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Summary

Habituation is a form of sensory filtering in response to prolonged or repeated stimuli in 
the environment [Harris, 1943; Thompson and Spencer, 1966; Christoffersen, 1997; Rankin 
et al., 2009], It provides biological organisms with a means of ignoring non-salient aspects 
of the local environment in order to selectively focus on stimuli that are potentially more 
relevant e.g. those associated with danger or a food source. Though habituation is one of the 
simplest form of memory, it is likely an important building block for more complex forms of 
learning [Fabiani et al., 2006; Rankin et al., 2009].

This thesis describes the study of an olfactory-avoidance behaviour in the model organ
ism Drosophila Melanogaster. The aim of the work of this thesis was twofold: firstly, to 
establish experimental protocols to provide assays for the study of odour-evoked activity of 
olfactory neurons in habituated flies in vivo', secondly, to extend our knowledge of the neural 
pla.sticity underlying olfactory-avoidance habituation.

Olfactory-avoidance habituation has both a short- and long-term form— STH and LTH. 
Neural plasticity associated with both forms was investigated. The neural plasticity asso
ciated with the prolonged odour-exposure of the STH protocol was characterised more ex
tensively. Although presenting some technical challenges (Chapter 6), this form of the be
haviour is more experimentally tractable (discussed in the introduction to Chapter 5). The 
characterisation of this neural plasticity evoked by the STH protocol using an in vivo assay 
of olfactory neural function using a Ca^+ sensor (GCaMP3) was guided by previous inves
tigation of STH by way of behavioural assay [Das et al., 2011; McCann et al., 2011]. This 
previous work implied that the neural plasticity underlying STH is a potentiation of inhibition 
of the olfactory projection neurons (PNs) innervating odour-responsive glomeruli within the 
antennal lobe (AL), the primary olfactory processing centre in insects. Such a potentiation 
of inhibition would result in decreased responses to ethyl butyrate (EB) stimuli in the PNs of 
these glomeruli. A candidate for this plasticity was observed as a decreased Ca^+ flux in the 
dendrites of EB-responsive PNs (Chapter 5) following the STH protocol. To provide further 
context for the interpretation of this plasticity, adaptation of EB-evoked activity in olfactory 
sensory neurons (OSNs) was investigated as a potential cause of the decreased activity in the 
downstream PNs. Targeted OSN recordings, in specific OSN populations, were performed 
to quantify EB-evoked activity both before and after the 15-minute EB-exposure of the STH 
protocol. Sensory adaptation was shown to persist, to some extent, 10 minutes after the 15-
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minute EB-exposure. This adaptation, however, cannot fully explain the magnitude of the 
plasticity occurring within the AL. These findings contribute to our knowledge of the circuit 
plasticity underlying habituation behaviour.



Acknowledgements

I would like to thank my supervisor, Professor Mani Ramaswami, for many an enjoyable 
discussion, his patience, and his inspiring belief in me and my work. Thanks to all the mem
bers of the Ramaswami labs (Sahar, Adrian, Jens and Jorn, Isabell), and former members 
(Chris and Aoife) for many a tasty beer shared and the many hours of constructive criticism 
on experiments and the resulting thesis; especially Isabell Twick who has shared this doc
toral journey through the highs and lows. I would like to thank Professor Ron Calabrese who 
provided invaluable expertise and advice while on sabbatical here. Also a thanks to David 
Sandstrom, Wyanand Van der Goes van Waters, Vivek Jayaraman, Joe McCauley, Vikas 
Bhandawat, Kathy Nagel, and Frederic Marion-Poll who helped me out on some technical 
problems along the way.

A big thanks to my family and friends who helped, through both their advice and their 
company, to make the journey not only bearable, but enjoyable. A thanks to Ailbhe for 
putting up with living with a stressed PhD student for so many months and being an infinite 
source of DTpXwisdom. And finally, I would like to thank Emily for her persistent love and 
support from thousands of miles away.



VI



Our rule has been not only to repeat an experiment many times, but to repeat it under 
as many dijferent conditions as possible. The histologist often finds it necessary to adopt 
complicated and tiresome methods in order to demonstrate a single fact. So, also, we have 
found that to learn anything of the mental processes of spiders the way is long and beset with 
difficulties. To use the words of Ribot: “Many of these investigations, we shall see, pertain 
to very modest questions, and it is probable that the partisans of the old psychology will find 
the work too great for results so small. But those who give allegiance to the methods of the 
positive sciences will not complain of this. They know how much effort the smallest questions 
require; how the solution of small questions leads on to the solution of great ones, and how 
barren of results it is to discuss great problems before the small ones have been solved."

Peckham and Peckham [1887]
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Chapter 1

Introduction

Learning and memory are the principal means by which an organism alters its behaviour in 
response to the environment. The principal subdivisions of memory are explicit and implicit 
memory. Explicit memory includes both episodic memory, in which we remember specific 
prior events, and semantic memory, in which we recall facts about the world. The latter type 
of memory, implicit memory, results from a diverse range of processes including priming, 
procedural, associative, and non-associative forms of learning. It is non-associative learning, 
specifically habituation, which is the topic of investigation for this thesis. As we will see, 
simpler forms of learning like habituation and associative conditioning are studied not only 
because they constitute fundamental forms of learning common to all animals but also be
cause the mechanisms by which they occur can provide us with a deeper understanding of 
the brain plasticity that underlies more complex forms of cognition.

1.1 Learning and memory

The study of associative learning provided a key development in the discourse of psychology. 
By moving away from the psychology schools of the 19th century, the study of associative 
learning provided an avenue to approach psychology in an empirical manner. Through the 
further development of modern tools to assess neural function, these studies formed the basis 
of what we now view as behavioural neuroscience.

1.1.1 Associative learning

The experiments of Ivan Pavlov, which investigated learning in dogs, provided insights that 
contributed to foundations of the behaviourism approach to psychology: the basis of modern 
behavioural therapy [Plaud, 2003] and learning theory [Bouton, 2007]. Behaviourism as a 
school of thought shared commonalities with other approaches to psychology (psychoana
lytic and gestalt movements) but distinguished itself by its heavy reliance on experimental 
verification and dominated for the first half of the 20th century. Indeed, John B. Watson
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describes behaviourism as an approach that can only concern itself with observable events 
(as opposed to internal events, which could not be empirically studied at that time, such as 
thoughts and emotions) [Watson, 1913] and explains that such an approach drew heavily 
upon the insights of Pavlovs experiments.

Pavlovian, or classical conditioning, is a type of associative learning that centres on the 
observable behaviour of an animal as it learns to associate the occurrence of a neutral stim
ulus (termed the conditioned stimulus (CS)) with that of an unconditioned stimulus (US). 
When the animal has learned the association, the CS typically elicits the same behavioural 
response as when the US is presented in isolation. Additional phenomena that could occur 
with this form of learning were delineated through an elegant series of experiments. These 
phenomena included extinction, external inhibition, recovery from extinction, stimulus gen
eralisation, stimulus discrimination, latent inhibition, conditioned suppression, conditioned 
inhibition, and blocking [Pavlov, 1927].

The understanding of associative learning was further developed by important experi
mental and theoretical contributions from Clark Hull, Edgar Thorndike, and B.F. Skinner. 
Clark Hull proposed, among other important concepts, that a stimulus produces not only an 
active neural response but also a residual inhibition to the same stimulus, which he termed 
“reactive inhibition” [Hull, 1943]. Edgar Thorndike discovered and Burrhus Skinner sys
tematically described, an additional form of conditioning, operant conditioning. This form 
of learning occurs upon administration or cessation of a reinforcement or punishment sub
sequent to a behaviour. The learning results in an increase or decrease the likelihood of the 
behaviour occurring again in the future.

Joseph Wolpe was responsible for the development of the first behaviour therapy, system
atic desensitisation [Wolpe, 1958]. This technique drew from Pavlov’s ideas on experimental 
neuroses and the behavioural changes brought about by counter-conditioning. It also drew 
from Hull’s learning theory to explain the persistence of anxiety responses as a maintenance 
of inhibitory processes [Plaud, 2003].

Other simple forms of learning that do not rely on association with a CS or other form of 
reinforcement are also important for understanding animal cognition. Of these forms, non- 
associative learning occurs in all animals and interacts extensively with associative learning. 
Indeed, Pavlov observed non-associative phenomena. When the US was delivered prior to 
training, a delay in the learning of the association occurred, termed latent inhibition. La
tent inhibition is observed in many species [Lubow, 1973]. Learned irrelevance is another 
form of non-associative learning. It is caused by pre-exposure to both the CS and US in an 
uncorrelated manner prior to associative learning. This delay in learning is more reliably 
induced than latent inhibition, may rely on alternative mechanisms, and has implications in 
human disease [Gray and Snowden, 2005]. The impact of these additional non-associative 
processes has important implications on associative learning. The study of both the learning 
phenomena per se as well as their interaction with other forms of learning is warranted.



1.1.2 Non-associative learning

The two forms of non-associative learning that have been studied most extensively are sen
sitisation and habituation. Sensitisation has been explored principally in the reduced prepa
ration of the sea slug Aplysia californica and will be discussed briefly later in the context 
of the discovery of the discovery of the molecular mechanisms that are responsible for the 
neural plasticity underlying habituation. Before describing this exploration, I will briefly 
introduce the history of the study of habituation behaviour, the most commonly studied form 
of non-associative learning.

A history of habituation

Christoffersen [1997], in an extensive description of the history of the characterisation of 
habituation, describes what may be the first scientific account of habituation by Peckham 
and Peckham [1887]. This investigation describes the mental faculties of spiders, including 
the learned decrease in an escape response after repeated presentation of an alarming but non- 
noxious stimulus. This offered a clear demonstration of a modification of a reflex behaviour 
contrary to the “invariance doctrine”, a prevailing theory at the time that stated that reflexes 
could not be modified through learning. Partly due to the persistence of this doctrine, it took 
many decades for this behaviour to be studied consistently under the name of habituation. 
It was studied under the term of gewdhnung [Abels, 1906[, fatigue [Sherrington, 1906], 
the practice effect [Griffith, 1920], extinction of a US [Pavlov, 1927], negative-adaptation 
[Humphrey, 1933] and adaptation [Coombs, 1938].

With overwhelming evidence discounting the invariance doctrine, the number of studies 
characterising simple forms of reflex learning like habituation grew. Donald Harris reviewed 
behaviours where decrements in responses to repeated stimuli occurred. These behaviours 
were described by a multitude of terms. Choosing habituation to describe the ‘common 
denominator of these generic terms’ [Harris, 1943], the learning phenomenon is defined as 
being explicitly distinct from the other phenomena of “receptor adaptation” or “loss of ef
fector’s ability to respond”. This description was followed soon after by a description from 
William Thorpe, who described habituation as “an activity of the central nervous system 
whereby innate responses to certain relatively simple stimuli, especially those of potential 
value as warning of danger, wane as the stimuli continue for a long period without un
favourable results” [Thorpe, 1950].

It is worth noting that Christoffersen [1997] suggests the more precise term of “non- 
associative reflex relaxation” for habituation in order to distinguish it from other forms of 
behavioural decrement such as rodent familiarisation to novel environments. It is, however, 
sufficient for the purposes of this thesis to use the term habituation, as defined above by 
Thorpes description, to describe the behaviour studied. This description aligns with subse
quent publications of the behavioural phenomenon. In 1966, a proliferation in the number



of studies on this phenomenon was sufficient for a review that consisted of a behavioural 
phenomenological description of habituation [Thompson and Spencer, 1966],

Thompson and Spencer described the common elements to many of the behaviours that 
had been studied as habituation, and they included 9 features to help in the identification 
of the behaviour. These features were the previously described decrement in a behavioural 
response following a repeated stimulus, a long-term form of the behaviour, spontaneous 
recovery of normal behaviour after some time with no stimulus administered, dishabituation 
or erasure of the learning following an intense stimulus, habituation of the of dishabituation 
itself when repeated induced, generalisation of the learning to other stimuli that are similar to 
the habituating stimulus, a change in the degree of habituation observed when the habituating 
stimuli is of different intensities and finally, a changes in the speed with which the learning is 
elicited when the stimulus frequency is altered. These criteria are still used today to provide 
guidelines for the study of habituation. Few suggestions to improve upon these criteria have 
been made [Christoffersen, 1997; Rankin et al., 2009].

1.1.3 The mechanisms of habituation

At the end of the 19th century, Santiago Ramon y Cajal, arguably the father of modern 
neuroscience, proposed that the basis of learning and memory was in the plasticity of the 
connections, now termed synapses, between neurons [Cajal, I894[. As early as 1906, this 
was hinted at by the experiments of Charles Sherrington on habituation of leg flexion and 
scratch reflexes in dogs [Sherrington, 1906]. Locating the neural plasticity underlying this 
learning to the spinal chord, Sherrington’s work pointed to a decreased efficacy of the con
nections between the neurons responsible for these reflexes. As discussed in the subsequent 
sections, it is such synaptic plasticity that has been come to be viewed as the fundamental bi
ological underpinnings of learning and memory [Milner et al., 1998; Kandel, 2001; Malenka 
and Bear, 2004]. Exploring these fundamental mechanisms for implicit memory informs us 
of the more complex declarative memories that are more difficult to probe experimentally. 
Modern neuroscience is unravelling both the molecular mechanisms by which the neural 
plasticity occurs as well as the resulting changes in activity within neural circuits.

Theories of circuit plasticity underlying habituation

Although habituation is one of the simplest forms of memory, it has taken many decades 
to describe the basic underlying mechanisms. Unlike associative learning, which concerns 
the integration of information from more than one sensory modality, non-associative forms 
of learning do not necessarily involve higher brain centres in such integration and so rely on 
circuit plasticity restricted to fewer neurons. This is exemplified by Sherrington’s localisation 
of a habituation behaviour to the spinal chord.



Spencer et al. [1966] further elucidated the mechanisms of the leg flexion habituation be
haviour by using intracellular recordings of motor neurons to implicate a reduced efficacy of 
upstream synapses as a mechanism. For these experiments in spinalised cats, their intracellu
lar recordings enabled observation of post-synaptic potentials in the motor neurons involved 
in the reflex as well as the synaptic depression occurring upstream in either the sensory neu
rons or interneurons. This plasticity was independent of changes in membrane resistance of 
the motor neurons. It was suggested to be as a result of homo-synaptic depression of the 
sensory neuron synapses; the changes were due to decreases in the synapses responsible for 
connecting the sensory neuron to the motor neuron. Similar accounts of habituation being 
due to homo-synaptic depression were observed in Annelida [Gwilliam, 1969], Crustacea 
[Krasne, 1969; Krasne and Woodsmall, 1969; Zucker, 1972], Insecta [Callec et ah, 1971; 
Zilber-Gachelin and Chartier, 1973a,b], Gastropoda [Castellucci et ah, 1970; Carew and 
Kandel, 1973] , and Amphibia [Fare!, 1971;Farel etah, 1973].

