow context. Given the slow plasticity

seen in α2sc, and the clear enhancement of this MBON by V1 activity, these data are

consistent with our proposition that the immediate effect of V1 activity is to enhance

the MBON response. Therefore the expected immediate behavioral impact of V1

should be seen in an enhancement of the α2sc-mediated behavior, which is discussed

in a subsequent chapter. But first, in order to further our understanding of the place

of the α2 compartment within the circuits of the MB, we sought to document its

functional inputs from and outputs to other MB compartments.
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2.4 Methods

Tetanus toxin silencing

Tetanus toxin is a neurotoxic protein composed of a heavy chain and a light

chain; the light chain interferes with the function of presynaptic protein synapto-

brevin (Sweeney et al. 1995). When the tetanus toxin light chain is expressed in

Drosophila neurons, synaptic transmission from those neurons is effectively elimi-

nated as evidenced by physiological and behavioral studies (Sweeney et al. 1995;

Waddell and Quinn 2001; Martin, Keller, and Sweeney 2002).

Chrimson activation

The genetically encoded light-activatable sodium channel Chrimson (Klapoetke

et al. 2014) was expressed in neurons of interest to allow temporally controlled op-

togenetic activation of those neurons. Chrimson was expressed using the Gal4-UAS

binary expression system (see Flies for genotypes). Experimental and control flies

were raised on standard fly food containing 1mM all trans-retinal (Sigma R2500). For

light stimulation a red light-emitting diode (617 nm LED, Luxeon Star) connected

to a BuckPuck controller (700 mA, Luxeon Star) was turned on via the imaging

computer’s software (PrairieView) by reducing a 5V control voltage signal. The max-

imum LED intensity used was 0.049 watts as measured at the location of the fly,

and the minimum intensity used measured 0.012 watts at the fly. GaAsP detector

was shuttered just before, during, and after LED stimulation, and frames 24-27 were

dropped and signal interpolated from remaining frames in analysis to remove these

low values corresponding to shuttered frames. The plots shown reflect interpolated

values at these frames.

Flies

Adult female flies were used for two-photon imaging experiments. Flies were sorted

and anesthetized at least one day prior to imaging.

Full genotypes for Figure 2.1:
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V1-Gal4 UAS-TeTx: UAS-TeTx/w; 71D08Lex, Aop6f/R82C10-p65ADZp[attP40];

+/DBD R50B03-ZpGdbd[attP2]

V1-Gal4 Only: w; 71D08Lex, Aop6f/R82C10-p65ADZp[attP40]; +/DBD R50B03-

ZpGdbd[attP2]

UAS-TeTx Only: UAS-TeTx/w; 71D08Lex, Aop6f/+; +

Full genotypes for Figure 2.2 and 2.3:

UAS-Chrimson Only: LexAOp2-Syn21-AoP-GCamP6S SU(Hw) P8, 10xUAS-

syn21-CHRIMSON-TDT3.1 attP18/+; +/71D08LexA[attP40]; + (One wild-type

copy of 2nd and 3rd chromosomes from a 2U background.)

V1-Gal4 UAS-Chrimson: LexAOp2-Syn21-AoP-GCamP6S

SU(Hw) P8, 10xUAS-syn21-CHRIMSON-TDT3.1 attP18/+; R82C10-

p65ADZp[attP40]/71D08LexA[attP40]; +/DBD R50B03-ZpGdbd[attP2]
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Figure 2.1: Top left: Average response to odor (hexyl acetate) in the α2sc MBON
shown for an example control fly (V1-Gal4 only). Top right: Average response to
the same odor (hexyl acetate) in α2sc MBON shown for an example fly with V1
transmission silenced (V1-Gal4>TeTx). Shaded region is mean +/- standard error
from 3 trials in both figures. Bottom: Responses to odor in the α2sc MBON, without
(black, n=3; blue, n=5) and with (red, n=6) V1 transmission silenced by tetanus
toxin. Each dashed line is the average trace for an individual fly, and the thick lines
are the average traces across flies of a given genotype.
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Figure 2.2: Stimulation without airflow: Comparison of responses to light in the
absence of airflow in α2sc MBON when V1 does not (blue) or does (red) express
Chrimson-tdTomato. Detector was shuttered during light pulse at time 6.25175 sec-
onds (frame 25, frame period 0.25007 seconds). Left: Z-scored responses in the α2sc
MBON, without (blue, n=3 flies) and with (red, n=2) light-induced Chrimson ac-
tivation of the V1 DAN. Thick lines are the average z-score traces across flies of a
given genotype. Right: Magnitude of responses (one point per fly), as area under
the curve (AUC) computed on the z-scored response in each fly. Plus marks denote
points beyond 1.5x interquartile range from box boundaries.
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Figure 2.3: Stimulation with airflow: Comparison of responses to light in the presence
of airflow (750mL/minute medical air) in α2sc MBON when V1 does not (blue) or
does (red) express Chrimson-tdTomato. Detector was shuttered during light pulse
at time 6.25175 seconds (frame 25, frame period 0.25007 seconds). Left: Z-scored
responses in the α2sc MBON, without (blue) and with (red) light-induced Chrimson
activation of the V1 DAN. Thick lines are the average z-score traces across flies of a
given genotype. Right: Magnitude of responses (one point per fly), as area under the
curve (AUC) computed on the z-scored response in each fly.
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3

Functional Connections From Mushroom
Body Output Neurons to Alerting
Compartment Dopamine Neurons
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3.1 Background: Inputs to V1

The mushroom body (MB) has been well studied as a site of association learning

(Belle and Heisenberg 1994; Roman and R L Davis 2001; Martin Heisenberg 2003;

Aso, Hattori, et al. 2014; Kirkhart and Scott 2015), and the role of the dopaminergic

neurons (DANs) in this process has been of particular interest in the field (Schwaerzel

et al. 2003; Riemensperger et al. 2005; Akalal et al. 2006; Aso, Hattori, et al. 2014;

Hige et al. 2015; Kirkhart and Scott 2015). While previous work has determined some

of the stimuli that various DANs respond to, such as sugar, heat, bitter (Kirkhart

and Scott 2015), electric shock (Mao and Ronald L Davis 2009), and in some cases

odor (Mao and Ronald L Davis 2009; L. P. C. Lewis et al. 2015; Cohn, Morantte,

and Ruta 2015; Hattori et al. 2017) little is known about the inputs to the DANs

that generate their distinct stimulus responses.

In the V1 dopamine neuron we see robust odor responses (see Chapter 1). Multi-

ple lines of evidence suggested to us that the V1 dopamine neuron might be receiving

its olfactory input from other MB neurons. First, there is anatomical evidence that

multiple mushroom body output neurons (MBONs) project to the approximate den-

dritic domains of dopaminergic neurons including V1 (Aso, Hattori, et al. 2014).

