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The locus of habituation in the giant fiber circuit of Drosophila

Panagiota Zacharaki

Laboratory of Experimental physiology, Medical School, NKUA, Athens, 115 27
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Summary

Habituation, the response decrement after repeated stimulation, is the most primitive
non-associative form of learning, conserved across species. Electrophysiological
studies in model organisms such as Drosophila melanogaster have revealed various
genes and mechanisms implicated in habituation. The giant fiber system (GFS) of
Drosophila, a well-defined, electrophysiologically amenable, sensory-motor circuit
underlies the fly’s escape response. The response can be habituated, and the GFS has
been extensively used as a model to study the contribution of several genes in
habituation. However, the locus of habituation has been elusive. In the current study
we employed a combination of recently available genetic tools in Drosophila and
electrophysiology to unravel the cellular substrate of GFS habituation. We
downregulated the expression of Shaker A-type channel (homologous to vertebrate
Kvl) with RNAi using the binary GAL4-UAS system. We targeted the presynaptic
neurons to the giant fiber LPLC2 (lobula plate/lobula columnar, type 2) and LC4 (lobula
columnar, type 4). The electrophysiological analysis revealed that shaker
downregulation in LC4, but not in LPLC2, neurons eliminates habituation of the giant
fiber circuit. This suggests that the group of the 55 LC4 neurons that make ~2500
synaptic contacts with the giant fiber dendrites is the cellular locus of GFS habituation.
Our study lays the ground for in depth analysis of the molecular mechanisms
underlying habituation at the synaptic level in identified neurons.

Highlights

e Habituation of the giant fiber response to repeated stimulation can be
eliminated by downregulating the shaker potassium channels in LC4, but not
in LPLC2 neurons- the two groups of neurons that are presynaptic to the giant
fiber.

e Behaviorally, visual input for looming speed that is encoded by the LC4 neurons
can be habituated. In contrast, visual input for looming size that is encoded by
the LPLC2 neurons is not habituated.
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GFS — Giant fiber system

LPLC2 — Lobula plate/lobula columnar, type 2
LC4 — Lobula columnar, type 4

SLR — Short Latency Response

LLR — Long Latency Response

Introduction

Habituation is a basic form of non-associative, implicit learning conserved across many
animal phyla (Giles AC et al., 2009). It describes the decrease in behavioral response
to repeated stimulation that is not caused by receptor adaptation or muscle fatigue
(Thompson and Spencer, 1966). In a more global approach, habituation is the
unsupervised method the brain uses in order to ignore irrelevant stimuli and focus in
the salient ones even if these are embedded within high background noise,
highlighting its role as a cognition filter (McDiarmid TA et al., 2017). So far habituation
has been studied extensively in several organisms including Aplysia, Drosophila, C.
Elegans (Glanzman DL, 2009; Rose JK and Rankin, 2001; Engel JE and Wu CF, 1988).
The neuronal simplicity of such systems along with the knowledge of their anatomical
and physiological properties enabled the investigation of several mechanisms
implicated in habituation (Glanzman DL, 2009; Rose JK and Rankin, 2001; Engel JE and
Wu CF, 1988).

The molecular mechanisms governing habituation remains an unexplored field.
Kandel and his colleagues using the gill withdrawal reflex of Aplysia were the first to
set the principles for the molecular and cellular study of habituation (Castellucci and
Kandel, 1974). They demonstrated that during habituation of the defensive
withdrawal reflexes, the sensory -to-motor neuron synapses undergo rapid and
profound homosynaptic depression, exclusively due to presynaptic changes
(Castellucci and Kandel, 1974).

Additionally, Drosophila has been proved as an exceptional tool for examining several
habituated behaviors differentially evoked (Engel and Wu 2009). So far there have
been identified several genes linked with habituation and most of the genes are
implicated in cAMP metabolism (Engel JE and Wu CF 2009). The most studied
paradigms are rutabaga (rut) and dunce (dnc), mostly mentioned as memory mutants,
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since their role have been linked to short term memory events (Qiu Y et al., 1993).
The mutants rut and dnc, involved in cAMP metabolism, encoding for adenyl cyclase
and cAMP phosphodiesterase respectively, were investigated in several model
systems in the fly (Engel JE and Wu CF 2009). The second messenger signal
transduction pathways such as cAMP signalling are declared mediators of synaptic
plasticity, required for short term memory formation (Z. Guan, et al., 2011). In all the
evoked behaviors reviewed by Engel and Wu, dnc and rut mutants impaired normal
habituation, though in a different way (Engel and Wu, 2009). Another example is
cGMP-dependent protein kinase (PKG), a cGMP-dependent protein kinase encoded by
the gene for (foraging) and identified for natural variation in food searching behavior
(Kent CF et al., 2009) and caki, which encodes a presynaptic membrane-associated
protein with domains analogous to calmodulin (CaM), related with neuroplasticity
(Martin JR and Ollo R, 1996). Furthermore genes that play a key role in the circadian
rhythm found to be involved in habituation (Engel JE and Wu CF, 1988).