In 1943 Harris stated “we know, at least, that habituatory phenomena can be observed 
throughout so extreme a range of organisms and under such widely varied experimental 
conditions that any single explanatory principle would have to be too general to be satis
factory”. This has indeed proven to be the case. Although homo-synaptic depression was 
demonstrated to be integral to habituation for behaviours involving simple reflex arcs, sub
sequent experiments provided evidence that the behaviour was sometimes underpinned by 
other forms of plasticity. For example, disruption of normal function of the frontal cortex 
reduces or abolishes habituation of a cardiac accelerator behaviour [Glaser and Griffin, 1962; 
Griffin, 1970] and leg flexor withdrawal behaviour [Griffin and Pearson, 1967] in rats as well 
as blood-pressure increases in response to daily sessions of low temperature skin exposure in 
humans [Griffin, 1963]. These experiments indicated that higher brain centres can influence 
habituation of simple behavioural outputs and implicate heterosynaptic plasticity, for which 
the plasticity of many synapses, including inhibitory synapses, are involved in changing mo
tor neuron output [Christoffersen, 1997]. The involvement of plasticity of interneurons and 
inhibition helping to mediate the plasticity that encodes habituation has been shown more 
explicitly in a number of organisms. For example, in Aplysia defensive withdrawal reflexes 
involve plasticity of interneurons [Cleary et al., 1995], in C. elegans habituation of the tap 
withdrawal reflex relies on plasticity of both sensory neurons and interneurons [Wicks and 
Rankin, 1995], in crayfish, the habituation of the escape reflex can also be caused by inhibi
tion descending from higher brain centres [Krasne and Teshiba, 1995].

As the evidence for inhibition accumulated, models of habituation for more complex 
behaviours were developed, including the ‘stimulus model comparator’ theory [Sokolov, 
1963], the ‘opponent process’ theory [Solomon, 1980] and the ‘negative image’ model [Ra- 
maswami, 2014]. The latter model proposes that excitatory neurons activated by a stimulus 
can recruit a corresponding inhibitory representation that can grow in strength for habitu
ating stimulus so as to reduce transmission of the stimulus by excitatory neurons. These



models help to extract commonalities in the mechanisms underlying diverse habituation be
haviours and direct future experimentation. The investigation of habituation has enriched 
our understanding not only of the circuit mechanisms that are used to encode memory but 
also of the underlying molecular mechanisms. The insights provided on this latter topic are 
described in the next section. The work reported in this thesis studies the habituation of an 
olfactory-avoidance behaviour (described in Section 1.4) in Drosophila. The complexity of 
olfactory perception (described in Section 1.3), for which the ensembles of neurons used to 
encode different stimuli can broadly overlap, likely rules out homo-synaptic depression as 
the principle mechanism of habituation for this sensory modality. The characterisation of the 
neural plasticity that is responsible for olfactory-avoidance behaviour is the principle aim of 
the work of this thesis.

The molecular mechanisms of memory

Invertebrate model organisms are especially useful in determining the molecular mechanisms 
of neural plasticity [Burrell and Sahley, 2001]. Great advances in our understanding of the 
mechanisms of memory have been made in C. elegans [Rose and Rankin, 2001; Giles and 
Rankin, 2009; Ardiel and Rankin, 2010], Apis mellifera [Muller and Hildebrandt, 2002], 
Aplysia, which will be discussed presently, and Drosophila, which will be discussed in the 
next section.

The study of the model organism Aplysia californica has been e.specially useful in elu
cidating the mechanisms of both associative [Baxter and Byrne, 2006] and non-associative 
forms of learning [Burrell and Sahley, 2001; Kandel, 2001; Glanzman, 2009]. The Aplysia 
central nervous system is composed of just 20,000 neurons compared to the approximately 
86 billion of the average human brain [Azevedo and Carvalho, 2009]. The nerves cells of this 
animal are among the largest in the animal kingdom, reaching diameters of lOOOjUm. Finally, 
the interneurons, sensory neurons, and motor neurons involved in behaviours of interest are 
readily experimentally accessible.

The behaviours of interest are predominantly in the form of behavioural modification 
of the gill and siphon withdrawal reflex. These structures are sensitive to physical dam
age and are withdrawn at the threat of danger. The defensive behaviour can be modified 
by environmental stimuli in a number of ways, including through habituation to repeated 
non-noxious stimuli, dishabituation (where habituation behaviour is altered), sensitisation to 
noxious stimuli, and associative learning for non-salient stimuli paired with stimuli relevant 
for the behaviour [Castellucci et al., 1970; Carew et al., 1972; Pinsker et al., 1973; Kandel, 
2001].

The molecule cyclic adenosine 3’,5’-monophosphate (cAMP) was the first molecule im
plicated in mediating the synaptic changes involved in the gill withdrawal reflex learning 
[Schwartz et al., 1971] by altering neurotransmitter release [Brunelli et al., 1976; Kandel 
et al., 1976]. The involvement of the cAMP molecule was demonstrated by direct injection



of the molecule into pre-synaptic neurons, which induced synaptic changes, as well as by 
observing the involvement of other proteins in the cAMP signalling pathway [Cedar et al., 
1972], The neuromodulators seratonin and dopamine were shown to trigger this cAMP- 
mediated plasticity [Cedar and Schwartz, 1972], Seratonin specifically was involved in trig
ger the synaptic plasticity underlying the sensitisation of the reflex following an electric 
shock administered to the tail [Hawkins et al., 1981; Glanzman et al., 1989[.

In addition to determining the neuromodulators that could trigger synaptic plasticity and 
identifying cAMP signalling as a key pathway mediating the plasticity, downstream changes 
within neurons of the circuit were characterised. Modifications at the level of ion channels 
involved in spike generation and neurotransmitter release were discerned [Klein and Kandel, 
1980; Sieglebaum et al., 1982; Byrne and Kandel, 1996]. Some of these changes, triggered 
by cAMP signalling, were mediated by protein kinase A [Castellucci and Kandel, 1980]. The 
insights derived from such a delineation of the proteins involved in mediating the cellular 
plasticity extended to studies in mammals for more complex forms of learning [Milner et al., 
1998]. Similarly conceptual contributions were made in Aplysia for long-term forms of 
memory.

Protein synthesis is required for long term memory formation in Aplysia, just in ver
tebrates [Ebbinghaus, 1913; Flexner et al., 1966]. The mechanisms have been well char
acterised indicating the participation of many proteins in the process including the protein 
phosphatases 1 and 2a, calcineurin, voltage-dependent Ca^"*^ channels and the glutamatergic 
AMPA and NMDA receptors [Glanzman, 2006, 2009]

Although most of what we know regarding the molecular mechanisms of implicit mem
ory has been derived from invertebrate studies, some substantial advances have also been 
made in mammals. Habituation behaviours recently characterised extensively in rodents 
were those relating to olfactory stimuli [Smith et al., 2009; Wilson, 1998a,b,a, 2000, 2009; 
Wilson and Linster, 2008; Yadon and Wilson, 2005; McNamara et al., 2008]. Olfactory habit
uation is observed over a multiple timescales [McNamara et al., 2008; Fletcher and Wilson, 
2002; Wilson, 2009]. The site of plasticity for different forms was located. While more tech
nically challenging in the rodent model system, the molecular mechanisms by which these 
different forms of habituation behaviour occur are beginning to be uncovered. These include 
a dependence on the neuromodulator noradrenaline, metabotropic glutamate receptors [Best 
and Wilson, 2004], and the NMDA receptor [Wilson, 2009; Chaudhury et al., 2010], which 
is activated by a coincidence of pre-synaptic glutamate release and post-synaptic depolarisa
tion.



1.2 Drosophila as a model organism for olfactory habitua
tion

Drosophila Melanogaster proves an exceptional model organism in the study of neuro
science [Kazama, 2015] for a number of reasons. While it does not boast the ease of access 
to electrophysiological recordings that Aplysia has, as a model organism it provides a host 
of genetic and trangenic techniques that have been continuously developed over the recent 
decades [Venken and Bellen, 2005; Venken et al., 2011; Simpson, 2009], Drosophila has 
a long history of the study of learning and memory that have complemented the insights 
derived from other model organisms [McGuire et al., 2005; Keene and Waddell, 2007]. Its 
olfactory system, which bears remarkable similarity to that of mammals [Ache and Young, 
2005], has become experimentally accessible due to the recent development of a number of 
techniques. This has led to a comprehensive knowledge of how olfactory stimuli are encoded 
in the neurons of this organism [Su et al., 2009; Masse et al., 2009; Wilson, 2013](described 
in Section 1.3).

An extensive characterisation of habituation behaviours in Drosophila has been carried 
out (reviewed by Engel and Wu [2009]). Habituation behaviours specific to olfaction within 
this model organism are described in Section 1.4. All of the above studies have revealed 
shared and contrasting underlying neural mechanisms of the different habituation behaviours 
in Drosophila. One habituation behaviour that has proven particularly successful in the char
acterisation of such mechanisms is the olfactory-avoidance habituation paradigm [Das et al., 
2011; McCann et al., 2011]. The characterisation of this behaviour is described extensively 
in Section 1.4 and carried out by collaborators in NCBS, Bangalore. A choice assay was 
used for odour preference. The avoidance responses to CO2 and high concentrations of EB, 
which is aversive to flies at higher concentrations [Semmelhack and Wang, 2009], were stud
ied before and after a protocol that induced habituation. These studies developed a model for 
olfactory circuit plasticity (described in Figure 1.5) as well as the molecular underpinnings 
for this plasticity. The characterisation of the in vivo neural correlate of this behaviour pro
vided an appealing avenue of study due to the precise, testable hypotheses on the location 
and nature of this plasticity.

More comprehensive reviews of the powerful techniques for probing biological processes 
within Drosophila have been published [Venken and Bellen, 2005; Venken et al., 2011; Simp
son, 2009]. Here, a brief review of experimental tools pertinent to the thesis are reviewed.

Genetic techniques A number of genes involved in associative learning and memory in 
Drosophila [McGuire et al., 2005] were discovered by studying the effects of randomly- 
induced mutations in the genome. For example, the first learning and memory mutant, dunce 
[Dudai et al., 1976], is deficient in cAMP phosphodiesterase activity [Byers et al., 1981]. 
Another learning and memory mutant, rutabaga (or rut), has a disrupted Ca^"'^/calmodulin-
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sensitive type I adenylyl cylcase [Livingstone et al., 1984; Levin et al., 1992]. Screens for 
such mutants using a variety of assays develop our knowledge of the genetic underpinnings 
of the normal physiology in the fly and direct future research. Keene and Waddell’s [Keene 
and Waddell, 2007] review of Drosophila olfactory learning and memory describe 36 genes 
involved, or suspected to be involved, in learning and memory; moreover, mutant analysis 
provides a powerful method to probe the molecular underpinnings of behaviour.

Binary expression systems allow targeted expression of proteins in genetically-defined 
cell populations. One such system uses a yeast transcription factor, GAL4, and its target 
DNA sequence, the upstream activator sequence (UAS) [Brand and Perrimon, 1993]. In
sertion of the DNA that encodes GAL4 protein into the Drosophila genome allows the tran
scription factor to be expressed in a spatially and temporally restricted manner that is defined 
by local promoter and enhancer sequences. Any gene cloned downstream of the UAS will be 
driven in a similarly-controlled manner resulting in the expression of any protein required. 
A GAL80'^ construct can complement this system by providing a heat-sensitive repressor 
protein of GAL4 function by only allowing the protein of interest to be expressed in the fly 
upon its exposure to an increased temperature [Zeidler et al., 2004]. This adds further exper
imental control to the expression of the protein under the GAL4 system. Finally, in a similar 
manner to the GAL4 system, the Lex A/Lex Aop [Lai and Lee, 2006], and QF/QUAS [Potter 
et al., 2010] systems can target protein expression to cell populations.

Techniques for manipulating and quantifying neural activity With control of expres
sion of transgenic proteins. Drosophila offers a number of methods to manipulate neural 
activity in genetically-targeted cells. Among many, a protein used to depolarise neurons is 
TRPAl, a heat-activated cation channel that opens above a threshold temperature [Pulver 
et al., 2009]. The TRPAl-mediated method of increasing neural activity can be useful to 
discern the affects of increased activity in a component of a neural circuit. In contrast, if 
blocking the output of a such a circuit component is desired, a useful method of doing so 
is to use a temperature-sensitive dynamin protein, shibire'''. The wildtype dynamin protein 
is required for normal vesicle exocytosis at the synaptic cleft [Henley et al., 1999]. Above 
a threshold temperature, shibire'-* will prevent this exocytosis from the cells in which it is 
expressed [Kitamoto, 2001]. While these two examples show how neural function can be 
manipulated specifically, a tool that can perturb normal cellular function in a more specific 
way is that of RNA interference (RNAi) lines [Dietzl et al., 2007]. RNAi expression, driven 
using the GAL4 system, specifically disrupts transcription of a targeted gene in a subset of 
cells.

Standard electrophysiological investigation of the Drosophila olfactory system has re
cently become possible due to technical advances. Electroantenogram (EAG) recordings can 
measure the activity of a large portion of the olfactory sensory neuron (OSN) population at 
once [Ayer and Carlson, 1992]. Single sensillum recordings (SSR) are extracellular in na-



ture, described in Chapter 8 more extensively, and target specific sensory neurons rather than 
the populations of OSNs. Patch-clamp recording of Drosophila olfactory neurons located 
in the brain itself can also be performed [Wilson, 2004], In addition to electrophysiological 
techniques, a number of genetically-encoded sensors of neural activity are available. The 
development of Ca^+ sensors is currently the most powerful tool to assess broad patterns of 
activity within the Drosophila brain. Ca^ sensing as a method of assessing neural activity 
is reported in the following section.

imaging Ca^^ is used as a key signalling messenger throughout biology [Berridge 
et al., 2000]. From cell cycle regulation to transcriptional regulation to smooth muscle con
traction, cellular processes are regulated by intra- and inter-cellular fluctuations in Ca^^ 
concentration. Sometimes a single spike in the intracellular calcium concentration, [Ca^^],, 
is sufficient to trigger a cellular response. Other times repeated waves of Ca^^ in cells are 
used as a signal. These waves can occur as slowly as every 24 hours in the case of the ini
tiation of mitosis as part of the cell cycle to seconds in the case of signalling in the liver or 
pancreas to even more transient occurrences neurons.

In neurons, [Ca^+], is increased in a number of ways including metabotropic regulation 
of stores in cellular organelles as well as influx through neurotransmitter-gated ion channels 
[Berridge et al., 2000]; however, in vitro [Jaffe et al., 1992] and in vivo [Svoboda et al., 1997] 
studies showed a key source of Ca^+ influx in neurons to be voltage-gated Ca^+-channels ac
tivated during each action potential (AP). For each AP Ca^' levels rush from approximately 
50-100nM up to concentrations 10-100 fold higher [Berridge et al., 2000]. Each AP is also 
sufficient to invade dendrites and cause Ca^^ fluxes throughout these structures [Spruston 
et al., 1995; Waters et al., 2005]. Of all ions that show activity-dependent fluxes in neu
rons, Ca^"*^ is unique in how great the magnitude of its changes in concentration are [Hille, 
2001]. This makes the measurement of [Ca^"*^], an ideal approach to attempt to infer activity 
in neurons without the use of electrophysiological methods.