Second, we noted evidence from the literature that some MB dopamine neurons may

increase their response to an odor once the odor has been paired with an aversive

unconditioned stimulus such as electric shock (Riemensperger et al. 2005; Mao and

Ronald L Davis 2009); the observation that some DAN odor responses may be mod-

ulated by aversive conditioning, and that MBONs project to the dendrites of the V1

DAN, together suggest that V1 odor responses themselves may be modulated after

conditioning, and that this may be due to changing MBON inputs to the V1 DAN.

(Of course, the canonical model also suggests that most MBONs decrease their re-

sponses upon learning, which implies a need for some change in sign from MBON

activity to V1 activity if V1 is to increase its activity after learning. This could be
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accomplished in multiple ways, such as inhibitory connections from MBONs to DANs,

or an intermediate inhibitory neuron to flip the sign.) Therefore, we had sufficient

motivation to begin an inquiry into whether any MBONs might provide olfactory

input to V1.

Examining the various MBONs that are poised to provide input to the V1 DAN,

we separated them into two classes: MBONs from other compartments that project

near V1, and MBONs from the compartments V1 itself innervates (”cognate MBONs”

of V1) which appeared to project back to V1. We elected to test whether the cognate

MBONs α’2 and α2sc could be inputs to V1. (We did not include MBON α2p3p

in our initial screen because the p-type Kenyon cells that constitute its main inputs

(Takemura et al. 2017) are non-olfactory, and it is therefore not a prime candidate for

providing olfactory input to V1.) In order to narrow down the selection of non-cognate

MBON lines for our screen, and given the evidence in the literature that aversive

conditioning alters MBON responses, we chose to focus primarily on the MBONs from

compartments suggested to be involved in aversive conditioning (Claridge-Chang et

al. 2009; Scott Waddell 2010; Aso, Sitaraman, et al. 2014; Kirkhart and Scott 2015).

3.2 Excitation of V1 by Mushroom Body Output

Neuron α’2

I sought to determine which mushroom body output neurons (MBONs) provide input

to V1. I identified and functionally screened candidate lines that label various α, α′,

and γ MBONs. The lines screened were: MB018B (α’2 MBONs), MB027B (α′3

MBONs), MB050B (α’1 and α2sc MBONs, as well as α’3 MBONs in some animals),

MB077C (γ2,α’1 MBONs), MB112C (γ1pedc>α/β MBONs), MB549C (α’3ap and

α2sc MBONs), and SS01194 (α2sc MBONs).
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Figure 3.1: V1 responds to MBON α’2 stimulation. Chrimson was expressed in V1
experimental flies (red) and stimulated with a pulse of red light at frame 50. The
experimental flies showed a clear and significant response immediately following red
light stimulation, as compared to the control flies that carried only the V1 Gal4 and
no UAS-Chrimson (black/grey) or only UAS-Chrimson with no Gal4 driver (blue).
Differences in peaks between groups were tested via one-way ANOVA followed by a
Tukey-Kramer honest significant difference test: p = 0.6714 between controls, 0.0029
between Gal4 Only and Experimental groups, and 0.0123 between Chrimson Only
and Experimental groups.

My results (Figure 3.1) demonstrated that V1 receives functional input from the

α’2 MBON. When we tested MBON α’3 (Figure A16) or any of the other lines, we did

not find any significant changes in V1 activity upon MBON stimulation. Therefore we

can conclude that the functional connection seen from α’2 MBON to V1 is relatively

rare among the vertical lobe MBONs. Ongoing work in the lab seeks to determine

whether there are any additional MBON inputs to V1.
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Since V1 provides dopaminergic input to the α’2 compartment, the excitation of

V1 by α’2 constitutes an anatomical feedback loop. Given that MBON α’2 responds

to odors (Hattori et al. 2017), the α’2 MBON could contribute to shaping the odor

response of the V1 DAN. Furthermore, since α’2 odor responses are stable across

at least the first 9 presentations of odor (Hattori et al. 2017), it is possible that

they contribute to sustaining the V1 odor response across multiple pulses of odor. If

the V1-to-α2 pathway mediates an attentional behavior, this may be a mechanism by

which flies can sustain that attentional behavior. This could be particularly important

in certain states, such as a hunger state.

It is notable that this MBON is associated more strongly with appetitive memory

(Aso, Sitaraman, et al. 2014) rather than aversive memory. This suggests that the

V1 compartment may not only be modulated by aversive learning as has been previ-

ously shown (Mao and Ronald L Davis 2009) but also by appetitive conditioning. In

the context of our data on the behavioral role of the α2sc compartment in alerting

(final chapter), this could lead to a new view of the V1 dopamine neuron as a node

integrating both aversive and appetitive signals in order to modulate attentional be-

havior in response to odorants. The next chapter will detail our examination of the

potential of an appetitive conditioning paradigm to modulate V1 activity.
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3.3 Methods

Flies were prepared for imaging as described in Chapter 1, with the modifications

described below. Chrimson was activated with red light as described in Chapter 2.

Fly Dissection and Preparation for Explant Imaging

Flies were ice anesthetized as described in Chapter 1 and then prepared for whole-

brain explant (ex vivo) imaging. A pool of room temperature or cooler modified Jing

saline (see Chapter 1 methods) was prepared on a sheet of Sylgard (World Precision

Instruments SYLG184). Once anesthetized, the fly to be imaged was transferred the

pool of saline, where fine forceps (e.g. Fine Science Tools 11255-20) were used to

separate remove the brain. The brain was then gently cleaned of debris to the degree

possible without damage. Next the brain was transferred to a small (approx 4mm

square by 2mm thick) piece of Sylgard placed at the center of an imaging dish (the

lid of a 35mm culture dish, Corning Falcon 353001 via Fisher Scientific). Additional

saline was added as necessary to keep the brain moist while 2-3 short (several mm

long) pieces of very fine tungsten wire (California Fine Wire Company, approx 20uM

in thick as in Cory M. Root et al. 2013) were placed through the optic lobes in order

to hold the brain in place. Additional saline was added to enable submersion of the

imaging objective.