Engel and Wu took advantage of the identified neuronal circuit of the fly that mediates
escape response, in order to investigate habituation (Phelan et al., 2017). This neural
system called giant fiber system includes the sensory part (photoreceptors, retina,
lamina, medulla and lobular ColA interneurons) and the motor part (motorneurons
and muscles) (Pezier et al., 2016). The part of the giant fiber escape circuit responsible
for habituation is likely located in the neurons upstream to the giant fiber, in the
central brain and does not involve sensory adaptation or motor fatigue (Engel and Wu,
1996). The subject of this study indicates that habituation of the escape response
system is located in the neurons being the primary direct visual inputs to the giant
fiber (Ache et al., 2019).

Potassium channels and their potential role in habituation have always concerned
scientific research. These channels are an essential component for habituation
although they have differential control mechanisms depending on the form of non-
associative conditioning (Joiner MA, et al., 2007). In general K* currents are a key
element of intrinsic properties regulating excitability, frequency coding and firing
patterns of a neuron (B. Hille, 1978). Focusing in Drosophila K* currents neurons and
muscle cells are characterized by two voltage-gated (Ik) currents, |a (fast inactivating
transient A-type current) and Ik (persistent delayed rectifier) (Salkoff and Wyman,
1981; Solc CK and Aldrich RW, 1988). The shaker gene encodes the structural a (pore
forming) subunit of a voltage gated potassium channel (Salkoff and Wyman, 1981).
The channels formed are responsible for lainactivating transient A-type, a very rapidly
inactivating current, which enables the repolarization of the neuron (Martinez-
Padrén, et al.,, 1997). As a matter of fact it is a basic component for electrical
excitability in neurons and muscle cells, as well as for the regulation of
neurotransmitter release at the synapse (Engel and Wu, 1988) and is involved in
several stereotypic behaviors (Engel JE and Wu CF, 1988).
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Engel and Wu have investigated the role of several subunits of potassium channels in
habituation and found that mutations of Sh enhanced habituation (Engel JE and Wu
CF, 1988). In this study we downregulated the expression of Shaker gene applying the
UAS-Gal4 system for targeted expression, in the LPLC2 (lobula plate/ columnar type 2)
and LC4 (lobula columnar type 4). LPLC2 and LC4 are actually two groups of ColA
neurons and they contribute 99.4 % of the giant fiber's direct-input synapses from the
optic lobe. Furthermore recent findings suggests that LPLC2 neurons form synapses in
LC4 (Ache, et al., 2019). Our work indicates that downregulation of the gene
endcoding Shaker subunits in the LC4 neurons, but not in the LPLC2 neurons, leads to
a non habituated phenotype. Thus, these results indicate that habituation of GFS is
located in the LC4 neurons.

Materials & Methods

Flies were raised on standard corn flour-yeast-agar medium in an incubator at 24°C
and >60% humidity on 12 hours dark/light cycles.

Drosophila strains

The LPLC2 split GAL4 strain [R19G02_p65ADZp (attP40); R75G12_ZpGdbd (attP2)]
(Ache et al., 2019), which drives expression in the LPC2 (lobula plate/ lobula columnar,
type 2) neurons and the LC4 split GAL4 strain [R47HO03_p65ADZp (attP40);
JRC_SS00315 R72E01_ZpGdbd (attP2)] (Ache et al., 2019), which drives expression in
the LC4 (lobula columnar, type 4) were crossed to the following strain containing UAS
insertions: y1 v1; P{UAS-GFP.VALIUM10} attP2 used as a control (Bloomington Stock
Center, 35786; RRID:BDSC_35786), and to the y1 sc* v1; P{TRiP.HMCO03576}attP40
which expresses dsRNA for RNAi of shaker (Bloomington Stock Center, 53347;
RRID:BDSC_53347).