The development of Ca^"*^ sensors and their use in biology has shown exciting devel
opments in recent years and has been extensively reviewed [Hires et al., 2008; Koldenkova 
and Nagai, 2013; Tian et al., 2012; Looger and Griesbeck, 2012; Grienberger and Konnerth, 
2012; Hendel et al., 2008]. One of the first examples of the use of a Ca^"*^-indicator in the 
study of cellular activity was by Ridgway and Ashley [1967] when they injected aequorin, 
a Ca^+ sensitive protein extracted from a jellyfish, into the muscle fibre of a barnacle. De
livery of this protein, or, indeed, synthetic dyes at that time, into cells was difficult, and a 
number of properties of early Ca^'*'-indicators were far from ideal. Improvements over the 
years have made the detection of Ca^"^ concentration substantially easier. One such notable 
advance occurred in the form of the family of sensitive fluorescent indicators [Tsien, 1980], 
of which Quin-2 and subsequently fura-2 [Grynkiewicz et al., 1985] are a part. The latter 
was especially useful because of a better signal-to-noise ratio (SNR) of the dye and the ca-
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pacity for more quantitative [Ca^+], measurement by ratioing signals from two excitation 
wavelengths [Neher, 1995], More recent improvements in synthetic dyes include Oregon 
Green BAPTA-1 [Brain and Bennett, 1997] and fluo-4 [Chambers et ah, 1999], which pro
vide excellent SNR and rapid kinetics as well as a number of other desirable properties for in 
vivo imaging. Synthetic indicators with a large range of Ca^"*^ affinities exist. Together, these 
features facilitate experiments studying Ca^"^ activity in a diverse range of cellular contexts 
[Paredes et ah, 2008].

Despite their usefulness there are key disadvantages to using synthetic Ca^^ indicators. 
The first concerns the loading of dyes into cells. Initially this was performed using the 
invasive method of direct injection, which is not ideal as the number of cells that can be 
injected is limited. This issue was improved by using membrane permeable dyes that, upon 
diffusion into a larger number of cells, are hydrolysed by endogenous cellular enzymes to 
make the dyes membrane impermeable [Tsien, 1981]. This method still does not allow for 
targeting of analysis to molecularly defined subsets of cells, nor does it facilitate sub-cellular 
targeting. The second disadvantage of synthetic dyes is the poor cellular targeting with their 
use. This can be remedied by using direct injection targeted to genetically-labelled cell lines. 
Chronic recording with synthetic dyes is also difficult although recent dyes do enable this 
approach [Andermann et ah, 2010]. A useful advance in Ca^+ sensor technology was the 
generation of genetically-encoded Ca^"*^ indicators (GECIs) [Nakai et ah, 2001; Miyawaki 
et ah, 1997], which largely addresses these two disadvantages of synthetic dyes. Sensor 
concentration and localisation is controlled by endogenous cellular mechanisms, and cellular 
selectivity is defined by driver lines (such as a GAL4 line) available in the genetic tool-kit of 
certain model organisms.

While early GECIs suffered from poor basal fluorescence, dynamic range, sensitivity, 
kinetics, toxicity profile, and stability, these sensors have rapidly developed over the last 
decade. The sensor properties can be assessed in vitro; however, to guide sensor selection 
for experiments there is no substitute for characterisation of a sensor’s performance within 
the desired model system (estimation of sensor affinity can vary by up to 8-fold between in 
vivo and in vitro assays [Nakai et ah, 2001; Pologruto et ah, 2004]). Early investigation of a 
number of sensors at the Drosophila larva neuromuscular junction with simultaneous elec- 
trophysiological recordings revealed important information of the performance of a number 
of GECIs in this model organism [Reiff et ah, 2005]. GCaMPl.3 [Ohkura et ah, 2005] 
proved itself to be among the best sensors tested in this screen, and, although suffering sub
stantially from photo-bleaching and lacking the sensitivity of other candidates, it represented 
activity in a linear manner across the full range of stimulus intensities tested. This sensor 
is a GFP-stabilised version of the previous GCaMP scaffold [Nakai et ah, 2001], which is a 
circularly permuted enhanced green fluorescent protein fluorophore. Subsequent testing of 
this sensor in the adult olfactory system [Jayaraman, 2007], again with concurrent electro- 
physiological recordings, showed that there are limitations in both the kinetics and sensitivity
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of this sensor. High frequency changes in neural activity were not captured by the sensor’s 
responses. Transient spike trains with firing at rates of up to 80Hz did not always elicit 
an activity-dependent increase in sensor fluorescence. Similarly, activity of approximately 
30Hz sustained for 2 seconds was not detected. When neural activity ranged from detectable 
levels up to a firing-rate of 80Hz a weak linear relationship existed (an average correlation of 
0.51 + 0.24). The slow kinetics and limited sensitivity made it impractical to explicitly com
pute a transfer function between levels of fluorescence and the spike-rate. The next sensor 
to show small improvement on this performance was GCaMP2, which containing mutations 
that resulted in brighter GFP [Tallini et al., 2006]; however, for unknown reasons this sensor 
does not express well in Drosophila. The next substantial improvement in GCaMP-based 
sensors, which in this case can be expressed well in flies, was GCaMP3 [Tian et al., 2009].

The GCaMP3 sensor was used extensively for experiments in this thesis. It provides 
an invaluable method of assessing the broad patterns of neural activity within the olfactory 
system in a non-invasive manner. This GECI shows a greater baseline fluorescence (3-fold), 
protein stability, dynamic range (3-fold) and Ca^'*'-affinity (1.3-fold) than the GCaMP2 pro
tein [Tian et al., 2009]. More importantly, when compared to the contemporaneous state-of- 
the-art sensors D3cpVenus [Wallace et al., 2008] and TN-XXL [Mank et al., 2008], it proved 
a more photo-stable, sensitive sensor with faster kinetics.

GCaMP3 is not the best sensor in all contexts. D3cpVenus’s properties make it more 
useful at low spike-rates, and, theoretically the TN-XXL sensor is less likely to cause per
turbation of endogenous Ca^ * -signalling due to its Troponin-based Ca^+ binding moiety 
[Mank et al., 2008]; however, for our purposes where high rates of activity were anticipated, 
GCaMP3 was the ideal choice. Subsequent improvements to the GCaMP protein provide 
sensors with higher SNRs and improved kinetics that begin to rival that of commonly used 
synthetic dyes and enable single AP detection [Akerboom et al., 2012; Chen et al., 2013; 
Sun et al., 2013; Ohkura et al., 2012; Grienberger and Konnerth, 2012]. Although trade-offs 
between kinetics and sensitivity are often unavoidable, the range of GECIs now available 
provide tools to investigate Ca^"*"-activity across a diverse range cellular contexts. In ad
dition to Ca^+ sensors, a number of alternative sensors for assessing neural function exist. 
These will be discussed later in the context of the problems that they can be used to address.

1.3 The Drosophila Olfactory system

The Drosophila olfactory system (Figure 1.1) consists of olfactory sensory neurons (OSNs) 
located on two pairs of olfactory organs, the antennae and the maxillary palps. These neurons 
project to the first olfactory processing centre in the fly brain. From here projection neurons 
(PNs) send axons to higher brain regions for further processing of the neural representation 
of the olfactory stimulus.
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1.3.1 Olfactory system structure

Organisation at the periphery Drosophila have approximately 2600 OSNs that are housed 
in two pairs of sensory organs: the antennae and the maxillary palps (see Figure 1.1). The 
dendrites of 1-4 of these bipolar sensory cells branch extensively within hair-like structures 
called sensilla that cover the two organs [Shanbhag et ah, 1999, 2000]. The sensilla are 
divided roughly into three types: basiconic, coeloconic, and trichoid sensilla. Odourant 
molecules pass through pores of each sensillum where they are bound by odourant bind
ing proteins, contained within the sensillar lymph, and subsequently transported through the 
lymph to the OSN dendritic membranes to facilitate binding to and activation of odourant 
receptors. The OSN receptors expressed on the dendritic membrane are principally respon
sible for defining the odour-specificity of each OSN type [Dobritsa et ah, 2003]. If activation 
of the receptors occur, APs within the sensory neuron transduce the signal to downstream 
neurons within the olfactory system. These receptors are from one of three classes: termed 
GRs, IRs and ORs.

Ionotropic receptors (IRs) are structurally related to ionotropic glutamate receptors but 
have a highly divergent ligand-binding domain [Abuin et ah, 2011; Benton et ah, 2009], 
These receptors show conservation across bacteria, plants, and animals and may represent 
an evolutionarily ancient mechanism for chemosensation [Benton et ah, 2009]. Gustatory 
receptors (GRs) are typically used for contact chemosensation but are also present in one 
OSN type that senses CO2 [Kwon et ah, 2007; Jones et ah, 2006]. ORs, a family of in
sect specific receptors [Clyne et ah, 1999; Vosshall et ah, 1999], are the predominant and 
most studied class of odourant receptors in the Drosophila olfactory system. They differ in 
one crucial manner from mammalian metabotropic ORs [Fleischer et ah, 2009; Lledo et ah, 
2005]: although they have seven membrane-spanning domains and appear to use second 
messenger cascades including G-protein-coupled signalling [Wicher et ah, 2008; Kain et ah, 
2008; Ignatious Raja et ah, 2014], they are believed to function primarily as ligand-gated ion 
channels [Sato et ah, 2008; Smart et ah, 2008]. Typically, insect ORs operate as part of a 
heteromeric complex composed of a 1 of 62 ORs and a universal co-receptor, the Or83b or 
Oreo protein [Benton et ah, 2006; Neuhaus et ah, 2004],

OSNs, defined by their expressed receptor(s), are housed in a stereotyped manner in 
different sub-types of the three morphological sensilla types. The different sensilla and OSN 
types are distributed in a largely stereotyped manner across the olfactory organs. IRs exhibit 
a narrower range of odourant sensitivity [Yao et ah, 2005] compared to ORs, and, in the 
olfactory system, they are expressed in the cone-shaped, coeloconic sensilla [Benton et ah, 
2009]. The GR-expressing OSNs that detect CO2 are housed in a particular class of basiconic 
sensilla [Jones et ah, 2006; Kwon et ah, 2007]. ORs are expressed in the OSNs housed in 
the 60 basiconic sensilla of the maxillary palp, the antennal basiconic and trichoid sensilla, 
and one population of antennal coeloconic sensilla [Vosshall et ah, 2000; Fishilevich and
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Mushroom Body

Figure 1.1: An overview of the Drosophila olfactory system
Odour stimuli are detected at the periphery by olfactory sensory neurons (OSNs), which 
are housed in hair-like structures called sensilla. OSNs are located on the maxillary palps 
and antennae, and they project from here via the labial nerve (omitted for clarity) and the 
antennal nerve to the antennal lobe (AL), which is the fly’s primary olfactory processing 
centre. A major subset of olfactory projection neurons (PNs) send axons from the AL to 
the calyx of the mushroom body (MB) and the lateral horn (LH) . The MB is integral to 
the normal function of olfactory associative learning and memory. The LH is thought to be 
predominantly involved in innate olfactory behaviours. Figure adapted from Twick et al. 
[2014].
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Vosshall, 2005; Couto et al., 2005; Yao et al., 2005]. The trichoid sensilla are spine-shaped 
and house OSNs sensitive to the odour of other flies [Van Der Goes Van Naters and Carlson, 
2007], Large and small basiconic sensilla are club-shaped. The ORs in these sensilla have a 
broad range of sensitivities but often respond to fruit-derived odours [de Bruyne et al., 2001; 
Hallem and Carlson, 2006].

Antennal lobe and higher brain regions Axons of OSNs bundle together in the antennal 
nerve and project to the ALs, a pair of structures analogous to the olfactory bulb in mammals 
[Lledo et al., 2005], which Tanaka et al. [2012] describe well. In brief, the AL is com
posed of 56 neuropil regions, called glomeruli [Laissue et al., 1999; Tanaka et al., 2012]. 
Each glomerulus receives excitatory cholinergic input from a particular population of OSNs, 
which typically express a single OR type [Couto et al., 2005; Fishilevich and Vosshall, 2005; 
Vosshall et al., 1999]. Within a given glomerulus, OSNs form synapses with PNs, the AL 
output neurons (Figure 1.2), similar to mitral/tufted cells in mammals [Lledo et al., 2005]. 
They also contact processes of local interneurons (LNs) whose arborisations are restricted 
to the AL: LNs are comparable to mammalian granule and peri-glomerular cell interneurons 
in the olfactory bulb [Lledo et al., 2005; Stocker et al., 1990; Tanaka et al., 2012[. PNs also 
form feedback connections to LNs [Tanaka et al., 2009; Yaksi and Wilson, 2010; Sudhakaran 
et al., 2012; Liu and Wilson, 2013[. Although these connections may release neurotransmit
ter in a spike-dependent manner, the PN neurites innervating the AL will be referred to as 
the PN dendrites for the remainder of the thesis, emphasizing the similarities with the mam
malian bipolar neurons [Sanchez-Soriano et al., 2005] rather than the potential differences 
due to their unipolar nature. PNs project to the MBs, the lateral horn of the protocerebrum 
(LH) as well as other brain regions [Stocker et al., 1990; Tanaka et al., 2004, 2012]. The 
MBs are well known to be required for olfactory learning and memory [Heisenberg et al., 
1985; Heisenberg, 2003]. Genetically-targeted silencing of the MBs leaves innate olfac
tory behaviours intact thereby implying the role of the LH in such behaviours [de Belle and 
Heisenberg, 1994; Heimbeck et al., 2001].

Approximately, 140 PNs in total leave the AL [Stocker et al., 1990; Tanaka et al., 2012]. 
On average, three PNs leave a given glomerulus and bundle together in one of four AL tracts 
[Jefferis et al., 2001; Tanaka et al., 2012]. The largest tract, the medial antennal lobe tract 
(mALT, Figure 1.2 previously known as the inner antenno-cerebral tract, iACT) contains the 
largest class of PNs (~60 neurons), the AL-mPNl class. This class, to which neurons labelled 
by the GH146-GAL4 line belong (described later), are referred to as “PNs” for the remainder 
of the thesis, except when the term ePNs (excitatory) will be used to distinguish them from 
iPNs (inhibitory). The ePNs consist of uni-glomerular cholinergic neurons that project to 
both the mushroom bodies (MBs) and the LH [Stocker et al., 1990; Wong et al., 2002; Marin 
et al., 2002; Tanaka et al., 2004[. The organisation of the axon terminal fields of these 
neurons in the LH is highly stereotyped [Marin et al., 2002; Wong et al., 2002; Tanaka et al..
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A MB

Figure 1.2: Wiring of the olfactory system
In general, each odourant receptor (OR) defines its own OSN type consisting of approx
imately 50 neurons (represented here as specific colours). A) Two to four different OSN 
types are housed in a sensillum in a stereotyped manner and each OSN type projects con
sistently to the same glomerulus in the antennal lobe (AL) where they form synapses with 
projection neurons (PNs) and local interneurons (LNs). The four PN tracts exiting the AL 
are the medial (mALT), mediolateral (mlALT), lateral (lALT), and transverse (tALT) an
tennal lobe tracts (the latter two omitted for clarity). The majority of PNs run through the 
mALT, including the well-studied uni-glomerular cholinergic ALmPNl class (red and yel
low) that terminates in the calyx of the mushroom bodies (MBs) and the lateral horn (LH). 
The mlALT connects the AL to the LH, bypassing the MB calyx. A large part of this tract 
contains the ALmlPN2 class, which consists of multi-glomerular GABAergic PNs (pink). A 
substantial amount of processing of the olfactory code is performed by interneurons (LNs) 
whose arborisations are restricted to the AL (orange). B) A schematic of the wiring logic of 
the olfactory system. An LN is depicted connecting the glomeruli. These neurons enable ad
ditional signal processing within the antennal lobe. For a more detailed description of LNs, 
PNs, and other extrinsic AL neurons, see Tanaka et al. (2012). A adapted from Twick et al. 
[2014]. B reproduced from Grabe et al. [2014].
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2004], producing distinct representations for food and pheromones [Jefferis et al., 2007; 
Liang et al., 2013] and, to some extent, attractive and aversive odours [Min et al., 2013]. 
The next largest tract, the mediolateral antennal lobe tract (mlALT, formerly known as the 
medial antenno-cerebral tract, mACT), contains a second major class of PNs (~23 neurons), 
the AL-mlPN2 class. This class is GABAergic and multi-glomerular in that each neuron 
extends its dendritic arbour into multiple glomeruli within the AL and is discussed briefly 
in the context of the role they might play in olfactory-avoidance habituation in Chapter 9. 
The axon terminals of this class project solely to the LH. The PNs that send projections 
through the lateral (lALT) and transverse (tALT) AL tracts are more diverse in terms of their 
neuronal projections, and they have not been characterised as extensively [Lai et al., 2008; 
Tanaka et al., 2012].