Flies

Full genotypes for Figure 3.1:

α’2 MBON Split Gal4 (MB018B) Only:

R20G03-p65ADZp[attP40]/82C10LexA,Aop6f; R19F09-ZpGAL4DBD

[attP2]/UAS-tdTomato

UAS-Chrimson Only:

+/82C10LexA,Aop6f; +/UAS-Chrimson-tdTomato (wild- type chromosomes

from a 2U background)

α’2 MBON Split Gal4 (MB018B) + UAS-Chrimson:
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R20G03-p65ADZp[attP40]/82C10LexA,Aop6f; R19F09-ZpGAL4DBD

[attP2]/UAS-Chrimson-tdTomato
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3.4 Connections from α2 Compartment to

Another DAN

Contributions

The α’3 MBON imaging experiments in this section were designed and carried out by

postdoctoral fellow Daisuke Hattori. I participated in discussions and some analysis

of the α’3 imaging. I designed and performed all other experiments and analysis in

this section. The bitter stimulation system was designed and built by postdoctoral

fellow Anita Devineni, who shared the system and instructed me in its use.

Background: Connections from α2 Compartment to Other

Compartment Dopamine Neurons

The α2 compartment shows relatively less plasticity compared to a canonical com-

partment (Hige et al. 2015), and its DAN V1 is not capable of inducing learned

approach or avoidance, but it can influence learned behavior that is induced by other

DANs (Aso and Rubin 2016). We reasoned that one way the α2 compartment might

influence behavior is by influencing the excitability of the DANs in other compart-

ments. We have shown in the previous section that DAN V1 receives MBON input,

and there is anatomical evidence that many MBONs project to approximate den-

dritic regions of many other DANs (Aso, Hattori, et al. 2014), suggesting that many

compartments of the MB may be interconnected. We chose two DANs to examine

that could be receiving input from the α2 compartment.
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Imaging dopamine neuron MV1 while stimulating V1

The first DAN we chose to image was MV1, which was selected because V1 had been

shown to enhance long-term avoidance learning induced by the MV1 DAN (Aso and

Rubin 2016). Following this result, we elected to test the impact of V1 activation

on MV1 activity and responses to bitter (one US to which it has been shown to

respond robustly, Kirkhart and Scott 2015). We elected to stimulate V1 rather than

the α2sc MBON because it was unclear from previous work whether the impact of

V1 on learning operated through the α2sc MBON or via another MBON pathway.

We imaged the responses of MV1 to bitter alone, light alone, and simultaneous bitter

+ light stimulation. The bitter stimulus used was a 10mM denatonium solution,

delivered as a drop to the proboscis. Stimulation of V1 did produce a visible response

in MV1 axons, but this activation was not significantly higher than the average light

responses seen in the control flies (Figure 3.2). We also did not see any change in

bitter responses when V1 was stimulated compared to unstimulated trials within the

same genotype or compared to stimulated trials in the control genotype. Therefore,

we cannot conclude that V1 enhances the activity of the MV1 DAN on its own or

in the presence of bitter. It seems unlikely that adding odor would increase the

likelihood of seeing a response to V1 stimulation, since we showed in Chapter 1 that

MV1 is not driven by odor. However, it remains possible that V1 could influence the

response of MV1 in the presence of odor + bitter stimulation. This could be explored

in future work.

Excitation of dopamine neuron α’3 by output neuron α2sc

The second DAN we chose to image was PPL1 DAN α’3. In addition to V1, DAN

α’3 is the other neuron of the PPL1 cluster that has been shown to respond to odors

(Hattori et al. 2017), and so it was the most likely DAN to be receiving odor-driven
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inputs from the α2 compartment. Given our previous results showing that α2sc is

functionally downstream of V1, it seemed that stimulating α2sc would be more direct

than stimulating V1, which would likely be acting through α2sc. Therefore the α2sc

MBON was stimulated while we imaged the axons of DAN α’3. This was particularly

exciting to us because of the known involvement of the α’3 compartment in alerting

to novel odorants (Hattori et al. 2017). This meant that if α2 was an input to α’3,

then the α2 compartment would almost certainly play a role in alerting behavior.

The impact of α2sc stimulation on DAN α’3 was tested by recording the responses

to light alone, odor alone (OCT or MCH), and the responses to odor + light. This

was done in experimental flies and control flies that did not express Chrimson. The

results from the α’3 imaging (Figure 3.3) showed that stimulation of α2sc leads to

clear responses in α’3 DAN that are significantly larger than any light responses

seen in control flies. The responses to odor are also increased with light response

on average, although this increase was not statistically significant with this genotype

(significant increase in odor response with light was seen when using MB549C split-

Gal4, a different driver that also labels the α2sc MBON, but this driver also labels

the α’3ap MBONs).

This data shows that α2sc is indeed a functional input to the α’3 DAN. Since this

DAN is involved in teaching the fly to stop alerting once it has encountered an odor

multiple times, one possibility is that α2sc is involved in setting the speed of this

familiarity learning by enhancing the responsivenss (excitability) of the α’3 DAN. In

certain scenarios this might be a necessary input for familiarity learning. For example

if there are odors that are relatively weak drivers of α’3 they may require augmented

input to the α’3 DAN in order to suppress the α’3 alerting pathway. Or, if the α2

compartment is modulated by other factors such as experience or state, the α2 to α’3

connection could adjust the α’3 alerting pathway based on those factors. For instance,

there could be odors that have a learned meaning but have not been encountered
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recently; in this case, since α2 receives inputs from at least some MBONs, it may

be able to integrate information about learned experience and use that information

to quickly shut down the α’3 alerting pathway. These possibilities will be explored

further in the remaining chapters.

Methods

Live flies were imaged as described in Hattori et al. 2017. Stimulation of α2sc while

imaging DAN α’3 was conducted in the presence of airflow.

Full genotypes:

Empty: w; 82C10LexA[attP40],LexAop-6f[su(Hw)attP5] / EmptySplitGal4-

p65ADZp[attP40]; UAS-CsChrimson-tdTomato[VK00005] / EmptySplitGal4-

ZpGAL4DBD [attP2]

SS01194: w; 82C10LexA[attP40],LexAop-6f[su(Hw)attP5] /

SS011194(AD)[attP40]; UAS-CsChrimson-tdTomato[VK00005] /

SS01194(DBD)[attp2]
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Figure 3.2: Stimulation of V1 while imaging dopamine neuron MV1. Left column:
Z-scored responses (mean across flies with standard error bars) to bitter (top), light
(middle), or bitter + light (bottom) in control flies, n=6 flies. Right column: Z-scored
responses to the same stimuli in flies expressing Chrimson in V1, n=7 flies.
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Figure 3.3: MBON α2sc excites dopamine neuron α’3. Imaging GCaMP in the axons
of DAN α’3 while presenting light alone (red traces), MCH odor (green), OCT odor
(blue ), MCH + red light (orange ), or OCT + red light (purple ) to a live head-fixed
fly. Control flies (top rows) carried an empty split-Gal4 driver. Experimental flies
(bottom rows) expressed Chrimson under the control of the SS01194 split-Gal4 driver
which labels the α2sc MBON. For each genotype, all light only trials were pooled,
and the light only traces are shown twice for each genotype to assist comparison
to the odor stimulation trials in each row. Far right figures are average traces for
each stimulus in the row (light only, odor + light, and odor only). n=18 control
(Empty Split-Gal4>UAS-CsChrimson) and n=5 experimental flies (SS01194 Split-
Gal4>UAS-CsChrimson). Light response (integrated dF/F0) is significantly higher
in experimental flies than in controls (p<0.05). A difference was seen between odor
only and odor + light trials in experimental flies, but was not significant.
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4

Modulation of the V1 Dopamine Neuron

50



4.1 Background: Modulation of V1

The work presented up to this point has established a role for V1 in responding to

odorants and enhancing the response of the MBON, and further demonstrated that

this MBON pathway is capable of inducing a persistent alerting response to odor.