Electrophysiological preparation and recordings

Flies were anesthetized by cooling them on ice, glued to a thin metal wire attached to
the neck with cyanoacrylate adhesive. Flies were allowed to recover from anesthesia
at least for 1 hour. In order to stimulate the GF neurons and subsequently the
following motorneurons, a pair of uninsulated tungsten electrodes were inserted, via
micromanipulators, in the eyes. A similar electrode was used to record from the DLM
(fibers 5 and 6) or TTM. A fourth tungsten reference electrode was placed into the
scutellum or the abdomen (Tanouye and Wyman, 1980; Engel and Wu, 1992; Allen et
al., 2000). Brain or thoracic stimulation was performed by delivering stimuli (0.15 ms
in duration) with a Grass S88 stimulator (Grass Technologies), while DLM or TTM
muscle action potentials were acquired in the frequency range (300 Hz to 10 KHz) and
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amplified 100X by a differential AC amplifier (model 1700; A-M Systems). Data were
digitized with an analog-to-digital converter (Digidata 1200; Molecular Devices)
without filtering and were analyzed and displayed with Clampex 8.1 version software
(Molecular Devices).

Measuring "latency response" (the time between the stimulation and muscle
depolarization) provides a way to reproducibly and quantitatively assess the
functional status of the GFS components, including both central synapses (GF-TTMn,
GF-PSI, PSI-DLMn) and the chemical (glutamatergic) neuromuscular junctions (TTMn-
TTM and DLMn-DLM). The parameters used in order to assess habituation of the
Drosophila’s escape response system were the SLR (Short Latency Response) and the
LLR (Long Latency Response). In general, “latency response” is the time between the
stimulation and the depolarization of the muscle. Specifically short latency response
(SLR), an estimation of the time required for the signal, is initiated by direct electrical
stimulation of the GFs, to activate the target muscle. Five recordings were acquired to
estimate the average response latency of each fly. For long-latency responses (LLRs),
GF neurons were activated synaptically (indirect GF stimulation). Their activation was
achieved by low strength- compared to short latency response activation- electrical
pulses (Engel and Wu, 1996) delivered through electrodes positioned in more external
eye layers.

Mimicking the visual stimuli, evoking the giant fiber response which is actually the
escape response of the fly, we stimulate electrically the eyes. Different intensities of
electrical stimulation, passed between electrodes in the eyes, can be used to activate
afferent elements in the brain (long-latency response) or to bypass them and trigger
the thoracic stage (short latency response), enabling the analysis of distinct circuit
components with different response properties (Elkins and Ganetzky, 1990; Trimarchi
and Schneiderman, 1993; Engel and Wu, 1996; Lin and Nash, 1996). We have
demonstrated that the long-latency response shows characteristic parameters of
habituation (Thompson and Spencer, 1966).
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Results
The GFS of Drosophila is a well anatomically described and electrophysiologically
studied circuit (Fig. 1A).
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Figure 1. Diagrammatic depiction of the giant fiber circuit. (A) Circuit diagram of the GFS. Visual
information is processed in the optic lobe through retina, lamina, medulla and lobula plate/lobula.
Escape relevant visual information is relayed mainly by the lobula columnar type 4 (LC4) and the lobular
plate/lobular columnar type 2 (LPLC2) projection neurons onto the giant fiber (GF) dendrite. The GF
projects into the thorax and makes mixed electrical/chemical synapses with the TTM jump motoneuron
(TTMn) and the peripherally synapsing interneuron (PSI). TTMn innervates the tergotrochanteral jump
muscle (TTM). PSI forms cholinergic synapses onto the axons of the 5 flight motoneurons (DLMmns) to
the dorsal longitudinal flight muscle (DLM), thus initiating flight. Circuit output can be recorded in intact
animals from the DLM. A long latency response (red, LLR) of ~5 ms latency can be elicited by electrical
stimulation in the eye, whereas a short latency response (1.5 ms, blue, SLR) is induced by direct
stimulation of the GF. (B) Long (upper trace red) and short latency (lower trace blue) responses
recorded from the DLM in the same animal.
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Visual input from an approaching predator is processed in the optic lobe through
retina, lamina, medulla and lobula plate/lobula to the giant fibers. The so-called giant
fibers (GF) are actually a pair of large descending interneurons with axon diameter 6-
8um (Power, 1948; King and Wyman, 1980). They have their cell bodies in the brain
and some of their dendrites form electrical synapses with a bundle of giant
commissural interneurons (GCls; Allen et al., 2006). This GF interconnection ensures
their simultaneous activation regardless the origin (right or left eye) of visual input
(Phelan et al., 2017). The axon of the GF descends to the mesothoracic neuromere,
where it forms mixed (cholinergic and electrical) synapses with the peripherally
synapsing interneurons (PSI) and the ipsilateral tergotrochanteral muscle
motorneurons (TTMns; Phelan et al., 2017). The TTMns exit the nentral nerve cord to
innervate the ipsilateral tergotrochanteral muscles (TTMs), the jump muscles
responsible for middle leg extension (Phelan et al., 2017). The PSI extend its axon to
the contralateral posterior dorsal mesothoracic nerve (PDMN), where it forms
chemical synapses with the five dorsal longitudinal muscle motorneurons (DLMn)
(Phelan et al., 2017). The DLMns form glutamatergic synapses with the dorsal
longitudinal muscles (DLM), the muscles responsible for the downstroke of the wings
(wing depressors; Fig. 1). The synapses between the GF and the TTMn and between
the GF and the PSI are mixed, consisting of an electrical (shak-B gene) and a chemical
component which uses achetylcholine as a neurotransmitter (llen et al., 2007). The PSI
— DLMn synapse is a purely chemical synapse and uses achetylcholine and the
neuromuscular junctions (TTMn-TTM and DLMn-DLM) are again purely chemical
synapses that use the neurotransmitter glutamate (Fig. 1; Phelan et al., 2017).