LNs in the AL are highly diverse in terms of morphology and neurotransmitter types. 
There are approximately 100 LNs that arborise unilaterally within one AL and another 100 
that arborise bilaterally, with innervation within and between glomeruli [Stocker et al., 1997; 
Chou et al., 2010; Das et al., 2008; Lai et al., 2008; Okada et al., 2009; Seki et al., 2010; 
Shang et al., 2007; Tanaka et al., 2012]. The arborisation pattern of LNs ranges from inner
vating just a few glomeruli to labelling all of them, though only 11% of LNs are estimated 
to innervate less than half of the glomeruli [Chou et al., 2010]. Two main neurotransmitters 
released by LNs are glutamate and GABA, both of which are primarily inhibitory in the AL. 
Two major classes of GABAergic iLNs are defined by the GAL4 enhancer trap lines NP1227 
and NP2426 [Okada et al., 2009]. These lines, henceforth referred to as LNI and LN2 as 
categorised by Okada et al. [2009] and subsequently Tanaka et al. [2012], describe essen
tially non-overlapping populations of GABAergic neurons. These populations differ in their 
morphology [Okada et al., 2009; Tanaka et al., 2011, 2009]: The former sends processes 
into the glomerular core where PN dendrites, but not OSN terminals, are found and the lat
ter sends processes predominantly to the glomerular rind that is enriched in OSN terminals 
[Tanaka et al., 2011, 2009]). This may be the source of the observed functional differences 
between the two that have been shown by several studies [Tanaka et al., 2009; Sachse et al., 
2007; Silbering et al., 2008; Seki et al., 2010; Das et al., 2011; Acebes et al., 2011]. Cholin
ergic and neuromodulatory LNs also exist [Nassel and Homberg, 2006; Shang et al., 2007; 
Chou et al., 2010; Huang et al., 2010; Yaksi and Wilson, 2010; Seki et al., 2010]. Several 
different neuropeptides have been reported to be expressed in LN subsets and, in several 
cases, are believed to be co-released with one of the traditional neurotransmitters [Carlsson 
et al., 2010; Ignell et al., 2009; Nassel and Homberg, 2006]. Besides OSNs, LNs, and PNs, 
several extrinsic neurons innervate the AL and thereby link the neuropil to various other 
brain areas [Stocker et al., 1990; Tanaka et al., 2012] and effect top-down modulation of 
odour information processing. Neuromodulators can have a profound effect on circuit func
tion [Marder and Bucher, 2007; Bargmann, 2012; Nadim and Bucher, 2014]. A diversity of 
neuromodulatory inputs that may modulate olfactory information processing in the AL have
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also been found, such as serotonergic [Carlsson et al., 2010; Dacks et al., 2009; Roy et al., 
2007; Tanaka et al., 2012], octopaminergic [Busch et al., 2009], and neuropeptidergic inputs 
[Carlsson et al., 2010; Nassel and Homberg, 2006].

1.3.2 Odour stimulus processing in the olfactory system

Describing potential neural correlates of olfactory perception can help to provide a context 
to interpret the changes in neural activity and perception that might occur during habitua
tion. Every sensory system transforms a theoretic stimulus space, which all stimuli of that 
modality occupy, into a perceptual space that is behaviourally useful to the organism. While 
frequency of sound and wavelength of light provide obvious physical dimensions within the 
auditory and visual stimulus spaces that map in a useful manner onto the perceptual dimen
sions of pitch and colour, the olfactory stimulus space does not have any such clearly defined 
dimensions. This lack of obvious dimensionality makes precise description of this space a 
challenging problem [Zaidi et al., 2013]. A useful description of this space is important in 
interpreting the subsequent transformation of any stimulus into the neural space and under
standing how an organism’s perceptual space is encoded by neural activity.

In an attempt to describe the physicochemical space that odours occupy, Haddad et al. 
[2008] use 1664 dimensions (optimised and reduced to a 32 dimensional space). This odour 
space can be useful in predicting the neural responses to odourants across a number of or
ganisms. Boyle et al. [2013], use a computational method to predict receptor/odourant inter
actions and so the resulting pattern of activation Drosophila OSNs. They use this method 
to screen 240,000 chemical structures predicting new receptor ligands for Drosophila OSNs 
with a success rate of ~71%, as assessed by in vivo testing of OSN responses to a subset of 
the chemicals.

Such advances in attempting to systematically relate the physicochemical properties of 
odours to their representation in the peripheral olfactory system, coupled with a knowledge 
of the transformations that occur at each level of neural processing within the olfactory sys
tem, will continue to enhance our understanding of how different aspects of odour perception 
might be encoded at higher levels within the brain. These aspects of perception include the 
quality, intensity, and valence that the olfactory stimulus elicits. Following a brief overview 
of how stimuli are encoded at early stages within the olfactory system (for more extensive 
treatments of this topic see [Wilson, 2013; Wilson and Mainen, 2006; Liang and Luo, 2010; 
Masse et al., 2009; Galizia, 2014]), I explore what we know of how these features of olfactory 
transduction underlie downstream perception. The focus will be upon the Drosophila olfac
tory system but similar observations have been made in other insect [Galizia, 2014; Martin 
et al., 2011] and mammalian [Malnic et al., 1999; Saito et al., 2009; Reisert and Restrepo, 
2009; Lledo etal., 2005] model organisms.
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Olfactory Sensory Neurons Odour is encoded by the combined activity of several OSN 
types, each expressing a specific unique OR. Most OSN types respond to a number of differ
ent odourants, and, conversely, most odourants activate a number of different OSN types. In
dividual OSN types vary in levels of spontaneous activity and can vary in their tuning speci- 
hcity to ligands. Studying the interaction between 24 ORs and 110 odourants, Hallem and 
Carlson |2006] show that of all the interactions between these odourants and ORs 17% re
sult in substantial excitation and 11% result in inhibition. For excitatory interactions, higher 
odour concentrations typically cause both an increase in individual OSN firing rates and 
recruitment of additional OSN types in Drosophila [Hallem and Carlson, 2006; de Bruyne 
et al., 2001 ].

OSNs can exhibit complex patterns of activity in response to olfactory stimuli. Much 
of this complexity can be explained by the physical characteristics of an odour. Syntopic 
interaction, where individual odourants within a mixture compete at the binding sites of 
receptors [Munch et al., 2013], and direct interaction between the odourants [Su et al., 2011] 
can heavily influence the response observed in the OSN repertoire. The properties of an 
odourant define how it diffuses in an environment. Much of the temporal complexity in an 
OSN response can be explained by two concepts. The first is that substantial and complex 
variation in the delivery of odourants to the antennae occurs [Martelli et al., 2013; Nagel and 
Wilson, 2011; Kim et al., 2011; Vetter et al., 2006; Andersson et al., 2012]. The second is that 
OSNs principally respond to the derivative of odour concentration. That is to say that they 
respond principally to changes in the concentration of the odourant rather than the absolute 
concentration of the odourant [Kaissling, 1998]. Martelli et al. [2013] show that with the 
appropriate normalisation for any OSN’s sensitivity to any particular odourant, the response 
dynamics of an OSN/odourant pair are predictable and largely independent of the stimulus 
concentration most of the OSN’s range of responses. These coding features cause OSNs to 
accentuate stimulus onset and track the dynamics of rapidly fluctuating stimuli regardless of 
their absolute concentration [Martelli et al., 2013].

Plasticity in OSN responses is an important aspect of OSN function. OSNs show sensory 
adaptation which constitutes a time-dependent, reversible decrease in sensitivity of responses 
as a result of sustained odour stimulation [Getchell and Shepherd, 1978; Kaissling et al., 
1987; Zufall and Leinders-Zufall, 2000]. This adaptation is observed as a rightward shift 
of the concentration-response curve, allows the sensory system to more efficiently use its 
dynamic range (the ratio of maximum activity to minimum activity) [Wark et al., 2007], can 
contribute to behavioural plasticity and occurs on multiple timescales [Zufall and Leinders- 
Zufall, 2000]— with some forms lasting as long as 10 minutes in vertebrates [Zufall and 
Leinders-Zufall, 1997]. Stortkuhl et al. [1999] explored olfactory sensory adaptation in 
Drosophila. Pre-exposure to an odourant caused sensory adaptation, measured as a decrease 
in EAG amplitude in response to subsequent stimuli. This adaptation was coincident with 
a decrease in odour avoidance. The change in EAG amplitude was greater for higher con-

19



centrations as it was for longer pre-exposure durations. The latter effect saturates when the 
duration is extended to approximately 40 seconds. A transient receptor potential (Trp) Ca^+ 
channel is shown to be required for this behavioural change and for a long-term compo
nent of the sensory adaptation observed. Interestingly, the normal function of this channel 
is not required during the adaptation process itself but instead during the fly’s development 
[Stortkuhl et al., 1999].The inositol trisphosphate receptor (IP3-R) was subsequently shown 
to be required for the adaptation that is observed using EAG recording [Deshpande et al., 
2000]

Stortkuhl et al. [1999], as well as others [de Bruyne et al., 1999; Nagel and Wilson, 2011], 
demonstrate cross-adaptation between odourants in the OSNs of Drosophila providing a 
mean of further dissecting the underlying mechanisms, de Bruyne et al. [ 1999] explored this 
phenomenon and showed that OSN adaptation extends to all ligands of a given OSN. This 
cross-adaptation, or at least a similar adaptation that occurs on the scale of seconds, occurs 
through a mechanism downstream of the odourant receptor itself but upstream of the spike 
generation machinery [Nagel and Wilson, 2011]. Ca^"*^ may very well be the trigger for such 
plasticity in OSNs. In mammals, OSN adaptation occurring on multiple timescales involves 
Ca^'*' [Matthews and Reisert, 2003]. More permanent functional changes in OSNs than those 
described here have been shown in adult Drosophila, as well as other insects, when elicited 
soon after eclosion from the pupa [Thorpe, 1939; Chakraborty et al., 2008; Iyengar et al., 
2010]. This is discussed at more length in Chapter 5.

Projection Neurons About 50 OSNs, expressing a specific OR, form synapses onto about 
three PNs in a single AL glomerulus [Tanaka et al., 2004; Stocker, 1994]. Due to the high 
convergence of OSNs onto PNs ( 50:3), PNs more accurately represent odour stimuli than 
their respective OSNs [Bhandawat et al., 2007]. Furthermore, the divergence of each indi
vidual OSN onto every PN within its glomerulus ( 1:3) causes the activity in these sister PNs 
to be highly correlated [Kazama and Wilson, 2009]. The dynamics of odour-induced PN 
activity are affected by the characteristics of the OSN-PN synapse such as its high vesicu
lar release probability and strong short-term-depression [Wilson, 2013; Kazama and Wilson, 
2008]. Thus, PN responses generally peak earlier and decay more quickly making the odour 
response more transient than that of their pre-synaptic OSNs and increasing the speed of 
odour processing [Bhandawat et al., 2007; Wilson, 2004]. These characteristics also con
tribute to the fact that the mathematical function relating PN responses to OSN responses 
represents a compressive nonlinearity whereby PNs are sensitive to small changes in OSN 
input when their cognate OSNs fire at a low rate, but they show little sensitivity to small 
changes in input when OSNs fire strongly [Bhandawat et al., 2007; Kazama and Wilson, 
2008; Olsen et al., 2010; Wilson, 2013]. In addition to the OSN-PN synapse and the rela
tively passive intrinsic properties of PNs [Kazama and Wilson, 2008; Nagel et al., 2014], the 
activity of PNs is heavily influenced by lateral interactions between glomeruli mediated by
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local interneurons.

Inhibitory local interneurons Local interneurons (LNs) within the AL have a key role in 
odour processing because of their extensive interaction with both the input and output. They 
affect the amplitude and dynamics of PN responses allowing them to encode a broader range 
of odour identities and concentrations, and they reshape the pattern of PN activity to enhance 
the capacity of downstream neurons to generalise and discriminate odour stimuli. The LNs 
principally involved in mediating these effects are inhibitory (iLNs), but others play a role 
including a small group of excitatory LNs (eLNs).

The two main classes of iLNs are GABAergic [Chou et al., 2010; Okada et al., 2009; 
Tanaka et al., 2012] and glutamatergic [Liu and Wilson, 2013], which act on OSN and PNs 
via GABA^, GABAg or GluCla receptors [Olsen and Wilson, 2008; Root et al., 2008; Wil
son and Laurent, 2005; Liu and Wilson, 2013]. Glutamatergic inhibition acts both pre- and 
post-synaptically [Liu and Wilson, 2013], similar to GABAergic inhibition [Olsen and Wil
son, 2008]; however, GluCla mediated inhibition requires the co-activation of a number of 
LNs and shows slower time course than GABAergic inhibition [Liu and Wilson, 2013; Wil
son, 2013]. GABAergic inhibition, mediated by both GABA^ and GABAg receptors with 
the latter largely contributing to a slower component of the inhibition, influences the dy
namics of the PN response [Wilson and Laurent, 2005]. Blocking either ionotropic GABA^t 
receptors with picrotoxin (although, to complicate matters, this agent blocks the GluCla cur
rents within the AL as well) or metabotropic GABAg receptors greatly extends the duration 
of the PN response [Wilson and Laurent, 2005]. An important function of GABAergic LNs 
is in gain control [Root et al., 2008; Olsen and Wilson, 2008; Olsen et al., 2010]. The gain 
of a PN is the transfer function that relates the stimulus concentration to the output of any 
given PN. Reshaping of this input/output relation occurs via global lateral inhibition that in
creases as higher stimulus concentrations recruit more neurons in the circuit [Silbering and 
Galizia, 2007; Hong and Wilson, 2015; Olsen et al., 2010; Olsen and Wilson, 2008; Root 
et al., 2008]. This gain control prevents PN saturation, greatly extending the range of odour 
concentrations which the neurons can represent with the limited range of firing rates they 
can generate. This process is largely mediated via GABAg receptors on OSN pre-synaptic 
terminals [Root et al., 2008; Olsen et al., 2010; Olsen and Wilson, 2008]. While inhibition 
expands the range of concentrations that can be coded in the AL, it is also involved in ex
panding the range of stimulus frequencies that the AL can transmit [Nagel et al., 2014]. This 
expansion facilitates encoding of both rapidly fluctuating stimuli and more prolonged and 
constant stimuli.