Under what circumstances might this odor-induced alerting response be more or less

useful?

Previous experience with a stimulus can modulate our tendency to pay attention

or alert to that stimulus, as anyone knows who has lived in New York city long

enough to become nearly deaf to the sound of sirens. As previously discussed, there

is existing evidence in the literature to suggest that V1 activity can be modulated

by experience. However, this work had dealt specifically with aversive conditioning

(Riemensperger et al. 2005; Mao and Ronald L Davis 2009). To our knowledge,

the impact of appetitive conditioning on any PPL-1 DAN has not been previously

investigated. In light of our finding that V1 receives input from MBON α’2, which is

involved in multiple forms of appetitive learning (Aso, Sitaraman, et al. 2014), this

investigation became particularly compelling.

Another possible modulator of the DAN is a state such as hunger. In hungry flies

the MB is required for avoidance of the aversive odor carbon dioxide (CO2) as well as

mixtures of food odors and CO2 (Bräcker et al. 2013). This avoidance in hungry flies

requires β’2 MBONs. The cluster of DANs in this compartment, PAM β’2 DANs,

respond to various odors and increase their responses to food odors upon starvation,

and activation of these DANs inhibits CO2 avoidance in hungry flies (L. P. C. Lewis et

al. 2015). The model is that in the hungry fly, some component of the CO2 avoidance

pathway changes such that the output of the MB now drives the avoidance behavior,

but that hunger state and the presence of food odors can elevate the activity of PAM

β’2 DANs, leading to suppression of the β’2 MBONs in the presence of those food

odors and eliminating avoidance, so that the fly can approach foods that give off some
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CO2 when they become sufficiently hungry.

The mechanism by which β’2 DAN odor responses are altered specifically in re-

sponse to food related odorants is not definitively known. One possibility is that the

starvation-dependent enhancement of food odor responses is inherited from the an-

tennal lobe, where certain food-odor-related olfactory projection neurons (PNs) have

been shown to increase their activity upon starvation in response to short neuropep-

tide F and insulin signals (Cory M Root et al. 2011).

DAN V1 also responds to all odorants we have tested including food odors such

as the banana scent isopentyl acetate (Chapter 1 and Appendix), as well as the

yeast-related odor acetoin acetate, and vinegars. We supposed that V1 might be

modulated by hunger as well. At the time of our experiments, we were not aware of

any examinations of hunger responses in PPL1 DANs. Therefore the exploration of

starvation state as a possible modulator of V1 activity was taken up for investigation.

We will first discuss modulation by conditioning, and then discuss hunger state.
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4.2 V1 is modulated by conditioning

I proposed that appetitive learning could modulate V1. I have imaged the responses

of V1 to odors before and after conditioning (’training’) in the same flies. The condi-

tioning paradigm uses optogenetic activation of reinforcing neurons, the PAM DANs,

to form an odor association in the animals on the imaging rig. The activation of these

PAM DANs has been shown to substitute for sugar reward in appetitive conditioning

(Liu et al. 2012), and I modeled my protocol on one that has been shown to produce

robust learned approach behavior (Aso and Rubin 2016). After preparing the flies for

imaging, flies are presented with the each of the odors several times, and responses

are recorded in V1. Then, the odor to be reinforced/associated (CS+ odor) is paired

with 120 red light pulses over the course of one minute. This is followed by one

minute exposure to the control (CS-) odor. Finally, each of the odors is presented

alone several more times, and the responses recorded in V1. In this way I can see

how V1 odor response changes with conditioning.

In order to examine the impact of appetitive conditioning on V1, I used a driver

line labeling the PAM cluster neurons to express the light-sensitive channel Chrimson

in the PAM DANs. My results show that V1 activity is decreased after appetitive

conditioning.
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Figure 4.1: PAM conditioning significantly reduces the odor responses in V1. The
Gal4 driver 58E02 was used to express Chrimson in the PAM neurons. Responses to
two odors (OCT and MCH) were recorded in V1 axons before and after conditioning,
which consisted of 1 minute of constant odor (CS+ odor, typically OCT) during
which red light was pulsed 120 times in order to activate the Chrimson-expressing
PAM neurons. Top left: z-scored responses (mean across flies with shaded standard
error) to the odor to be paired (CS+ odor) before (pink) and after conditioning (red).
Top right: response magnitudes quantified as area under the curve (AUC, integrated
z-score) from time of odor onset to the end of the trial, comparing AUC before (pre,
pink) and after (post, red) conditioning. Thin black lines show the change in AUC
from pre to post for each fly. Thick black line is the average change in response.
Bottom left: z-scored responses to the control odor before (cyan) and after (blue)
the conditioning procedure. The control odor was not paired with red light, but was
presented for 1 minute on its own to ensure equal exposure times to the CS+ and
CS- odors. Bottom right: control odor response magnitudes (as AUC) pre (cyan)
and post (blue) conditioning protocol. Average change in response from pre to post
was significant for the conditioned odor (top right) but not the control odor (bottom
left). Paired t-tests, p=0.046 for CS+ odor (top right).
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(a)

(b)

Figure 4.2: In PAM control flies, conditioning does not reduce the odor responses in
V1. As in Figure 4.1, z-scored responses and integrated responses (AUC) are shown
for the conditioned odor pre and post conditioning (pink, red) and for the uncon-
ditioned control odor before and after the conditioning protocol (cyan, blue). No
significant differences were found in the average responses before and after condition-
ing. a: Ctrl1, Gal4 only. b: Ctrl2u, Chrimson only.
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4.3 Methods

Adult female flies were used for two-photon imaging experiments. Flies were sorted

and anesthetized at least one day prior to imaging. Live imaging preparation was

conducted as described in Chapter 1, and light-induced Chrimson activation was

conducted with the LED system described in Chapter 2.