A strong enough, not habituated visual input initiates action potentials in the GF
neurons, and then the pathway efferent to GF guarantees the signal transmission to
the muscles. Therefore, the output of the GF circuit can be recorded in intact animals
from the flight (DLM) or/and the jump (TTM) muscles and muscle recordings can be
used as readouts of GF action potentials. A long latency response (Fig. 1A, B, red, LLR)
can be elicited by electrical stimulation in the eyes, whereas a short latency response
(Fig. 1A, B, blue, SLR) is induced by direct stimulation of the GF.
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It has been shown recently (Ache et al., 2019) that the presynaptic neurons to the
giant fibers, the ColA interneurons consist of two group of neurons with dendrites in
different visual neuropiles (Fig. 2).

Figure 2. Confocal images from the Drosophila brain showing the LPLC2 (yellow), LC4 (blew) and GF
neurons (red; Ache et al., 2019).

Escape relevant visual information (looming size and looming speed of a predator) is
relayed mainly by the lobula columnar type 4 (LC4) and the lobular plate/lobular
columnar type 2 (LPLC2) projection neurons onto the giant fiber (GF) dendrite. These
two groups of interneurons are likely targets for habituation. We downregulate the
shaker potassium channels in LC4 and LPLC2 neurons. The visual neuropile was
electrically stimulated and record the output (LLR, SLR) of GFS from the flight muscles
(Fig. 1A). Long and short latency responses were induced by different strength stimuli
(Fig. 3A, B). No statistically significant differences were observed in LLR and SLR
duration between LC4-GAL4<UAS-ShRNAI, LPLC2-GAL4<UAS-ShRNA: flies and control
flies (Fig. 3C). This suggests that shaker downregulation in the presynaptic-to-GF
neurons does not cause substantial changes in action potential conduction velocity
or/and synaptic delays.

10
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Figure 3. No differences in LLR and SLR duration in flies expressing ShRNAi in LC4 and LPLC2 neurons.
A, B. Representative DLM action potentials were recorded after GF stimulation with a 0.15ms
voltage pulse across the brain. The short and long latency responses (SLR, LLR) are the intervals
between the stimulus artifact and the onset of the initial phase of the muscle potential, as
indicated by dotted lines. LLR (A) and SLR (B) muscle responses were evoked with electrical stimuli
of different strength delivered in the visual neuropile. C. Quantification of LLR and SLR. No significant
difference between measurements (One-way Anova, Tukey’s multiple comparison test).

Downregulation of Shaker subunits expression in LC4 neurons evokes a non-
habituated LLR phenotype. Figure 4 shows habitation plots for the first 100 stimuli, for
LC4>ShRNAi (Fig. 4A), LPLC2>shRNAi (Fig. 4B) and corresponding controls. The
response probability for the first 100 stimuli delivered at 5 Hz in LC4>ShRNAI equals
to 1, thus downregulation of shaker channels in LC4 neurons dramatically decreases
habituation (Fig. 4A). In contrast LPLC2>ShRNAI flies exhibit a similar to control
habituation rate (Fig. 4B, C).

11
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Figure 4. Habituation of LLR response propability decreases dramatically in LC4>ShRNAI flies.
Habitation plots for the first 100 stimuli, for LC4>ShRNAI (A), LPLC2>shRNAi (B) and combined (C).