The reason for these two sources of inhibition within the AL is unclear. Liu and Wilson 
[2013] suggest that since the GABAergic and glutamatergic inhibitory systems can evolve 
and be modulated independently, they provide a greater flexibility of inhibition over different 
spatial and temporal scales. In a similar manner the heterogeneous populations of GABAer-
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gic, iLNs may be involved in more than just simply modulating gain and helping to define 
more complex spatiotemporal patterns of coding within PNs. They may also allow modula
tion of AL responses to occur over longer timescales. Examples of this role are discussed in 
Chapter 3.

Excitatory local interneurons The principle driver of PN activity within each glomerulus 
is cholinergic activation from OSNs; however, lateral excitation does also exert an effect on 
PN responses and constitutes the predominant lateral interaction that acts post-synaptically 
on PNs [Shang et al., 2007; Olsen et al., 2007; Root et al., 2007; Wang et al., 2014], A small 
population of cholinergic LNs, marked by the krasavietz GAL4 line, is largely responsible 
for this effect [Shang et al., 2007]; although, more recently, Wang et al. [2014] have shown 
mediolateral PNs (mlPNs) to be likely to substantially contribute to this lateral excitation. 
These LNs, termed excitatory LNs (eLNs), mediate their direct effects on PNs by electrical 
synapses rather than by cholinergic transmission. They transmit both hyperpolarisation and 
depolarisation to connected cells [Huang et al., 2010; Yaksi and Wilson, 2010]. Genetic dis
ruption of gap junctions reveals the effects of this network [Yaksi and Wilson, 2010]. Not 
only can the network cause a modest increase in the activity of some PNs, but can also be 
responsible for inhibition of PN responses [Yaksi and Wilson, 2010]. This latter effect is 
likely mediated by excitation of iLNs. Co-recruitment of excitation and inhibition is often a 
feature of neural networks, including mammalian cortical circuits [Isaacson and Scanziani, 
2011], offering a useful for adjusting the sensitivity of a circuit [Chance et al., 2002]. Assisi 
et al. [2012] proposed another important function of eLNs, working in tandem with iLNs. 
Using a computational model of the locust AL, they show the importance of balanced ac
tivity of eLNs and iLNs in stimulus discrimination while maintaining reliability of coding. 
Enhanced discrimination aids separation of different but chemically similar odours while 
enhanced reliability aids identification of repeated instances of the same odour in a noisy 
environment.

1.3.3 Olfactory perception in a fly

With the context of the characteristics of the circuit’s cells, it is possible to describe how such 
perceptual features as quality, intensity, and valence might be encoded. These three percep
tual features are linked and jointly participate in defining dimensions of the perceptual space 
if such dimensions exist [Kaeppler and Mueller, 2013]. Quality, also termed identity, can be 
referred to by labels like citrusy, musky, grassy and fruity in the human perceptual space. 
Quality is dependent on the concentration of the odourant [Gross-Isseroff and Lancet, 1988; 
Laing et al., 2003] as well as its molecular structure, which causes a specific pattern of OSN 
activation. The perception of intensity is principally affected by the odourant concentration 
[Chastrette et al., 1998]; it can be described empirically as a sigmoid function of the log-

22



arithm of the odourant concentration [Mainland et al., 2014], Valence, which also scales 
with concentration/intensity [Henion, 1971; Haddad et al., 2010] while still being dissocia
ble [Doty et al., 1975; Moskowitz et al., 1976], can be described as being the perceived 
pleasantness or unpleasantness of an odour. While descriptions of olfactory perception can 
not be obtained from a fly, behavioural assays can be made to assess for learning, discrimi
nation, or generalisation for odour stimuli. Combined with a detailed characterisation of the 
underlying neural activity a great deal can be inferred about the perceptual space of the fly.

Odour quality and intensity The perception of odour quality is largely encoded in the 
pattern of OSN activation, which is stereotyped across flies. This can be observed using 
Ca^'*^ imaging or electrophysiological recordings of OSN activity [de Bruyne et al., 1999; 
Clyne et al., 1997; de Bruyne et al., 2001; Wang et al., 2003; Ng et al., 2002]. As stim
ulus concentration increases the overall pattern of active OSNs broadens and the activity 
within each OSN type tends to increase [Clyne et al., 1997; de Bruyne et al., 1999, 2001; 
Wang et al., 2003; Hallem and Carlson, 2006]. A similar pattern of activation occurs in PNs 
post-synaptic to active OSNs [Wang et al., 2003; Ng et al., 2002] although the activity in 
post-synaptic PNs is altered [Wilson, 2004; Bhandawat et al., 2007], as described in the pre
vious sections to normalise PN activity at higher odour concentrations [Olsen et al., 2010; 
Root et al., 2008; Hong and Wilson, 2015; Olsen and Wilson, 2008]. This increases the upper 
concentration limit the system can usefully encode and helps to generate a concentration in
variant perception; however, a perfectly-concentration-invariant perception of odour would, 
of course, confound any attempt to perceive differences in concentration. Drosophila exhibit 
generalisation across some concentrations ranges [Yarali et al., 2009] and can be trained to 
readily distinguish different concentrations of the same odourant [Masek and Heisenberg, 
2008]; however, larger changes in concentration are effectively treated as a different stimu
lus identity. This appears to be similar to the mammalian olfactory system for which Cleland 
et al. [2011] suggest that, despite the multiple mechanisms of enhancing concentration in
variance in stimulus encoding, a small degree of variance in the neural representation due to 
differences in concentration is inevitable. Through learning, this variance can either be used 
for discrimination or ignored for generalisation of stimuli. This is similar to how organisms 
treat changes in odour quality.

Valence in odour perception The valence, or perceived pleasantness, of olfactory stimuli 
appears to encoded in a number of ways within the Drosophila olfactory system. Valence 
is represented in some cases by the activity of single OSN types, in others by a activity in a 
combination of glomeruli and finally it can be represented as a population code described by 
activity of the entire AL population.

The simplest method of eliciting an olfactory behaviour would be by using a labelled- 
line coding strategy. For this coding strategy a single OSN is used to create a signal of
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behavioural relevance. There is a number of examples of such a coding strategy being used 
within the Drosophila system. Aversion to CO2 was shown to be mediated by a single 
OSN type projecting to the V glomerulus in the AL [Suh et al., 2004; Jones et al., 2006; 
Kwon et al., 2007]. Aversion to acids is mediated by the DC4 glomerulus [Ai et al., 2010]. 
Activation of the DA2 glomerulus by the molecule geosmin — produced by a fruit-mould 
dangerous to Drosophila — inhibits chemotaxis, feeding, and oviposition [Stensmyr et al.,
2012] . Attraction to ammonia and amines is mediated by the VMl glomerulus [Min et al.,
2013] . Other behaviours involved in mating are elicited by the use of one or a very small 
number of glomeruli [Datta et al., 2008; Kurtovic et al., 2007; Van Der Goes Van Naters and 
Carlson, 2007; Schlief and Wilson, 2007; Ruta et al., 2010; Grosjean et al., 2011; Dweck 
et al., 2013]. Despite such evidence for such a coding strategy to be extensively used in 
this system to encode a restricted number of behaviourally significant compounds, there is 
evidence to suggest that these labelled line systems may interact with olfactory network 
at large [Lin et al., 2013; Faucher et al., 2013]. Galizia [2014] argues that experimental 
design and reductionist approaches required to dissect the olfactory circuitry could cause 
the apparent extensive use of isolated labelled line systems in the olfactory network. Future 
experiments to probe the existence of such interactions within the olfactory network would 
use testing paradigms that are more ecologically relevant during which motivational states 
and stimuli are not so restricted.

In contrast to specific glomeruli signalling valence, Haddad et al. [2010] suggest that, in 
parallel with other forms of encoding, this percept can be extracted from the global activity of 
olfactory neurons. Of the 12 datasets assessed in this study, the first principal component of 
activity in the olfactory neurons typically correlated strongly with the total neural response 
in these systems, which in turn correlates somewhat with the concentration of a stimulus. 
This first principal component of olfactory neuron activity— to a greater extent than the total 
neural response — predicted attraction in flies and rodents, and perceived pleasantness in 
humans (when compared to in vitro assessment of human OSN activity or in vivo rodent 
OSN activity). The authors suggest that while more complex spatial coding plays a role 
in valence perception, this crude metric of neural activity may also help define whether an 
animal approaches or withdraws from an olfactory stimulus.

The final potential method of representing valence at early stages of the olfactory system 
is for certain sets of OSNs/PNs to be associated with a particular valence: a more general 
strategy than the label line approach. Semmelhack and Wang [2009] describe certain OSNs 
and their downstream PNs to be involved in mediating attraction and another set of OSNs 
mediate aversion to the food odours cider vinegar and EB at different concentrations. They 
propose that the balance of these populations encode valence — along with other glomeruli 
that may be involved in this process but were not identified in their study — and that pattern 
of activity in these glomeruli results in a behavioural output of attraction or aversion. Ge
netic silencing or selective activation of each OSN-type responsive to the vinegar revealed
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two glomeruli, DM1 and VA2, that were important for coding attractiveness at low vinegar 
concentrations. At higher concentrations, the odour becomes repellent. This change in va
lence coincides with the recruitment of another glomerulus, DM5, whose activity appeared 
both necessary and sufficient for this change in valence.

In a similar vein, Knaden et al. [2012] propose certain glomeruli to be more frequently 
selective for attractive (DM2, DM4 and DM5) or aversive (D, DA4, DLl, DL4, DL5 and 
DC3) odours. In this latter study a broad range of odourants was used at concentrations 
spanning two orders of magnitude. Clustering of attractive and aversive odours was not ob
served in the physicochemical space (as defined by Haddad et al. [2008]) or the OSN activity 
space, but it was observed in the PN activity space using principal component analysis. This 
suggests, contrary to the findings of Haddad et al. [2010] (and to an extent Semmelhack 
and Wang [2009]), that valence is not well represented at the level of OSNs and that AL 
processing is involved in the extraction of the valence of odourants.

In addition to the representation of valence in OSNs and the AL, a representation may be 
present in a less ambiguous manner in higher brain centres. Such representations will be dis
cussed later (Chapter 9). During habituation of an olfactory-avoidance response (described 
in Section 1.4.2), a shift in perception from a strong negative to a more neutral valence oc
curs. Whether this shift in valence is due to a change in the perceived intensity or quality 
cannot be discerned; however, it is useful to interpret changes that occur in neural activity in 
the context of how valence perception might be encoded in the olfactory system.

1.4 Olfactory habituation in Drosophila

1.4.1 Previous studies of Olfactory Habituation in Drosophila

There are several behavioural assays for assessing olfactory habituation in Drosophila, which 
differ in how the olfactory response is measured, how habituation is induced, and how the 
specific odourants are tested [Chandra and Singh, 2005; Cho et al., 2004; Sharma et al., 
2009; Das et al., 2011]. Three of the assays have been used, to a greater or lesser degree, 
for identifying molecular components required for neural plasticity processes that underlie 
olfactory habituation. These assays contribute to our understanding of olfactory habituation. 
The olfactory-avoidance habituation assay, an assay that has progressed furthest in terms of 
elucidating the neural circuit mechanisms that underlie the habituation behaviour, provides 
the conceptual framework upon which much of this thesis is based.

Olfactory startle A simple measure of the Drosophila olfactory response is the odour- 
evoked locomotor startle response, wherein flies respond to sudden odour-exposure with in
creased movement. For example, when exposed to ethanol vapour for 30 seconds. Drosophila 
increase their walking velocity; this locomotor startle response phenomenon is most simply

25



quantified as net movement during the ethanol stimulus period. After 4 repeated pulses, with 
inter-stimulus intervals ranging from 3-18 minutes, a reduced locomotor startle response is 
observed. This form of habituation occurs more rapidly at higher stimulus frequencies. The 
observation that it does not occur in animals without antennae argues that it is an olfactory re
sponse and not one induced via non-olfactory targets of ethanol. Consistent with the classical 
definitions of habituation [Rankin et al., 2009; Thompson and Spencer, 1966], the behaviour 
spontaneously recovers and can be dishabituated by a mechanical stimulus. Habituation to 
ethanol vapour showed cross-habituation to ethyl acetate and isoamyl alcohol. A number 
of the genes and at least one brain structure required for this form of habituation have been 
discovered. The Rutabaga protein as well as the Drosophila ortholog of glycogen synthase 
kinase-3 (GSK-3) are necessary [Wolf et al., 2007]. In the case of GSK-3, not only do loss 
of function mutations lead to deficits in habituation, but over-expression of the protein also 
leads to stronger habituation. More recently the assay was used to screen 874 mutant fly 
lines for altered habituation of the locomotor startle response [Eddison et al., 2012]. Each 
line contained a mutation induced by a random P-element transposon insertion. 31 strains 
were found to have abnormal habituation. Two of these showed deficits in habituation with 
all other strains showing increased habituation. Many of the proteins that disrupt this form of 
olfactory habituation localise at septate junctions, which are required for normal formation 
of the Drosophila perineural sheath.

Jump reflex A brief puff of the aversive odourant benzaldehyde causes flies to exhibit a 
Jump reflex. The odour-evoked jump response habituates upon repeated exposure [Asztalos 
et al., 2007a; Boynton and Tully, 1992; Sharma et al., 2005]. With 4 second long stimuli 
given at intervals of 0.25-20 minutes, it takes approximately 2-15 pulses for the flies to 
habituate. Consistent with classical properties of behavioural habituation, the reduction in 
response exhibits dishabituation upon mechanical stimulation, becomes more difficult to in
voke with increasing odourant concentration, and shows spontaneous recovery in the absence 
of the odourant. Flies that are mutant in either the dunce or rutabaga genes show decreased 
habituation despite exhibiting some motor fatigue. Five potassium channel subunits were 
shown to be involved in olfactory jump habituation [Joiner et al., 2007]. Disruption of a 
fly homolog of bruton tyrosine kinase causes more rapid habituation while showing nor
mal dishabituation [Asztalos et al., 2007b], which suggests that the cause of this phenotype 
is due to impaired sensitisation. A high-throughput method, capable of screening 250 geno
types/month, for assaying this behaviour has also been published with 36 genotypes showing 
deficits in the behaviour [Sharma et al., 2009].

Leg-twitch habituation The rate and pattern of leg movements of restrained flies was 
analysed with response to 25 puffs of air or odour/air combinations that lasted 4 seconds 
each and were given every 5 minutes [Chandra and Singh, 2005]. Reductions in this rate
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were seen to both air and odourant over this time course with the behaviour subsequently 
lasting at least 2 hours. This study explores many of the features of habituation. The flies can 
be dishabituated (by the application of sucrose). The behaviour generalises to odourants of 
chemically similar structure while showing a degree of specificity that indicates no changes 
in health or motivational state of the fly.