Flies

Full genotypes for flies used in this section:

Control 1 (Ctrl1): +/82C10LexA,Aop6f;58E02-Gal4/UAS-tdTomato

Control 2 (Ctrl2u): +/82C10LexA,Aop6f; +/UAS-Chrimson-tdTomato (Wild-

type 2nd and 3rd chromosomes from 2U background.)

Experimental (Expt): +/82C10LexA,Aop6f;58E02-Gal4/UAS-Chrimson-

tdTomato

4.4 Modulation of V1 by hunger state
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Contributions

These experiments were designed by postdoctoral fellow Daisuke Hattori with Kurtis

Swartz, a technician in the laboratory who works with Dr. Hattori. The experiments

were conducted by Kurtis Swartz. I participated in discussions.

Background: Internal state in the mushroom body.

Traditionally, the mushroom body (MB) has been studied for its role in association

learning, particularly olfactory association learning (Tully and Quinn 1985; Belle and

Heisenberg 1994; Connolly et al. 1996; Waddell and Quinn 2001). However, recent

evidence shows that mushroom body neurons can be modulated by internal state or

context in addition to classical conditioning (L. P. Lewis et al. 2015; Cohn, Morantte,

and Ruta 2015).

Modulation of V1 by internal state.

We sought to determine whether the neurons of the α2 compartment could be mod-

ulated by internal state. Hunger state is a state that is quite relevant to olfactory

attention – in the starved fly, the importance of food odors is elevated, and so it seems

it would be an advantage for the fly to upregulate the response to odors, particularly

potential food odors, when the fly is starved. In the β’2 compartment, others have

seen increased dopamine neuron (DAN) response to food-related odors when flies are

starved. In order to test the impact of hunger on the DAN in our compartment of

interest, the α2 compartment, Kurtis Swartz presented either starved or fed flies with

both food odor and aversive non-food odor (Figure 4.3).

The results show that V1 odor responses are higher on average in starved flies

than in recently fed flies. However, these effects are small. The responses to non-food

odors are not impacted. This suggests that the V1 DAN may be somewhat modulated
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by hunger state, although the effect is subtle and further experiments may be needed

to conclusively determine whether this constitutes hunger modulation of V1. Based

on our evidence that V1 stimulates α2sc, which leads to alerting, we would expect

that hunger-modulation of V1 could increase alerting to food odors when the flies are

in a starved state. This could be an important line of work for future studies of state

modulation of attention-like alerting behavior.

In the time since these experiments began, new work has come to our attention

that examines the influence of hunger state on the activity of a variety of mushroom

body neurons and the relevance of those neurons to food seeking behavior (Tsao et

al. 2018). These experiments found modulation of the α’2 MBON upon starvation.

They did not detect modulation of V1 by hunger state, but did demonstrate a role

for V1 in food seeking behavior: activation of V1 increased successful food location,

and silencing of V1 reduced successful food seeking. This may suggest that even if

V1 is not strongly modulated by hunger, it produces a signal that is important in

enabling the fly to locate a food source. We speculate that this could be due to the

effects of V1 on alerting, allowing a fly to stop in its tracks when it detects a salient

odor and make a decision about whether to turn towards or away from the source of

that odor.

4.5 Methods

Live flies were imaged as described in Hattori et al. 2017.

Full genotype: yw / w; MB247-DsRed / MB058B(AD) [attP40]; UAS-6f

[VK00005] / MB058B(DBD) [attP2]
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Figure 4.3: Impact of starvation on the responses to food odors in dopamine neuron
V1. Thin colored traces indicate the average response of a single fly to the indicated
stimulus, and thick blue traces indicate the average response across flies. Vertical axes
correspond to dF/F0, and horizontal axes are time in seconds from the initiation of
an imaging scan. The top six figures correspond to fed flies, and the bottom six
to ~24 hour starved flies. Stimuli were AirON (change in airflow, no odor), or air
passed through one of the following: VialWater (a vial containing only water with
headspaces), VialFood (a vial containing standard fly food with headspace), BEN
(benzaldehyde diluted in mineral oil on a filter, as in Hattori et al. 2017), FilterWater
(water loaded onto a filter), FilterVinegar (vinegar diluted in water on a filter).
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5

Role of the α2 Mushroom Body Output
Neuron in Behavior
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5.1 Contributions

This chapter represents collaborative work with Daisuke Hattori and Kurtis Swartz.

Daisuke Hattori designed and developed the assay and built the equipment. Kurtis

Swartz carried out the behavior experiments described in this chapter and generated

the data. Daisuke Hattori and Kurtis Swartz generated the top two rows of images in

Figures 5.1 and 5.2 which I then annotated. Daisuke Hattori provided sample code

for the processing and initial analysis of the data and generation of additional figures,

which I edited and used to generate the bottom left panels of Figures 5.1 and 5.2. I

wrote additional code for and generated all further analyses.

5.2 Background

The α2 compartment of the mushroom body (MB) has been distinguished in several

ways from the canonical model of a MB compartment. As we have seen, its dopamine

neuron V1 exhibits robust odor responses independent of odor valence (see Figure

1.6), which is not accounted for by the classical model of PPL1 DANs providing only

an aversive teaching signal to the MB lobes (Scott Waddell 2010). Additionally, if V1

activity were leading to plastic change in the activity of the α2 MBON, then we should

see a change in α2sc MBON activity after repeated odor presentations. Indeed, one

compartment that has been identified as having an odor responsive DAN, the α’3

compartment, does exhibit suppression of MBON odor response after repeated odor

presentations (Hattori et al. 2017). However, previous work has shown no appreciable

change in the α2sc MBON odor responses after repeated odor presentations (Hattori

et al. 2017 and personal communication).

Based on our data so far, the compatibility of the α2 compartment data with the

classical model begins to seem weak. Another blow is dealt to this compatibility by

the observation that MBON α2sc, on its own, does not have a behavioral valence
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(Aso, Hattori, et al. 2014 and Yoshinori Aso personal communication). If the MBON

does not have a behavioral valence then one might ask, how does the modulation of

that MBON impact approach or avoidance behavior? We reasoned that perhaps the

MBON α2sc elicits a different type of behavior that is not easily observable in the

assays used to date. The ideal behavior would be one that does not measure valence,

but instead tracks the fly’s sensitivity to changes in its olfactory environment.

Recently, postdoctoral scholar Daisuke Hattori in our lab developed a new assay

that measures a unique type of behavioral response to odors: cessation of grooming

(Hattori et al. 2017). The cessation of grooming (”alerting”) response is robust upon

the first presentation of a novel odor and decays with repeated odor presentations

(Hattori et al. 2017). Activation of one type of MBON, α’3, has been shown to

elicit behavioral alerting, and silencing the α’3 neurons abolishes odor-evoked alerting

(Hattori et al. 2017).