To examine when during stimulation the response fails from one to five consecutive
times, we performed LLR recordings by delivering 1000 stimuli with a frequency of 5Hz
(Fig. 5A). The stimulus number at which the first failure (F1), the first two failures (F2),
the first three (F3), the first four (F4) and the first five consecutive failures (F5) were
occurred, were estimated from all recordings for every genotype (Fig. 5B). The plots
depicting the mean number of stimuli to attain criteria of one to five consecutive
failures, show again that response failure pattern occurs within the first 100 stimuli
for LPLC2> ShRNAI and their controls, but with the exception of the first failure, all
other failures in LC4>ShRNAI LLR occur after the first 100 stimuli which is highly
significant compared to controls (Fig. 5C, D, E). Thus, shaker subunit downregulation

12
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in LC4 neurons substantially delays habituation of LLR. This is a strong indication for
LC4 neurons being the locus of habituation of the giant fiber circuit.

| T
LC4>ShRNAI

l

,—

I

|
|

'

IRTY TRRU EURTUE| TR
LA | T

Control

L I ln bbb bbb bbb bbb bbb b bbb bl
]. oo|[o0e|[esese v

¥ S 1sec

F1 F2 F3 F4/F5
B
[St#] F1 [st#] F2 [st#] F4 [st#] F5
200 ns 800 800 800
o o
150 ° 00 600 600
o ) o
100 ° ® 400 400 400
+ +
s 8 oo ¥ -J:_ 200 Liddod 200 *kKk °3 200 *kKk 03
5 o A et
Yy = o o sbs oo g% o
0 ? ? w|13n o T T % 0 T T T T 0 T T T T
>3 - ~ o~ > -3 ~ S ~3 ~ o~ S ) ~ S
S £58 F&FES 855
L A $ & ¢ & & & F A S
P a ¢ P2 o a ¢ Y] « a g 2 « a g 2
o & g & o & g & o & g & o & g &
¥ & YN & & YN A ¢ & v
v 3 v 3 v d RN
¢ s LPLC2 E st BOTH
1000+ 1000 -®- LPLC2>control
- LPLC2>control —4-  LC4>control -8 | PLC2>sh-RNAi
@ |PLC2>sh-RNAI ~¥- LC4>sh-RNAi +L04>c::cro| l
~¥- LC4>sh-RNAi
ns
100+ 100 100+ ']rs
X
10N 0 L
7 T T T T 1 10 10 T T T T 1
0 Fi F2 F3 F4 F5 0 0 Fil  F2 F3 F4 F5

Figure 5. Habituation of LLR in flies, where the shaker gene is specifically downregulated in
LC4 neurons, is delayed. A. Representative recordings of the first 100 LLRs in LC4>ShRNAi and
control flies. Electrical stimuli were given at 5Hz. Note that all failures occur within the first
100 stimuli for the control flies and only the first failure for the LC4>ShRNAI flies. B. C.
Statistical analysis (One-way Anova, Tukey’s multiple comparison test) was based on the
estimation of the number of stimuli (means + SEM) to attain one to five consecutive failures
(F1 —F5) in long 1000 stimuli trains.
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Discussion

In the current study, expression of Shaker channels was downregulated using the
GAL4-UAS system with LC4-specific and LPLC2-specific split GAL4 promoters driving
expression of ds RNAi for shaker. It was found that shaker downregulation in LC4
neurons, but not in LPLC2 neurons, dramatically delays the habituation of the long
latency response. Both LC4 and LPLC2 neurons are the primary direct inputs to the
giant fiber interneurons (Ache et al., 2019). Stimulating with a frequency of 5 Hz we
examined the rate of habituation for each category of the genetic manipulated
neurons (LPLC2, LC4 and controls). The flies with ShRNAi in LPLC2 neurons exhibited a
habituation phenotype close to the control, in contrast to the flies with ShRNAi in LC4
neurons, that didn’t habituate during the first 100 stimuli. This finding suggests that
LC4 neurons is the locus of habituation. This is in agreement with Engel and Wu
statement that the locus of plasticity (habituation) in the giant fiber escape circuit is
likely in neurons afferent to the giant fiber in the central brain and does not involve
sensory adaptation or motor fatigue (Engel and Wu, 1998).

LPLC2 and LC4 neurons are both required for GF driven escape and these neurons
contribute 99.4 % of the GF’s direct input synapses from the optic lobe (Ache et al.,
2019). Furthermore, LPLC2 neurons provide a strong input to the LC4 neurons and
finally these two neuronal components through their synaptic connections at the GF
dendrites evoke the excitatory GF response to looming objects (Ache et al., 2019).
Thus, there are two parallel pathways implicated in the signal processing for the
initiation of the escape response. Both LC4 and LPLC2, which are part of the lamina
columnar neurons, are necessary initiation components for escape. Specifically, LPLC2
neurons are responsible for the size of the looming object and the LC4 for the
calculation of the speed of the object (Ache et al., 2019). Normally under repeated
stimulation the giant fibers fail to produce action potentials, expressing a non-
associative form of memory, EPSPs are not recorded in the TTMns and DLMns and
thus jump and flight responses are not initiated. LC4 neurons may be the plastic
component of the GFS . However, it remains to be shown to what extend presynaptic
neurons to LC4 and LPLC2 participate in visual input processing and habituation of GFS
response. Given that the connectome for the fly visual system has been completed
and numerous Split-GAL4 lines are available (Ache et al., 2019) we could test all
presynaptic to LC4, LPLC2 neuronal populations for GFS habituation.