1.4.2 Olfactory-avoidance habituation Odour

The Y-maze assay has provided a useful method of screening odour 
preferences and olfactory dysfunction in Drosophila Melanogaster [Ro
drigues and Siddiqi, 1978; C Woodard, 1989]. In this assay flies are 
placed into an apparatus that is in the form of a ‘Y’ (see Figure 1.3).
Due to their innate negative geotaxis, the flies spontaneously climb until 
they reach the junction of the apparatus. At the Junction the flies are pre
sented by a clean airstream from one arm of the apparatus and an odour 
stream from the other. Whether the flies perceive the odour as attractive 
or aversive is characterised using a response index: the proportion of Figure 1.3: The 
flies choosing one arm in preference to the other. Y-maze apparatus

Upon pre-exposure to an aversive odourant (in this case CO2 or EB), habituation is ob
served as a decrease in the avoidance behaviour to that odourant. This habituation occurs 
over different time scales: both short and long-term-habituation (STH and LTH). STH, in
duced by a pre-exposure to the aversive odourant for a duration of 30 minutes (1.4A and [Das 
et al., 2011]), has a half-life of recovery of approximately 20 minutes (Figure 1.4B) while 
LTH, induced by a pre-exposure for a period of 4 days (see Figure 1.4C), results in a decrease 
in the avoidance response that persists for up to 6 days (see Figure 1.4D). LTH to CO2 causes 
minimal change in responses to EB (Figure 1.4C Left). Similarly, LTH occurs after 4-day 
exposure to EB, and the behavioural decrement occurs with little effect on CO2 preference 
(Figure L4C Right). LTH to CO2 and EB are both reversible. When habituated animals are 
restored to normal rearing environment, normal olfactory preference returns within a few 
days (Figure 1.4D).

Habituation is frequently induced by pulsed stimuli. This avoids the effects of sensory 
adaptation that is explicitly distinguished from habituation [Thompson and Spencer, 1966; 
Rankin et al., 2009]. This does not mean that sensory adaptation cannot occur during habit
uation. The experiments described below indicate that adaptation in OSNs is not responsible 
for the decreased avoidance behaviour and so it can be regarded as habituation. Importantly, 
these experiments do not suggest that sensory adaptation does not occur in habituated flies, 
but rather that any sensory adaptation that does occur is not necessary for the behaviour. This 
concept proves essential for the interpretation of downstream plasticity within the olfactory 
system.
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EB was the principal odourant used for stimuli in this thesis. At higher concentra
tions this odourant elicits an aversive response (flies are attracted to EB at lower concen
trations) [Semmelhack and Wang, 2009], It should be noted that the habituation behaviour 

described may not generalise to habituation to odourants that are innately attractive. Such 

forms of habituation may occur by way of different neural mechanisms.

CO2 is another odourant used for studying the avoidance habituation behaviour. This 

odourant is a useful one to choose because the pattern of activity it elicits is restricted to a 

single olfactory glomerulus marked by the GH146-GAL4 line, the V glomerulus [Suh et al., 
2004; Jones et al., 2006; Kwon et al., 2007]. This fact allows the study of the interaction of 

the distinct PN populations that encode the two odourants. Does a decreased avoidance of 

one odourant affect the avoidance of the other through a global change in PN activity? The 

use of CO2 does come with the caveat that it can also activate IR-expressing acid-sensing 

neurons [Ai et al., 2010]. The use of alternative odourants to elicit an aversive response are 

discussed in Chapter 9.

Normal function of the rutabaga gene is required for the plasticity underpinning the 

behaviour and is discussed in more detail in Chapter 3. This requirement is localised to the 

LNl population or cells labelled by the GAD 1-promoter-GAL4 driver line. This latter line 

marks GABA-expressing glutamic acid decarboxylase-positive neurons [Ng et al., 2002] and 

overlaps with 95% of the LNl population. Further experiments uncovered additional details 
of the circuit plasticity [Das et al., 2011; McCann et al., 2011]. Activation of OSNs directly 

with the use of TRPAl caused a ‘phantom’ habituation. The existence of this phenomenon 
indicates the behaviour can occur without recruiting receptor desensitisation to alter olfactory 

transmission since TRPAl activation would most likely avoid such plasticity. To further 

probe the involvement of the LNl class of interneurons, additional genetic tools were used. 
A temperature-shift for flies expressing the shibire^'' transgene in LNl neurons either during 

testing or during exposure to the habituating stimulus disrupted STH. This implies that LNl 
output is required for the behaviour. While silencing LNl output for the 4 days during LTH 

induction did not disrupt the behaviour, LNl output was still required during testing for the 

behaviour to manifest.

The fact that similar results were obtained by perturbing either GAD 1-promoter marked 

cells or the LNl population as well as the fact that the majority of LNl interneurons are 

GABA-positive [Okada et al., 2009] suggests that it is the modulation of release of this neu
rotransmitter that underlies habituation. At the very least it suggests that plasticity occurs 

in the cells that synthesize GABA. The fact that disruption of GABA synthesis in LNl neu
rons using RNAi-mediated knockdown of GADl protein does indeed prevent the behaviour 

from occurring supports the hypothesis that it is specifically GABA release that is required. 
Furthermore, the disruption of GABA receptors in olfactory cells confirms the target of this 

GABA release : the PNs. The Rdl protein is a subunit of GABA^i receptors in Drosophila. 
Expression of interfering RNA to knock down levels of GABA^ receptors in PNs, responsive
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Figure 1.4: Habituation of the avoidance response to aversive odourants occurs on dif
ferent time scales
A) White bars represent the response to odourants (5% CO2 or 0.1% v/v dilution of EB) be
fore exposure; black bars represent response after an habituating exposure, which consisted 
of 30 minute exposure to either 15% CO2 (Left) or 5% EB (Right). B) The timecourse of 
the recovery of avoidance following STH to CO2 and EB. Comparisons are made between 
exposed animals at the start and those tested at 30 minutes into the recovery period. C) 
Eour-day exposure to 5% CO2 (Left) or 20% EB (Right) causes odourant selective LTH. 
D) Recovery profile of LTH to CO2 and EB. White bars indicate the percent response of 
naive flies, and the black bars indicate the same for the 0- and 6-day recovered flies after 
odour-exposure. Bars show the mean + SEM. Significance levels of /7<0.01 and p<0.001 
are represented by two or three symbols respectively placed over the bar of a habituated re
sponse. Experiments were performed by collaborators in NCBS, Bangalore : Sudeshna Das, 
Madhumala K. Sadanandappa and Indulekha R Sudhakaran. This figure is taken from [Das 
et al., 2011 ]. See this publication for further information on details of the analysis
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to either EB or CO2, caused a selective disruption of habituation (both short- and long-term) 
to the corresponding odourant. These experiments, coupled with those previously described, 
imply that a ruf-dependent increase in GABA release from LNl neurons is sufficient for ha
bituation to occur. A TRPAl induced increase in LNl activity was indeed sufficient to cause 
the decrement in the avoidance behaviour observed during habituation to both CO2 and EB.

A key question regarding the mechanisms underlying both STEl and LTH is how odour- 
specificity of the behaviour can occur. The fact that the LNl population of interneurons are 
multi-glomerular [Okada et al., 2009] yields the expectation that increases in their activity 
would indeed cause inhibition throughout the AL in a non-specific manner. This expectation 
is borne out by the fact that non-specific activation or silencing of LN1 neurons lead to a non
specific behaviour or disruption of the behaviour respectively; however, the rwr-dependent 
plasticity induced by prolonged odour-exposure proves to be selective when assessed using 
behavioural or functional imaging assays (the latter described in Chapter 3). Indeed, struc
tural changes in glomeruli during LTH, described later, also exhibit specificity. The source of 
this specificity for habituation over both time scales is proposed to be a NMDA-R mediated 
mechanism.

Previous studies of potentiation of GABAergic synapses have frequently shown it to be 
a result of hetero-synaptic mechanisms involving retrograde signalling. This retrograde sig
nal is often mediated by post-synaptic NMDA-R activation [Nugent et al., 2007; Castillo 
et al., 2011]. Unlike the vertebrate brain, the NMDA-R ligand, glutamate, is not commonly 
used as an excitatory neurotransmitter [Xia et al., 2005]; however, NMDA-Rs are most fre
quently used to mediate synaptic plasticity rather than to cause post-synaptic depolarisation 
[Collingridge, 2003]. In Drosophila in this context, it is likely that they serve the evolution- 
arily conserved function in mediating plasticity [Xia et al., 2005]. Xia et al. [2005] show 
NMDA-R to be expressed at low levels in the Drosophila brain except during development 
[Xia et al., 2005]; however, it can still be observed in the AL. Lurthermore, expression of 
dsNRl, a RNAi construct that disrupts NRl expression (a subunit of NMDA-Rs), substan
tially decreased levels of NMDA-Rs in the AL and so enabled assessment of the role these 
receptors might play in habituation [Das et al., 2011]. Disruption of NMDA-R expression in 
either V-PNs or GH146-PNs does indeed cause selective disruption of both short and long 
forms of habituation.

Activation of NMDA-Rs requires both depolarisation and the ligand glutamate. While 
the depolarisation of PNs would occur in a selective manner due to their OSN input, the 
source of glutamate during NMDA-R mediated plasticity is less obvious. The vesicular trans
porter for glutamate in Drosophila, DVGLUT, is expressed widely within the AL; moreover, 
it shows expression in a subset of the LNl class of interneurons. Knockdown of DVGLUT 
in LNl neurons disrupts habituation, which suggests that the glutamate release required for 
NMDA-R activation is occurring from the LNl population. As described previously, the re
lease of GABA from this population of neurons is also essential. This suggests that the LNl
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population not only undergo plasticity in the degree of inhibition of PNs, but that they consti
tute an essential source of glutamate release to trigger the plasticity at the relevant synapses. 
Whether the same neurons within the LNl population of neurons are responsible for these 

two processes is not known.

The mechanisms underlying habituation discussed so far are features of behaviour on 

both short and long times scales; although, differences also exist between the mechanisms 

underlying the two forms of the behaviour. Indeed, this might be expected as a long-term 

memory is typically distinguished from short-term memory on two criteria: the growth of 

new stable synapses and the regulation of gene expression on both a transcriptional and a 

translational level [Kandel, 2001]. Consistent with the idea of synaptic growth, an increase 

in the size of odour-selective glomeruli occurs after habituation. LTH to EB increased the 

size of the DM5 glomerulus while leaving the V glomerulus intact. Similarly, LTH to CO2 

increased the size of the V glomerulus while it did not increase the size of the DM5 glomeru
lus. In line with the behaviour, these changes recovered spontaneously over the course of 

several days and require the same cellular mechanisms [Das et ah, 2011].

A key regulator of transcription for long-term plasticity is cAMP-responsive-element- 
binding-protein (CREB), which binds the cAMP response element in gene regulatory se
quences and thereby increases or decreases gene transcription [Sakamoto et ah, 2010]. CREB- 
mediated gene transcription can be silenced by an inhibitory CREB isoform, CREB2b. 
Induction of CREB2b expression using a heat-inducible transgene or by using the Tub- 

system (targeted to the LNl population of neurons) blocked both the long-term 

behaviour and associated structural plasticity while leaving STH intact [Das et ah, 2011].

Local translation of synaptic mRNAs, normally stored in a bound and repressed state, 
contributes to synapse specificity for long-term plasticity [Bramham and Wells, 2007; Costa- 
Mattioli et ah, 2009; Martin and Zukin, 2006]. mRNA binding proteins (RBPs) and miRNAs 

regulate the repression and subsequent degradation or translation of these mRNAs. This 

cellular machinery thus controls the level of expression of proteins at the synapse that are 

involved in plasticity. Ataxin-2, known for its role in the disease type II spinocerebellar- 

ataxia, has been shown to be such a translation factor [Nonhoff et ah, 2007]. RNAi-mediated 

knockdown of this protein in adult flies in GH146 labelled PNs or V glomerulus PNs blocks 

LTH to either EB or CO2 respectively. Eurthermore, this knockdown similarly disrupts the 
glomerular-structural plasticity and decrease in odour-induced glomerular Ca^"^ fluxes. With 

the same Atx2 knockdown targeted to the LN1 population a non-specific disruption of LTH 

is observed. STH remains intact during all of these perturbations [McCann et ah, 2011].

As described previously, the miRNA pathway is a common mechanism for regulation of 

translation. Two components of this pathway were shown to interact with ataxin-2: agol, a 

component of the RNA-induced silencing complex (RISC), and Me31b, a dead box helicase 

and a translation repressor. Heterozygous null mutations in any two of these three proteins 

causes deficits in LTH but not STH. This trans-heterozygous interaction was interesting since
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flies heterozygous for any of the three disruptive alleles exhibited the same degree of habit
uation as wildtype flies [McCann et al., 2011],

NMDA receptor activation in PN dendrites may trigger local-translational control at the 
post-synapse via a mechanism that involves interactions of Atx2 with the miRNA pathway. 
Cellular changes occurring at the post-synapse could give rise to a retrograde signal from PNs 
to LNs that in turn stimulates transcriptional regulation mediated by CREB and translational 
control, which is once more mediated by interactions between Atx2 and the miRNA pathway.

In summary, these results lead to a model of habituation (depicted in Figure 1.5) in which 
the behaviour arises from the selective potentiation of inhibitory transmission between LNs 
and PNs in the AL. Before prolonged odour-exposure, the LN-PN synapse is comparatively 
weak. Initial odourant stimulation causes a strong innate response because it strongly acti
vates odour-responsive PNs. During continuous odour-exposure the simultaneous activation 
of LNs and odour-responsive PNs causes activation of the PN NMDA-Rs, which are acti
vated by simultaneous glutamate-release with post-synaptic depolarisation. This NMDA- 
R activation only occurs in odourant-responsive glomeruli. This results in glomerulus- 
selective, rntofeaga-dependent inhibitory potentiation in active glomeruli, causing reduced 
odour-evoked PN activity.

The model outlined in Figure 1.5 lays the groundwork for my investigation. It provides a 
testable hypothesis on the nature of the neural plasticity that occurs within the olfactory sys
tem following habituation. It predicts that decreases in odour-evoked activity should occur 
in PNs in the AL. These decreases in PN activity, driven through potentiation of inhibition, 
should be specific to these PNs and have a similar dependence on the molecular mechanisms 
outlined in the previous pages. The aim of the work of this thesis was twofold: firstly, to 
establish experimental protocols to provide assays for the study of odour-evoked activity of 
olfactory neurons in habituated flies in vivo\ secondly, to extend our knowledge of the neural 
plasticity underlying olfactory-avoidance habituation.