Although alerting to novel odorants requires the α’3 MBON (Hattori et al. 2017),

it was not previously known whether other mushroom body neurons from other com-

partments could contribute to this behavior, possibly upstream or downstream of

α’3. The α2 compartment bears some resemblance to the α’3 compartment in that

both receive input from DANs that respond to a broad array of odorants and neither

induces a clear approach or avoidance behavior (Aso, Sitaraman, et al. 2014). Yet cal-

cium imaging reveals very different responses to repeated odor presentations in these

MBONs, as I have described. Furthermore, the projection patterns of the MBONs

differ: the α’3 MBONs project mainly to the posterior lateral protocerebrum (PLP)

and ventral border of the lateral horn (as well as the superior intermediate proto-

cerebrum (SIP) and the superior medial protocerebrum (SMP)), while α2sc projects

mainly to the dorsal portion of the lateral horn (and to SIP). Yet we do know from

our work that MBON α2sc provides input to DAN α’3. It therefore seemed plausible

that α2sc might be involved in alerting behavior, but also that its specific role in the
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behavior could differ from that of α’3.

Using the cessation of grooming assay (Hattori et al. 2017), Kurtis Swartz per-

formed experiments to test whether activation of MBON α2sc would induce alerting

behavior. Flies were tested individually in the assay, first by recording their grooming

during several control periods (”mock” or control exposures), when no light or odor

stimuli were presented, and then by recording their behavior during periods where

red light was presented for 2 seconds. Flies expressing Chrimson in the α2sc neurons

exhibited on average more cessation of grooming in response to the light stimuli as

compared to the control genotypes (Figure 5.1). However, the probability of stopping

(Probability(Stopping)) and the total time not grooming (on light stimulation trials

1-5, or light trial 1 only) seen in the experimental genotype were not significantly

different from controls (p>0.05 for all, with pairwise Fisher’s Exact Test with Bon-

ferroni corrections used for Probability(Stopping) and ANOVA with Tukey post-test

for total time not grooming comparisons).

Although α2sc does not appear to induce significantly more stopping than controls

in the absence of odor, the trend towards increased stopping was suggestive of a

possible contribution to alerting. In particular, one can imagine that α2sc is one of

several inputs in an alerting pathway, and requires the activity of one or more other

inputs in order to generate alerting behavior. When there is enough activity in these

other inputs, additional input such as α2sc activation may cause a threshold to be

reached that leads the fly to stop grooming. These other inputs could be other odor-

sensitive neurons, and so in the presence of odor the effect of MBON α2sc might

be amplified. Indeed, when Kurtis tested light-activation of α2sc while presenting

odor, the experimental flies showed much greater stopping than the control genotypes

(Figure 5.2). (Note that the controls show significant stopping as well. This cessation

of grooming in response to odor is robust in wild-type flies, and has been shown

in Hattori et al. 2017 to depend on the activity of the α’3 MBON.) Interestingly,
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this difference was not significant on the first trial, presumably because α’3 already

induces maximal alerting to odor when the odor is novel (on the first trial), but

over the course of 5 odor plus light trials the experimental flies spend significantly

more time not grooming as compared to both control genotypes (Figure 5.2, bottom

right). This sustained alerting is not seen when MBON α’3 is stimulated in the same

conditions or naturally with odor (Hattori et al. 2017 and personal communication).

This implies that while alerting to novel odors operates through the α’3 pathway, the

MBON α2sc appears to be able to produce more sustained alerting.
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Figure 5.1: Partial cessation of grooming (’stopping’) is observed when MBON α2sc
is activated. Grooming was induced by dusting flies with a yellow powder, and
flies were placed individually into an experimental chamber where there behavior
was recorded by a camera while they were exposed to odorless airflow only (”Mock”
controls) and then to airflow plus 2-second exposure to red light (”Light”). Nine
trials or ”exposures” were conducted for each fly. For each fly, the first 3 trials were
always ”Mock” (no light exposure) and the next 6 trials were ”Light” exposures.
Grooming was quantified by determining from the videos when flies were grooming
with forelegs (indicated in green), hindlegs (violet), or not grooming (white). a: Top
row (”Mock”/control exposures): on these control trials, no light or odor stimuli were
presented, and most flies continue to groom throughout each period of observation.
Second row (light exposures): nearly half of the flies stopped grooming during light
exposure (light period indicated by the red bar) on the first trial, with fewer flies
stopping on subsequent exposures. b: Average probability of stopping behavior on
each trial for each genotype. c: Cumulative time in seconds spent not grooming,
for each genoptype, in the first 5 stimulation (light on) trials. Differences between
genotypes were not statistically significant (1-way ANOVA followed by Tukey Honest
Significance tests).
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Figure 5.2: Robust sustained cessation of grooming (’stopping’) is observed when
MBON α2sc is activated during odor exposure. a: Grooming behavior in experimen-
tal genotype during 3 control/mock trials (top row) and first 3 odor + light trials
(second row). b: Average probability of stopping behavior on each trial by genotype,
with odor (from 0 to 100%). c: Cumulative time not grooming from light onset to end
of trial, summed over light + odor exposure trials 1 through 5. P-values for pairwise
comparisons (1-way ANOVA followed by Tukey Honest Significance test for multiple
comparisons): p-values for Gal4>UAS versus Gal4-Only and versus UAS-Only were
0.0103 and 0.0309, respectively; p-value between controls was 0.9181.
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Discussion and Conclusion

The studies I have presented were motivated by the goal of understanding a partic-

ularly intriguing type of mushroom body (MB) microcircuit, the α2sc compartment.

This compartment was initially interesting to us primarily because of its projection to

the lateral horn. Given that lateral horn-projecting MBONs are in the minority (Aso,

Hattori, et al. 2014), and that the lateral horn is associated with innate rather than

learned behavior (Masse, Turner, and G. S. X. E. Jefferis 2009; Belle and Heisenberg

1994; Fişek and Rachel I Wilson 2014), this hinted at an atypical behavioral role for

the α2sc MBON. Additionally, while α2sc had been shown to impact learned avoid-

ance (Séjourné, P.-Y. Plaçais, et al. 2011; Aso, Sitaraman, et al. 2014), its activation

did not appear to have a clear attractive or aversive valence as do the canonical

learning-related MBONs (Aso, Sitaraman, et al. 2014). Furthermore, in many com-

partments the activation of a DAN during odor presentation is sufficient to induce a

learned behavior in response to subsequent presentations of that odor (Aso and Rubin

2016), but pairing of V1 with odor does not induce learned behavior (Aso and Rubin

2016). Yet pairing of V1 with another DAN during odor presentation has been seen

to enhance long-term memory (Aso and Rubin 2016). These observations made the

intriguing case for the α2sc compartment not as a classical learning compartment,

but as a compartment that could in some other way modulate behavior, perhaps by

altering the exploration or behavioral attention that the fly paid to an olfactory cue.
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Such a compartment provided an opportunity to unravel the functional interactions

within and behavioral relevance of a microcircuit that is anatomically very similar

to other compartments, but appears to be connected and to influence memory and

action in a very different way than previously studied compartments.