The habituation decline after downregulating the shaker channels in LC4 neurons
contrasts with the slightly enhanced habituation reported in Shaker mutant flies
(Engel and Wu, 1998). Shaker gene has been knocked-out from every cells of the body,
including all neurons of the GFS. Thus, we cannot explain this discrepancy before we
examine the role of shaker potassium channels in every neuron and target muscles of
the GFS.

14
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Although the LC4 neurons seem to be the locus of GFS habituation, our study does not

provide information on the sub-cellular region where habituation occurs. Given that

habituation is considered to be a presynaptic mechanism (Ramanathan K et al., 2012;
Castellucci and Kandel, 1974; Cohen TE et al., 1997; Simons-Weidenmaier et al., 2012),
the synapses of the LC4 axons on GF dendrites may be a likely candidate, but this
remain to be shown.
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RESEARCH PROPOSAL

Giant Fiber System of Drosophila — A functional readout of habituation
mechanisms

1.Summary

Habituation is a form of non-associative learning expressed as a response decrement
after repeated stimulation. In Drosophila, the Giant Fiber System (GFS), a sensory-
motor circuit that transmits light and wind inputs to giant fiber neuron and
sequentially to motoneurons and corresponding jump and flight muscles, underlies
the escape behavior of the animal. The sensory part of the GFS (photoreceptors-to-
four groups of interneurons-to GF neuron) is amenable to habituation but the locus
was unknown. In our study we demonstrate that the population of neurons
responsible for habituation is the LC4 (lobula columnar neurons), one of the two
groups (LC4, LPLC2) of neurons presynaptic to GF. Because LPLC2 neurons, apart from
the GF neuron, are presynaptic to LC2 neurons as well, we will examine to what extend
LPLC2 neurons play a role in LC4 habituation. For this we will employ the GAL4/UAS
system to either silence LPLC2-LC4 synaptic transmission by overexpressing a
temperature-sensitive allele of shibire (shi®!) in LPLC2 neurons or eliminate LPLC2
neurons by overexpressing tetanus toxin. Furthermore, we will examine whether
LPLC2 neurons are the only neurons responsible for GFS habituation. Given that the
connectome for the fly visual system has been completed and numerous Split-GAL4
lines are available we will test all presynaptic to LC4, LPLC2 neuronal ensamples for
habituation. Finally, we will emphasize on the cellular substrate on which habituation
occurs by using two-photon confocal calcium imaging in the dendrites or axonal
terminals of LC2 neurons. The complete characterization of the GFS habituation locus
and underlying synaptic mechanism will allow to test candidate molecules for
habituation, such as the protein D14.3.3¢ that has been found to be involved in
olfactory habituation.

2. Project description
2.1 Specific Aims

Previous work in the lab and our study suggested that habituation is located in a
specific population of neurons. To gain even more insight about the locus of the giant
fiber system we will focus on the following objectives:
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15t goal: Ensure that the LC4 neurons are the only cells responsible for GFS (Giant Fiber
System) habituation

e Tetanus toxin (UAS-TTX) in LC4 neurons and in LPLC2 neurons (separately) will
be used to ablate specifically and separately the two populations of neurons
that output to GF interneuron.

e The gene of shibiri (UAS-shi*) will block neurotransmission between LPLC2-to-
LC4 neurons in order to examine the contribution of LPLC2 signals to LC4
habituation.

2" goal: Define the cellular locus of habituation (pre- or post- synaptic)

e Two-photon confocal calcium imaging in the dendrites of LC4 or the dendrites
of GF neuron can help us demonstrate whether habituationis located on the
giant fiber dendrites (LC4/GF synapses) or on the dendrites of the LC4 neurons
(visual interneurons/LC4 synapses).