32



_ ^ Also activates 
other glomeruli

EB - '
EB
Channel

DMS

ACh-R
NMDA-R
GABAa-R

CO2
Channel

■Reduced 
[eb response

LTH specific:
Glomerular growth
CREB induction and transcription
Local protein translation

Descending modulatory input

^^^Normal
CO2 response

GABA.-RA

Figure 1.5: Mechanisms underlying both short and long forms of olfactory-avoidance 
habituation
A model of olfactory-avoidance habituation proposes that the behaviour arises from selec
tive potentiation of inhibitory transmission between a distinct population of inhibitory local 
interneurons (LNs), defined by the LNl driver line, and olfactory projection neurons (PNs). 
Odour presentation activates a number of different receptors. Here EB activates one of its 
cognate receptors, Or85a, which projects to the DM5 glomerulus. Odourant-induced activa
tion of LNl cells causes them to co-release glutamate and GABA across the antennal lobe 
(AL). The release of GABA from these cells, and the resulting inhibition of PNs, is poten
tiated during prolonged odour-exposure due to activation of NMDA receptors expressed on 
PNs. These receptors require coincident PN depolarization and bound glutamate for their 
activation. Thus, in non-responsive glomeruli, here the V glomerulus, no potentiation of 
inhibition occurs. These changes are dependent on Rutabaga activation, which could occur 
due to neuromodulatory input extrinsic or intrinsic to the AL. In addition to triggering of the 
cAMP cascade, such neuromodulation, depicted as descending inputs from higher brain cen
tres could also block habituation or mediate dishabituation. Features specific to LTH include 
glomerulus-specific growth and a dependence on transcriptional activation and regulation of 
local translation of mRNAs. Figure adapted from Twick et al. [2014].
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Chapter 2

Methods: Studying LTH in vivo

Fly husbandry Flies were raised on a 12/12 hour dark/light cycle at 25°C/60% humidity. 
The fly food consisted of 328g malt extract, 164g golden syrup, 308g polenta, 72g dry yeast 
and 43g agar, 18ml propionic acid, 40ml of 10% methyl 4-hydroxybenzoate (in ethanol) 
made up to a total of 4 litres using water.

Olfactory behaviour assay Behavioural 
experiments (reported in Figure 1.4 and Fig
ure 3.1) were carried out by colleagues 
(Sudeshna Das, Madhumala K. Sadanan- 
dappa and Indulekha P. Sudhakaran) in 
NCBS, Bangalore, India. Flies were 
food-deprived overnight in a vial contain
ing water-soaked filter paper before test
ing. In experiments using EB (>99% pu
rity, Aldrich Chemistry), air was bubbled 
through water for the control arm or through 
a 0.1% v/v dilution of EB in water; in the 
case of CO2, a 5% v/v dilution of 100% CO2 

in air was bubbled through distilled water.
For each experiment, approximately 30-40 
flies (up to 12 hours old) were placed in the
entry tube of the Y-maze (see Figure 2.1) and allowed to climb upwards. At the junction of 
the 2 arms, the flies move either into the arm with odourant or into the control arm. Each test 
was run for 1 minute, and flies were counted in each arm. At the end of the test, flies were 
tapped back into the entry tube, and the Y maze was rotated such that the positions of the 
odourant and control arms were switched. This cycle was repeated one more time, making 
a total of four tests per set of flies. These four tests were averaged in the calculation of the 
response index (RI), which is the difference between the number of flies in the odourant (O)

Figure 2.1: Avoidance habituation assessed 
using the Y-maze apparatus
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and control (C) arms as a fraction of the total number of flies participating in each trial [RI 
= (C-0)/ (C+0)]. At least eight such batches of flies were assayed for each data point to cal
culate the mean and SEM. Comparison of 2 sets of data was carried out using the unpaired 
Student t test. For each experiment all batches were coded and the experimenter was blind 
to the genotype being tested.

Inducing short-term-habituation Newly eclosed 0- to 12-hour-old flies were collected, 
aged for 2 days, and food-deprived overnight on a moist filter paper in an empty vial. Flies 
were pre-tested to a 5% v/v dilution of CO2 in air or 0.1 % v/v dilution of EB to measure the 
naive olfactory chemotactic response in the Y-maze. Then, the same set of flies was exposed 
to either a 15% v/v dilution of CO2 or a 5% v/v dilution of EB for 30 minutes, which was 
followed by post-test to 5% v/v dilution of CO2 or 0.1% v/v dilution of EB respectively. 
CO2 exposures were performed in a CO2 incubator (flies were placed in an empty vial that 
was covered with cheese cloth). For EB habituation, an Eppendorf tube containing 1 ml of 
diluted odourant was suspended with wire in a 100-mL glass bottle. A small piece of para- 
film perforated with numerous small holes covered the odour tube to allow odour diffusion 
and prevent flies entering the tube. Flies were tested again post-exposure. Responses of the 
post-exposure test were compared as a percentage of the pre-exposure test.

Inducing long-term-habituation A 4-day odour-exposure protocol was adapted from a 
procedure used by Devaud et al. [2001 ]. About 50-60 flies aged between 0 and 12 hours were 
collected in bottles containing food. The bottles, covered with cheese-cloth, were placed for 
4 days in a tissue-culture incubator that maintained an environment of 25°C with a 5% v/v 
dilution of CO2 in air. Mock-treated animals were exposed to air under similar conditions. 
For EB habituation, 200^L of EB was mixed with SOOjuL of liquid paraffin oil (20% v/v 
dilution). The diluted odourant was placed in an Eppendorf tube and covered with perforated 
plastic clean wrap. The tube was suspended with wire in the bottle containing the flies. In the 
case of mock-treated control flies, 1 mL liquid paraffin oil was placed in the Eppendorf tube 
as described. Post-treatment responses were assessed, as for STH, using a 0.1% v/v dilution 
of EB in paraffin oil. Responses of the animals habituated to odourant were compared as a 
percentage of the mock-treated (air for CO2 experiments and paraffin oil for EB experiments) 
animals.

Fly strains
I + . GHHbGALA, UASGCaMPi . + 

■ f ’ cyo ’ +

rut2080_____  . UAS-rut+ . ±
fmla ’ UAS-rut'^ ’ +

The GH146-Gal4 driver line was a gift from Reinhard Stocker (University of Fribourg, 
Fribourg, Switzerland). This line labels about 90 PNs [Stocker et al., 1997] predominantly
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uni-glomerular, cholinergic AL-mPNl type neurons (some AL-mlPNl and AL-mPN3 type 
PNs that project through the mlALT are also labelled [Tanaka et al., 2012]). 70% of AL 
glomeruli are marked by this line [Strutz et al., 2014]. UAS-GCaMP3 flies were from Vivek 
Jayaraman (Janelia Farm Research Campus, Ashburn, VA) and Loren Looger [Tian et al., 
2009]. The rutabaga allele and the LfAS-rwt^ transgenes [Zars et al., 2000] were
obtained from Martin Heisenberg (University of Wurzburg, Wurzburg, Germany).

Ca2< imaging was performed with one driver transgene and one copy of the Ca^^ -sensor 
transgene. The flies used to assess the effect of rut dysfunction, ruP^^^/y; GH146>GCaMP3/UAS- 
rut^, were generated by crossing males of strain 1. with females of strain 2. while selecting 
against balancer chromosomes. Additional genotypes used for investigating habituation us
ing the behavioural assay are described in Das et al. [2011].

Odour delivery for imaging The device depicted in Figure 2.3 (designed and con
structed by Dr. Francis Chee and Dr. Adrian Dervan) was used to generate the odour stimuli.
A pressure regulator on a compressed air cylinder maintained an air-supply to the system at 
an inlet pressure of 0.5 bar above atmosphere. Airflow was controlled with a flow-controller 
(SS-SS4-VH, Swagelok) and measured with a flow-meter (Cole-Palmer,EW-68560-70) with 
500ml/min flowing through both lines.

The odour was injected into the main-line airstream at an 
odour injection manifold (see Figure 2.2). A total airflow 
of IL/min was directed at the ex vivo preparation (see next 
section) through an outlet tube with an inner diameter of 12 
mm. A custom-designed plate held the outlet tube directed at 
the antennae (see Figure 2.4). For odourant-delivery a cus
tom solenoid valve driver (designed by Prof. Krishnan Anand 
and built in NCBS, Bangalore) activated a 3-way solenoid 
(225T031, NResearch) that diverted 50% of the total airflow 
through the odourant bottle for 2 seconds (airflow switching
from the red line to the green line in Figure 2.3). The odourant bottle (100ml, Nalgene) 
contained filter paper storing 50;LiL of a 1 % v/v dilution of liquid EB.

Imaging dynamics in vivo Flies used for Ca^+ imaging were habituated to EB, CO2 

or, as a control, to paraffin oil in accordance with the protocol used for the behavioural in
vestigation of LTH described in Section 2. The dissection for the ex vivo preparation was 
as described previously by Wang et al. [2003] (dissection performed by Dr. Adrian Dervan). 
Briefly, cold-anaesthetized flies were decapitated and placed in chilled calcium-free adult 
haemolymph (AHL) solution (108 mM NaCl, 5 mM KCl, 8.2 mM MgCl2, 4 mM NaHC03,
1 mM NaH2P04, 5 mM trehalose, 10 mM sucrose, 5 mM Hepes, pH 7.4). The brain was 
carefully dissected by first pinning the proboscis, using a tungsten-wire pin of 20^m thick-

>ubsidiary-line 
Odour-line 

Figure 2.2: Odour injec
tion manifold
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habituation
500ml min“' of hydrated air was directed through both the main and subsidiary lines. The 
main line was continuously directed to the fly. The default flow through the subsidiary 
line (red line) was instead directed through an odourant bottle (green line) during odour 
delivery by the activation of the 3-way solenoid. The odourant bottle contained filter paper 
soaked with 50;UL of a 0.5% v/v dilution of ethyl butyrate in paraffin. An odour-injection- 
manifold ensured mixing of the odourant with the main line before passing to the fly. The 
final segment of tubing immediately before the fly had a large inner diameter of 12 mm to 
attain a low airspeed (0.15m/s) and eliminate any pressure transients in airflow caused by 
switching the airstream through the odourant bottle. A custom-designed microscope-plate 
directed the airstream at the fly (see Figure 2.4 ).
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ex plant preparation, beneath a coverslip
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Figure 2.4: Custom-designed holder for direction of the odour airstream at the fly

ness, and removing the surrounding cuticle (except for the frontal region containing the 
antennae) and all connective tissues and trachea. The preparation was rotated, and the ven
tral nerves, oesophagus, and all underlying connective tissues were removed except for the 
olfactory nerves. The preparation was then transferred in AHL to a small slab of sylgard on a 
microscope slide and pinned through the proboscis; whereafter, the buffer solution changed 
to calcium-containing AHL (2 mM CaCl2, pH 7.4; kept at room temperature), and the brain 
was gently manoeuvred away from the cuticle to expose the olfactory lobes and secured us
ing 2 tungsten pins (lOjum thick). The entire preparation was covered in a thin layer of 2.5% 
low melting point agarose (dissolved in AHL containing 2 mM CaCl2 and kept at 38.5°C). 
After it was set, the agarose surrounding the antennae were gently removed, dried using soft 
tissue, and finally, topped with a cover-slip to facilitate imaging.

Further to the preparations described above, microscopy and subsequent analysis were 
carried out. 2-photon imaging of Ca^^ dynamics was performed using a Zeiss 510 meta con- 
focal microscope coupled to a Chameleon ultra-fast laser (Coherent). The excitation wave-
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length was set at 930 nm, and emission was collected between 500 and 550 nm (peak GCaMP 
emission is 509 nm). Maintaining laser power at 20% of full output (yielding a power of 
10.25mW) prevented excessive thermal or excitotoxic damage, which can occur even for 
two-photon imaging [So, 2001], Images were collected at 4 frames/s (250 ms/frame), with 
a resolution of 512 X 512 pixels and saved as 8-bit tiff files. Glomeruli were identified 
anatomically using the glomerular atlas of Laissue et al. [1999]. Analysis of changes in flu
orescence was performed (user blinded) using a custom written Matlab program (described 
in Section 2).

Using the custom program, each glomerulus was highlighted as a region of interest (ROI). 
The mean pixel intensity value at each time point, F(t), was calculated within each ROI. A 
region outside the AL was selected and the mean of the intensity within this region was sub
tracted from F(t) to correct for background levels of fluorescence. The percent change in 
fluorescence over the course of the odour-induced activity for each glomerulus was calcu
lated as:

%AF(0 = Pi^Baseline) ^ , qq

V Baseline)
(2.1)

where :

• F(r) is the mean fluorescence within the region of interest at time t

• F{tBaseime) the mean of F(0 for the 2 seconds preceding the odour response

Responses were reduced to a univariate metric by calculating the per second area under the 
curve for the first 5.5 seconds of the response :

5.5
0-5.55 AUC = (2.2)

where t = 0 is the point when the F(t) rises 4 SDs above the baseline fluorescence. The first 
5.5 seconds were taken as the majority of responses finished at this point (although some 
responses were more prolonged). 2-way ANOVAs were used for each glomerulus followed 
by Student Newman-Keuls post-hoc testing. Pseudocoloured images, serving as heat-maps 
of Ca^^ activity, were constructed by subtracting the mean of five baseline images from the 
mean of 2 adjoining images at peak fluorescence (Figure 3.2A). For graphical representation 
in Figure 3.3, the 0-5.5s AUC was normalised to naive values within each group.

Development of software for the analysis of live-imaging

Preliminary data (depicted in Figure 3.2) indicated that EB-evoked Ca^'*' fluxes in these 
glomeruli were decreased in flies exposed to the LTH protocol, a method for assessing these 
responses for a large number of samples was required to define this effect more empirically.
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Figure 2.5: Using Zen 2008 software to assess changes in fluorescence for live-imaging 
of Ca^"^ activity in the antennal lobe
The Zen 2008 (Zeiss) software used for data acquisition on the confocal microscope provided 
a degree of data analysis capabilities for assessing changes in levels of fluorescence of the 
GCamp3 Ca^+ sensor. The levels of fluorescence in the antennal lobe in the coloured circles 
in the top right quadrant are observed over the course of the time-series, displayed in the top 
left quadrant.

Changes in GCamp3 fluorescence in ROIs could be quantified using the Zen 2008 (Zeiss) 
software that was also used for data-acquisition (see Figure 2.5); however, exporting the 
mean values for each of these ROIs was laborious, repetitive, and time-consuming for the 
number of files/ROIs required for even the most basic experiment. Export to Microsoft Excel 
was followed by additional, manual processing to align the different time-series and label 
each data-point for subsequent analysis. Furthermore, the computer used for acquisition was 
the only one with the appropriate software resulting in time wasted on this computer for 
data-analysis rather than data-acquisition. Therefore, a solution was required whereby data 
could be efficiently extracted from each data file for each experiment.

As a solution to this issue a custom program was written in the Matlab environment for 
analysing the data generated by the live-imaging experiments [Das et al., 2011; McCann 
et al., 2011; Sudhakaran et al., 2014]. This program was incrementally developed to make 
the analysis more efficient. It provides a means of performing batch-processing on numerous 
fluorescent time-series by using a user-interface with a high degree of automation with re
spect to analysing the individual ROIs and comparing across different descriptive variables.
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This section describes the basic functionality of the program which provides:

• a convenient workflow to turn raw fluorescent time-series into systematically pro
cessed data.

• an intuitive user-interface to assess the data according to many descriptive variables 
labelling each time-series.

• a useful resource for researchers. The code-base is available for download from 
github, an online service for hosting open-source code repositories, as part of the 
‘CalciumImagingAnalysis’ project, username: ‘leeJ3’. This can be downloaded at: 
https://github.com/leej3/calciumImagingAnalysis

Data storage The output of the data-acquisition software, Zen 2008, is a proprietary tiff 
file with the Msm’ file extension. The ‘tiffread’ function downloaded from the Matlab file 
exchange was used to import the fluorescent time-series into Matlab. Additionally, other 
useful technical information contained within the Ism file were accessed using the ‘LSM file 
toolbox’ also downloaded from the Matlab file exchange. Subsequently all data was stored 
in the Matlab file format. A primary file holds all of the image-stack data (each individual 
pixel at each time-point) along with additional descriptive variables including technical data 
acquired by the Zeiss software during data acquisition, user-defined labels for the data file, 
and the ROI data in the form of coordinates and mean fluorescence at each time point. A 
compiled-data file summarises all the primary files within a given directory.