I characterized several unusual properties of the V1 DAN and its cognate MBONs

α2sc and α’2, beginning from the physiological observation that V1 responds to odors

of both appetitive and aversive valences. We probed the circuit logic and behavioral

relevance of our physiological findings, first by looking at the impact of the V1 DAN

on MBON α2sc, and later by studying the role of α2sc in an attention-like alerting

behavior. After revealing that V1 enhances the activity of α2sc, and that α2sc activity

leads to alerting behavior, we concluded that the V1 to α2sc pathway is set up to

allow dopaminergic neuron V1 to influence the degree of alerting elicited by olfactory

stimuli. Further studies are planned to assess the degree to which V1 enhances

alerting behavior, and under what circumstances this enhancement may be stronger

or weaker. For example, the modulation of V1 by hunger state, though small, and

more recently the finding that V1 is involved in food-seeking (Tsao et al. 2018), led us

to posit that V1-mediated alerting might be particularly relevant and robust when the

fly is in a food-deprived state. We also found that the impact of V1 on the α2sc MBON

depends on the presence or absence of airflow, a context that may be meaningful to

the fly as it changes dramatically when the fly shifts from walking or standing to

flying, and because sufficiently strong airflow can cause flies to exhibit a certain type

of stopping behavior, possibly in order to avoid being blown off course (Yorozu et al.

2009). We expect that our findings will be a step towards understanding the α2

compartment as a hub that integrates information about factors such as context,

state and prior experience in order to adjust the level of behavioral attention the fly

exhibits in response to olfactory stimuli.

Together our results unveil an exciting role for an MB circuit in integrating a vari-
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ety of signals in order to flexibly modulate alerting behavior. Olfactory information,

context, and experience are integrated in the α2 compartment, which we have shown

is functionally upstream of the α’3 compartment and enhances alerting behavior, and

is therefore poised to modulate attention-like alerting behavior in the fly in response

to immediate changes in the circumstance of the animal. This work reveals layers of

complexity in the MB and its interactions with other compartments that have not

been appreciated previously.

The model I have presented (Figure 6.1) opens the door to further study of at-

tentional modulation, state information, and inter-compartmental modulation in the

mushroom body and analogous systems. The circuit motifs that can be readily iden-

tified in the relatively small fly nervous system can serve as a template for the study

of similar circuits in much larger and more numerically complex neural systems.

The diversity of the dopamine neurons in the fly mushroom body is beginning

to be more fully understood and appreciated. As recently as 2003, the DANs were

thought to convey solely punishment signals to the mushroom body (Schwaerzel et al.

2003; Martin Heisenberg 2003; S. Waddell 2013). More recent work has shown that

the PAM DANs do indeed convey rewarding teaching signals (Burke and Scott Wad-

dell 2011; Liu et al. 2012; S. Waddell 2013), and that the α’3 DANs convey a novelty

signal (Hattori et al. 2017). This diversity is reminiscent of mammalian dopamine

neurons, where value-coding and novelty neurons are seen as well (Bromberg-Martin,

Matsumoto, and Hikosaka 2010). The characterization of the response properties

of V1, specifically its tendency to respond to both appetitive and aversive odors,

brings to mind a particular class of mammalian dopamine neurons: salience neurons.

Unlike classical value-coding dopamine neurons, which show a preference for either

appetitive stimuli (such as sugar or water rewards) or aversive stimuli (such as air-

puff), salience dopamine neurons are excited by both appetitive and aversive stimuli or

events (Matsumoto and Hikosaka 2009; Bromberg-Martin, Matsumoto, and Hikosaka
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Figure 6.1: Unlike canonical DANs, which respond to innately appetitive or aversive
unconditioned stimuli (US) and typically modulate approach or avoidance MBONs,
a subset of DANs respond to odorants, and modulate MBONs that are involved in
alerting to odors. The V1 DAN displays non-canonical interaction with the α2sc
MBON: repeated stimulation of the V1 DAN is slow to produce any plastic change,
but does lead to immediate enhance of MBON activity. Notably, this α2sc MBON
then feeds in to the α’3 DAN, which mediates a change in alerting as odors transition
from novel to familiar. The activity and downstream impact of the V1 DAN are also
sensitive to context and the experiences of the fly. Thus the V1 DAN is a central
node in a non-canonical MB microcircuit for alerting behavior.

2010). We speculate that salience neurons are critical for attending to both positive

and negative cues and interrupting competing behaviors or cognitive processes in an

enormous variety of species. We believe that understanding how these neurons are

integrated into attentional and behavior-selection circuits is necessary for explaining

how animals can select a stimulus to attend to from the multi-modal cacophony of the

sensory world and engage in an appropriate response. The conceptual findings from
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this work provide a framework for understanding how these circuits may function in

many systems beyond the fly, including MB-like circuits in other invertebrates and

in mammalian brains.
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Response to odor and electric shock.

Figure A1: Response to odor and electric shock in the axons of distinct dopamine
neurons (V1 and MV1) in a single fly.
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Responses in V1 and MV1 to Various Odorants

Responses to odor were recorded simultaneously in the axons of the V1 and MV1

dopamine neurons. Average responses (integrated dF/F0 during the odor stimulus)

in both regions to each odorant in each fly were quantified, normalized to the largest

response seen (Figure A7), and were significantly higher overall in V1 than in MV1