3" goal: Examine putative molecular elements responsible for GFS habituation

e Preliminary data has shown that proteins D14.3.3e may be involved in GFS
habituation and and thus it is an excellent candidate molecule for examination

2.2 Introduction and Significance

Habituation is a fundamental form of non associative learning ubiquitous in the animal
kingdom and one of the simplest forms of neuronal plasticity (Asztalos Z et al., 2007).
Itis actually a major mechanism to decrease responsiveness to repetitive or prolonged
non-reinforced stimuli (Harris, 1943). To gain more insight about habituation we took
advantage of the identified neuronal circuit of the fly that mediates escape response
(Allen MJ et al., 2006). Engel and Wu were the first to investigate the role of several
genes encoding potassium channels, including the genes encoding Shaker subunits, in
this model system and they indicated that these genes have distinct effects on
habituation (Engel and Wu, 1998). In this current study, Shaker channels were
genetically downregulated in the LPLC2 (lobula plate/ columnar type 2) and LC4
(lobula columnar type 4) neurons using the GAL4-UAS system with RNAi (del Valle
Rodriguez A et al., 2011). LPLC2 and LC4 belong to a class of visual projection neurons
with intputs from the optic glomeruli in the central brain and have been found to be
the primary input to the giant fiber interneurons (Wu M et al., 2016). Engel and Wu
demonstrated that the locus of plasticity in the giant fiber escape circuit is likely in
neurons upstream to the giant fibers (Engel JE and Wu, 1998). By taking advantage of
the habituation observed with repeated electrical stimulation of first order visual
neurons, this study shows that downregulation of the gene encoding Shaker subunits
in the LC4 neurons, but not in the LPLC2 neurons, leads to a non habituated
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phenotype. Thus, these results indicate that habituation of GFS is located in the LC4
neurons.

In an attempt to provide extra information that LC4 neurons are the key mediators of
habituation, our work will focus on the whole pathway involved in escape response
(Allen MJ et al., 2006). Firstly, it would be useful to ablate specifically and separately
LPLC2 and LC4 neurons by inhibiting neurotransmission in these neurons with tetanus
toxin light chain (TNT) using again the aforementioned GAL4 drivers. If that is
consistent with our findings, ablation of LC4 neurons will lead to a reduced habituated
phenotype. Recent data suggest that LPLC2 provide strong input to the LC4 neurons
(Ache JM et al., 2019), thus a next step would be to block neurotransmission between
LPLC2-to-LC4with the temperature sensitive shibiri (UAS-shi®). This will ensure that
LC4 neurons are the only cells responsible for habituation.

So far the most acceptable theory among research community supports that the
underlying mechanism of habituation is located presynaptically (Ramanathan K et al.,
2012; Castellucci and Kandel, 1974; Simons-Weidenmaier et al., 2012). Among the first
researchers to set the principles for the molecular mechanisms of habituation were
Kandel and his colleagues performing a quantal analysis in the gill-withdrawal reflex
of Aplysia (Castellucci and Kandel ER, 1973). They demonstrated that the response
decrement observed behaviorally in Aplysia is due to decreased neurotransmitter
release at the sensorimotor synapse (Castellucci and Kandel, 1974, Cohen TE et al.,
1997). In an effort to define the sub-cellular locus of GFS habituation we will perform
an analysis of calcium signals using two-photon confocal calcium imaging on the
dendritic arbors of LC4 neurons or on the synaptic sites of their axonal terminals on
the dendrites of GF neuron.

Finally, Drosophila is a premier system for unravelling the molecular interplay leading
to habituation (Acevedo et al., 2007). In an attempt to get the whole picture we will
further test candidate molecules known to be involved in habituation. Previous data
in our lab (Kadas PhD, 2012) support that D14.3.3¢ has profound effects on LLR
habituation of the giant fiber system. The study used homozygous mutant lines (D14-
3-3e®4/D14-3-3e®* and D14-3-3¢!(3)i2B10/p14-3-3¢!3)2B10) \which exhibited increased
habituation, highlighting a protective role upon premature habituation. It is suggested
to use the new GAL4 drivers to verify their role in GFS habituation.

2.3 Research Strategy
Neuron-specific ablation

The Drosophila strains needed for our experiments will be obtained by crossing LPLC2-
GAL4 and LC4-GAL4 to UAS-TTX. In order to block neurotransmission from LPLC2 to
LC4 the gene shibiri will be overexpressed in the LPLC2 neurons specifically, thus a
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cross LPLC2-GAL4 to UAS-shi* will be needed. To obtain controls for our experiments,
Gal4 driver will be crossed to homozygotes to UAS-shi® and UAS-TTX. Similarly, UAS-
shis, UAS-TTX and Gal4 driver homozygotes will be crossed tow!!!, to obtain
heterozygous controls. Animals able to express the tetanus toxin light chain transgene
(UAS-TNT) (Sweeney et al. 1995) will be raised at 18°C until hatching, then they will be
placed at 20°-22°C for 2 d prior to testing.

Transgenes that will be used to block neurotransmission are UAS-TNT (Keller et al.
2002) and UAS-shits bearing a temperature-sensitive mutation of the dynamin
encoded by the gene shibire (Kitamoto 2001). Tetanus toxin light chain prevents
neurotransmitter release by cleaving synaptobrevin, a protein required for synaptic
vesicle docking on presynaptic neurons (Humeau et al. 2000). In contrast, inactivation
of the temperature-sensitive dynamin Shibire® is thought to prevent neurotransmitter
recycling to the presynaptic neurons, causing their functional depletion (Kitamoto
2001).

Electrophysiological preparation and recordings

The protocol that will be followed for our electrophysiological studies will be the same
as in our previous experiments. It is described below:

Flies will be anesthetized (placed them on ice) and glued to a thin metal wire attached
to the neck with cyanoacrylate adhesive. In order to stimulate the GF neurons and
subsequently the following motorneurons, a pair of electrodes will beinserted in the
eyes. A similar electrode will be used to record from the DLM (fibers 5 and 6) or TTM.
A fourth tungsten reference electrode will be placed into the scutellum or the
abdomen (Tanouye and Wyman, 1980; Engel and Wu, 1992; Allen et al., 2000). Brain
or thoracic stimulation will be performed by delivering stimuli (0.15 ms in duration)
with a Grass S88 stimulator (Grass Technologies), while DLM or TTM muscle action
potentials will be acquired in the frequency range (300 Hz to 10 KHz) and amplified
100X by a differential AC amplifier (model 1700; A-M Systems). Data will be digitized
with an analog-to-digital converter (Digidata 1200; Molecular Devices) without
filtering and will beanalyzed and displayed with Clampex 8.1 version software
(Molecular Devices).

Measuring "latency response" (the time between the stimulation and muscle
depolarization) will provide a way to reproducibly and quantitatively assess the
functional status of the GFS components, including both central synapses (GF-TTMn,
GF-PSI, PSI-DLMn) and the chemical (glutamatergic) neuromuscular junctions (TTMn-
TTM and DLMn-DLM). The parameters that will be used in order to assess habituation
of the Drosophila’s escape response system will be the SLR (Short Latency Response)
and the LLR (Long Latency Response). In general, “latency response” is the time
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between the stimulation and the depolarization of the muscle. Specifically short
latency response (SLR), is an estimation of the time required for the signal, that is
initiated by direct electrical stimulation of the GFs, to activate the target muscle. Five
recordings will be acquired to estimate the average response latency of each fly. For
long-latency responses (LLRs), GF neurons will beactivated synaptically (indirect GF
stimulation). Their activation will beachieved by low strength- compared to short
latency response activation- electrical pulses (Engel and Wu, 1996) delivered through
electrodes positioned in more external eye layers.

Mimicking the visual stimuli, evoking the giant fiber response which is actually the
escape response of the fly, we will stimulate electrically the eyes. Different intensities
of electrical stimulation, passed between electrodes in the eyes, can be used to
activate afferent elements in the brain (long-latency response) or to bypass them and
trigger the thoracic stage (short latency response), enabling the analysis of distinct
circuit components with different response properties (Elkins and Ganetzky, 1990;
Trimarchi and Schneiderman, 1993; Engel and Wu, 1996; Lin and Nash, 1996). We will
also have demonstrate that the long-latency response shows characteristic
parameters of habituation (Thompson and Spencer, 1966)

Two-photon confocal calcium imaging

In general two-photon imaging causes less phototoxicity and permits deeper tissue
penetration than other fluorescent microscopy techniques, providing high spatial and
temporal resolution imaging of calcium influx in neurons (Yuste and Denk, 1995; Wang
et al. 2001).

Performing physiology experiments necessitates placing several constraints on the
flies. Flies in our holders will have some of their cuticle removed and their brains
exposed. We will employ this kind of microscopy in order to record calcium levels in
the LC4 neurons stimulating with a frequency of 5 Hz, a frequency used for the
habituation protocol. For calcium imaging experiments, the genetically-encoded
calcium indicators GCaMP6f/7f or GCaMP6m/7m will be expressed using the
Gal4/UAS- system in LC4 driver lines, resulting in the following genotype: LC4>GC6f.
Regions of interest (ROIs) will be selected by hand in the dendritic armors of LC4 and
in the axon terminals on the GF dendrites outlining the cellular locus of the effect.

Analysis of two-photon imaging data

Analysis of two-photon images will be performed using MATLAB scripts (The MathWorks,
Inc.).
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