(Student’s T-Test, p = 5.4421e-08).
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Figure A2: Top left: Response in DAN V1 axons to 6 presentations of odor (MCH)
in a single live fly. Each colored trace represents corresponds to a single trial, and the
average trace across trials is shown in black. Odor was triggered 3 seconds after the
initiation of imaging and switched off after 2 seconds. Top right: Mean response with
shaded standard error of the mean (SEM) in the same fly. Bottom left: Responses
in DAN MV1 axons to the same stimulus presentations in the same fly, recorded
simultaneously with V1 responses. Bottom right: Mean responses in MV1 with SEM,
for the same fly and trials.
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Figure A3: Top left: Response in DAN V1 axons to 6 presentations of odor (FAR)
in a single live fly. Each colored trace represents corresponds to a single trial, and
the average trace across trials is shown in black. Odor was triggered 3 seconds after
the initiation of imaging and switched off after 2 seconds. Top right: Mean response
with shaded standard error of the mean (SEM) error in the same fly. Bottom left:
Responses in DAN MV1 axons to the same stimulus presentations in the same fly,
recorded simultaneously with V1 responses. Bottom right: Mean responses in MV1
with SEM, for the same fly and trials.
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Figure A4: Top left: Response in DAN V1 axons to 6 presentations of odor (IPA)
in a single live fly. Each colored trace represents corresponds to a single trial, and
the average trace across trials is shown in black. Odor was triggered 3 seconds after
the initiation of imaging and switched off after 2 seconds. Top right: Mean response
with shaded standard error of the mean (SEM) error in the same fly. Bottom left:
Responses in DAN MV1 axons to the same stimulus presentations in the same fly,
recorded simultaneously with V1 responses. Bottom right: Mean responses in MV1
with SEM, for the same fly and trials.
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Figure A5: Top left: Response in DAN V1 axons to 6 presentations of odor (HAC)
in a single live fly. Each colored trace represents corresponds to a single trial, and
the average trace across trials is shown in black. Odor was triggered 3 seconds after
the initiation of imaging and switched off after 2 seconds. Top right: Mean response
with shaded standard error of the mean (SEM) error in the same fly. Bottom left:
Responses in DAN MV1 axons to the same stimulus presentations in the same fly,
recorded simultaneously with V1 responses. Bottom right: Mean responses in MV1
with SEM, for the same fly and trials.
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Figure A6: Top left: Response in DAN V1 axons to 6 presentations of odor (BEN)
in a single live fly. Each colored trace represents corresponds to a single trial, and
the average trace across trials is shown in black. Odor was triggered 3 seconds after
the initiation of imaging and switched off after 2 seconds. Top right: Mean response
with shaded standard error of the mean (SEM) error in the same fly. Bottom left:
Responses in DAN MV1 axons to the same stimulus presentations in the same fly,
recorded simultaneously with V1 responses. Bottom right: Mean responses in MV1
with SEM, for the same fly and trials.
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Figure A7: V1 and MV1 responses to an odorant panel
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Responses to Bitter Tastant
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Figure A8: Average response to bitter (denatonium) across flies.

V1 responds weakly or not at all to bitter onset, but does show a response at the

offset of the bitter stimulus, as shown in Figure A8.

Methods

Bitter

The bitter tastant compound denatonium benzoate (Sigma, D5765 ALDRICH)

was diluted in water to 10 mM. Bitter solution was delivered to the fly using a Matlab-

controlled liquid tastant delivery system (’tastometer’) developed by postdoctoral

fellow Anita Devineni.
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Flies

Figure A8: R82C10-p65ADZp[attP40]/82C10LexA,Aop6f; R50B03-ZpGdbd

[attP2]/UAS-tdTomato
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V1 and Innate Behavior

We tested the influence of V1 on innate odor preference, by silencing V1 activity and

assessing odor preference behavior.

In work with an undergraduate student (Linnie Jiang), we silenced V1 using the

inward-rectifying potassium channel Kir2.1. We assessed odor preference behavior

in a two-choice assay (also known as the Drosophila T-maze) and in an olfactory

four-field arena.

We found that silencing the V1 DAN leads to a mild but not significant increase

in odor avoidance, confirming that V1 is not a primary mediator of innate odor

preference behavior. However the trend towards increased avoidance with silent V1

is noticeable, and we speculate that this could be due to an alerting response mediated

by V1 via the α2sc MBON.
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Figure A9: Behavior in the T-maze with V1 silenced
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Alerting Behavior for All Flies on All Trials

Figures generated by Daisuke Hattori and Kurtis Swartz.

Light Activation in the Absence of Odor

SS01194 c18 LED Only  Trial 1 SS01194 c18 LED Only  Trial 2 SS01194 c18 LED Only  Trial 3 SS01194 c18 LED Only  Trial 4

SS01194 c18 LED Only  Trial 5 SS01194 c18 LED Only  Trial 6 SS01194 c18 LED Only  Trial 7 SS01194 c18 LED Only  Trial 8

SS01194 c18 LED Only  Trial 9

Figure A10: α2sc>Chrimson light activation
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SS01194 2u LED Only  Trial 1 SS01194 2u LED Only  Trial 2 SS01194 2u LED Only  Trial 3 SS01194 2u LED Only  Trial 4

SS01194 2u LED Only  Trial 5 SS01194 2u LED Only  Trial 6 SS01194 2u LED Only  Trial 7 SS01194 2u LED Only  Trial 8

SS01194 2u LED Only  Trial 9

Figure A11: α2sc-Gal4 only light activation
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empty c18 LED Only  Trial 1 empty c18 LED Only  Trial 2 empty c18 LED Only  Trial 3 empty c18 LED Only  Trial 4

empty c18 LED Only  Trial 5 empty c18 LED Only  Trial 6 empty c18 LED Only  Trial 7 empty c18 LED Only  Trial 8

empty c18 LED Only  Trial 9

Figure A12: Chrimson only light activation
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Simultaneous odor and light activation

Figure A13: α2sc>Chrimson, odor and light activation
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Figure A14: α2sc-Gal4 only, odor and light activation
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Figure A15: UAS-Chrimson only flies, odor and light activation
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Stimulation of α’3 MBON during V1 imaging

Figure A16: Stimulation of MBON α’3 while imaging dopamine neuron V1. Light
stimulation at the frames indicated by the black dots in the left panel, with first
stimulation corresponding to approximately 6.25 seconds after trial initiation.
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Methods

Flies

Adult female flies were used for two-photon imaging experiments. Flies were

sorted and anesthetized at least one day prior to imaging.

Full genotypes for Figure A9:

V1-Gal4 Only: w; R82C10-p65ADZp[attP40]/+; R50B03-ZpGdbd [attP2]/+

(wild-type chromosomes from a 2U background)

UAS-Kir Only: w; Empty-AD [attp40]/+; Empty-DBD [attP2]/UAS-Kir2.1 (wild-

type chromosomes from a 2U background)

V1-Gal4/UAS-Kir: w; R82C10-p65ADZp[attP40]/+; R50B03-ZpGdbd

[attP2]/UAS-Kir2.1

Full genotypes for Figure A16:

MBON-Gal4 Only: MB027B-ADZp[attP40]/82C10LexA,Aop6f; MB027B-

ZpGdbd [attP2]/UAS-tdTomato

UAS-Chrimson Only: +/82C10LexA,Aop6f; +/UAS-Chrimson-tdTomato (wild-

type chromosomes from a 2U background)

MBON-Gal4>UAS-Chrimson: MB027B-ADZp[attP40]/82C10LexA,Aop6f;

MB027B-ZpGdbd [attP2]/UAS-Chrimson-tdTomato
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