The data storage is performed in this manner for a number of reasons:

• Storage efficiency and performance. All image data converted from the proprietary 
Msm’ format to the Matlab format stores the same information in less than 50% of 
the original file size. Loading and saving in the native Matlab format increased the 
speed of these processes by 3- 5-fold which caused a significant improvement in the 
user-experience: the files, of approximately 50MB in size, loaded in approximately 1 
second.

• Subsequent reassessment and analysis of the data was aided by the fact that any com
ments and ROI coordinates created by the user were all kept together with the raw 
image data.

• Ease of compatibility in the event of upgrades to the program. The only time-consuming 
part of the analysis for a user is the selection of ROIs. Once performed, this informa
tion is stored in the primary file and is not altered. Furthermore, the format of this file 
is not altered: all changes in the code-base are made downstream therefore preserving 
backwards compatibility.
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Figure 2.6: Schematic of workflow using the custom-written Matlab program for anal
ysis of fluorescent time-series
The analysis program is divided into three principle stages. The first stage consists of im
porting the time-series, selecting the regions of interest for analysis and storing this data in 
the native Matlab format. The second stage compiles the data from these files required for 
subsequent analysis into a single file. The third stage allows the user to filter and plot the 
data using any of the data-labels.

• The compiled-data file containing all the descriptive variables and glomerular fluo
rescence curves for each file within an experiment is typically less than 1MB in size. 
Provided no changes to ROI coordinates were required, which requires the primary 
files, this compiled-data file could be stored and transferred by email etc. or exported 
to other programs, e.g. Microsoft Excel, with ease for subsequent reanalysis of the 
dataset as desired.

The name of the primary file is defined by the user upon acquisition. This contains certain 
labels to define various aspects of the data point. As well as providing a system to easily 
discern the exact parameters of the data-collection for each data point by simply looking at 
the name, these labels are extracted by the program automatically to generate the descriptive 
variables for each time-series. e.g.‘f03r02a dmSr dm2r dmlrs 52ebt t25C 15minsExposed 
John Grp3 2012_05^24.1sm’

The different labels include:

• unique code for each time-series on a given date - e.g: ‘fOlrOla’. This was defined 
by the fly (denoted by f and a 2-digit number ), each run (denoted by r and a 2-digit 
number) and each sub-run (denoted by a letter) allowing complexity to the structure of 
the experiment.

• glomerulus - e.g: ‘dm2’. Each active glomerulus for the time-series was denoted by
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Figure 2.7: Menu to navigate through different time-series image files

two lower case letters followed by a number.

odour stimulus - e.g: ‘ lOebt’. This is defined as a 2-digit number representing concen
tration and a 3-letter user-defined tag for each odourant.

temperature - e.g: ‘t25C’. The temperature of the perfusion saline could be recorded 
and entered as a ‘t’ and a ‘C’ surrounding a 2-digit number.

treatment - e.g: ‘ISminsExposure’. A user-defined tag would be detected as the treat
ment. Files in a directory without this tag were defined as not treated.

group - e.g: ‘Grpl’. For blinding the experiments each genotype or treatment could be 
assigned a group number each day. Upon compilation these group numbers could be 
decoded so that the appropriate label could be assigned to each file.

Date - e.g: ‘2012_11_28’. A 6-digit number, with or without a separator, in the format 
YYYY MM DD.
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Figure 2.8: Graphical User Interface for selecting a region of interest (ROI)
Each ROI (which delineates an individual glomerulus) was selected by the user by using 
mouse clicks to define the outline upon a merged projection of the time-series (leftmost 
image). To aid in identification of glomeruli a heat-map displays regions of the antennal 
lobe that were activated by the odour pulse (top right image). Upon ROI selection the mean 
fluorescence within the ROI is displayed for each time-point of data collection (bottom right 
image). To aid in glomerular identification the entire time-series can be viewed in a separate 
window.
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User-interface The user-interface generated by the program allows each time-series within 
a directory to be reviewed as depicted in Figure 2.7. This includes a list of ROIs previously 
selected by the user with the ROI’s peak % change in fluorescence over the time-series. In 
addition to this textual summary, a graphical representation of the ROIs, including a square 
ROI for calculation of background fluorescence, are superimposed on a summary image. 
This image is constructed using a maximum intensity projection of the image-stack when 
the fluorescence is at its peak as well as the 3 time points before and after this. This image 
typically gave a good overview of the file; however, sometimes a more in-depth examination 
is required. This is provided by viewing the full image stack (a slider allows the user to 
move forwards and backwards to each image within the time-series). For time-series that 
had very low levels of fluorescence a high intensity version of the stack can be viewed. The 
user can navigate between different files by choosing a specific file or viewing the next or 
previous time-series within the directory. Comments can be saved with each file. In the 
menu presented in Figure 2.7 the ‘Select This File’ option allows the user to add/delete or 
edit specific ROIs for that time-series as depicted in Figure 2.8. Upon completion of ROI 
selection for all files within a directory a compiled-data file may be generated. At this point 
the codes assigned to the data on each day for the purposes of blinding are decoded using 
user-input and the appropriate group labels are assigned to each file.

The compiled-data file contains the %AF(t) 
values for each ROI as well as the associated la
bels for the data. The program enables the user to 
output a variety of plots using this file (Examples 
of these plots can be seen in Chapter 5 in Fig
ure 5.3 and Figure 5.4). With the menu depicted 
in Figure 2.9, the user can define the group
ing variables to categorise the data with and the 
grouping variable to compare across. Accord
ingly the program cycles through each unique 
value available for each grouping variable gen
erating an additional plot for each. In addition 
to this functionality, the user can filter out cer
tain data-points according to these grouping vari
ables. With this range of functionality the pro- ' '

Figure 2.9: Menu to define variables 
gram presents a powerful way to assess the data output
across multiple relevant grouping variables via a 
graphical user interface.
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Chapter 3

LTH in vivo

The work detailed in this chapter extends the investigation of LTH by developing an in vivo 
assay for the behaviour. The assay consists of quantifying odour-evoked Ca^+ fluxes in PN 
dendrites using Ca^^ imaging. Ca^^ imaging offers a broad overview of circuit function. 
The development of this assay focuses on the neural circuitry predicted to be involved by 
the model described in Figure 1.5. Under this model, potentiation of inhibition onto these 
neurons results in a decrease in PN activity. Establishing an in vivo assay for this behaviour 
is important as it confirms the changes in neural activity implied by the genetic perturbations 
during behavioural assessment. Furthermore, additional experimental tools made available 
with physical access to the brain during habituation improves our capacity to probe the neural 
circuitry to better understand the behaviour as well as its underlying mechanisms.

A likely candidate for a neural correlate of LTH was revealed by the study described in 
this chapter. Following LTH to EB, decreases in EB-evoked Ca^^ fluxes in the dendrites of 
EB-responsive PNs was observed. Further characterisation of this neural plasticity revealed 
that it exhibited, in a similar manner to the behaviour, a dependence on the rutabaga gene 
(described below) and odour specificity. These results provide strong evidence that we have 
measured the neural underpinnings of LTH.

As described in Chapter 1, the Y-maze assay can be used to study habituation of olfactory- 
avoidance over the timescale of minutes, termed STH, or that of days, termed LTH. A key 
part of the investigation of avoidance habituation consisted of behavioural experiments that 
were performed by collaborators in the lab of Veronica Rodrigues, NCBS Bangalore, India 
[Das et al., 2011; McCann et al., 2011]. A set of experiments, performed by these collabo
rators, that characterise the dependence of the behaviour on the rutabaga gene are included 
in this chapter as they are of particular relevance to our study of the in vivo plasticity and 
provide context to our experiments.

The Rutabaga protein is an adenylate cyclase. Adenylate cyclases can act as coincidence 
detectors, responding to coincident increases in cytosolic Ca^^ and G protein-coupled re
ceptor (GPCR) activation [Bourne and Nicoll, 1993; Levin et al., 1992; Bailey et al., 2004; 
Gervasi et al., 2010]. Their activation causes an increase in cAMP levels that trigger down-

47



stream plasticity [Mons et al., 1999], The cAMP pathway, which includes the Rutabaga 
protein, is well documented for its involvement in various forms of learning and memory 
[McGuire et al., 2005] as well as many forms of habituation [Engel and Wu, 2009], It is 
therefore not surprising to observe the deficits in habituation as a result of disruption of the 
gene’s function. The cellular location of this rnt-dependent plasticity is pinpointed which 
proves to be particularly useful for our purposes as it provides an opportunity to extensively 
explore the underpinnings of this behaviour in a targeted manner.

3.1 Results

The results described below that use the behavioural assay for LTH were obtained by collabo
rators in NCBS, India. These results characterised the involvement of rutabaga in avoidance 
habituation and provide a context for the subsequent results presented that use Ca^ * imaging 
to investigate the neural underpinnings of LTH.

3.1.1 The adenylate cyclase rutabaga is involved in olfactory habitua
tion

Flies deficient in the Rutabaga protein, mutants [Levin et al., 1992], showed deficits
in both short- and long-term forms of the olfactory-avoidance behaviour (see [Das et al., 
2011] and Figure 3.1 respectively). For these experiments, flies with the UAS-rnt^ trans
gene were used. This construct has a slightly leaky expression in all cells causing a slight 
restoration of rut function in all cells. Flies of this genotype did not show the abnormal 
hyperactivity typical of the rut^^^^ mutant [Das et al., 2011] but still exhibited a disruption 
of habituation. When rut function was restored, by expressing the wildtype Rutabaga pro
tein, in neurons marked with either the LNl or GADl drivers the habituation behaviour was 
rescued (see Figure 3.1). The LNl promoter is highly restricted to a subgroup of AL LNs 
and is distinct from the LN2- and kra-marked populations of LNs within the AL [Ng et al., 
2002; Okada et al., 2009; Tanaka et al., 2009]. The GADl promoter predominantly marks 
GABAergic neurons and 95% of LN1-expressing interneurons. Adult specific rescue, us
ing Tub-GAL80'^ to mediate repression of GAL4 activity, ruled out the LNl >rut mediated 
rescue as being due to a developmental requirement. Restoration of rut function in OSNs 
(OR83b-GAL4), PNs (GH146-GAL4) and MB neurons (MB247-GAL4) did not rescue nor
mal behaviour.

The experiments using genetic manipulation of the rutabaga gene indicate firstly, that 
this gene is required for normal LTH and secondly, that the cellular location of this require
ment is in the LNl population of interneurons within the AL. This prompted a more direct 
investigation of the neural activity within the AL to attempt to discern any changes that 
are associated with the behavioural plasticity and that might be a component of the neural
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Figure 3.1: LTH to EB is dependent on rutabaga-function within neurons marked by 
the LNl and GADl driver lines
The histograms depict the efficiency of LTH to EB in wildtype or mutant flies. Rescue
of rut function is performed by expressing a wildtype rut^ transgene in different classes of 
olfactory neurons, rut function is required in GADl-marked cells, which express a synthetic 
enzyme required for GABA, and LNl-marked cells, a population of interneurons within the 
antennal lobe. The use of TubGalSO'^ confirms that the requirement in LNl cells is not a 
developmental one. The behavioural disruption is not restored with rescue of rut function in 
other cells within the olfactory circuit: rescue of rut function in OSNs (marked by the OR83b 
driver line), PNs (marked by the GH146 driver line) and mushroom body neurons (marked 
by the MB247 driver line) does not restore the behaviour. White bars indicate the naive 
olfactory-avoidance response of flies to EB. Black bars indicate the avoidance response of 
flies habituated to EB for 4 days. Error bars denote SEM with significance marked as ***P 
< 0.001. Data was collected and analysed by collaborators in NCBS, Bangalore : Sudeshna 
Das, Madhumala K. Sadanandappa and Indulekha P. Sudhakaran.

underpinnings of the behaviour.

3.1.2 Live-imaging of the neural correlate of LTH

The observed requirement for rut in LNs suggests that behavioural habituation arises from 
rar-dependent strengthening of GABAergic LN1 synapses in the AL. This observation pre
dicts first, that odour-evoked responses in PN dendrites will be reduced after habituation 
and second, that the reduction in PN responses will be dependent on rut function. To test 
these predictions we established an assay for in vivo odour responses in PNs within the AL. 
With the transgenic expression of the GCaMP3 Ca^”*' sensor, odour-evoked Ca^"*^ activity 
within the AL PNs was observed, as reported previously by Wang et al. [2003]. To quantify 
the odour responses we chose to examine the activity of two glomeruli within the AL that 
resided within the same plane of observation and were readily accessible using microscopy 
(depicted in Eigure 3.2A). DM2 has a pre-synaptic OSN that is reported to be one of the 
most sensitive OSNs to EB [Hallem and Carlson, 2006; de Bruyne et al., 2001] and it was
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Figure 3.2: Representative observation of odour-induced Ca^ * activity in the antennal 
lobe and the effect of the LTH protocol on this activity
Upon exposure to odour stimuli generated using a 1% v/v dilution of EB in paraffin Ca^'*' 
fluxes were observed in the two readily identifiable and EB-responsive glomeruli, DM2 and 
DM5. The top row depicts each glomerulus while the second row depicts a heat-map of the 
EB-evoked increase in Ca^"*" activity. B) The odour-evoked percent change in fluorescence, 
calculated using equation 2.1, is used to quantify the Ca^^ activity. A representative odour 
response showing the time course of the increase in activity in mock-habituated flies (solid 
line) as well as the decrease observed in flies that have been exposed to the LTH paradigm 
(dashed line).
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readily identifiable regardless of slight variations from brain to brain and variations in the 
orientation of the preparation. The glomerulus is large and protrudes from the medial face 
of the AL. DM5, an adjacent glomerulus frequently found in the same layer, is also sensitive 
to EB although not as much as DM2 [de Bruyne et al., 2001; Hallem and Carlson, 2006] 
and is suggested to be involved in mediating an aversive response to higher concentrations 
of the odourant [Semmelhack and Wang, 2009], Preliminary results suggested decreases 
in both amplitude and duration of the odour-evoked increases in Ca^^ activity as measured 

by the GCamp3 sensor. With more data, and an improved method of analysis described in 
Section 2, we quantified these changes more rigorously. This is described in the next section.

3.1.3 Olfactory LTH is accompanied by a rwt-dependent reduction in 
PN responses to odourant.

Ca^^ fluxes in the PN dendrites of the DM2 and DM5 glomeruli were recorded using a sin
gle copy of the GH146-GAL4 driver and GCamp3 transgenes. 2-second pulses of EB (1% 
v/v dilution in paraffin oil) induced strong Ca^^ fluxes and the average percent change in 

GCaMP fluorescence over the course of the odourant response was calculated (see equa
tion 2.2). The data was analysed using custom-written software (described in Section 2) 
specifically developed for a convenient and efficient analysis of Ca^ * imaging data. The 
odour responses of flies that had been subjected to either a mock-habituation or a odourant 
habituation for a period of 4 days were compared (see Figure 3.3). Wildtype control flies 
(GH146>GCaMP3/+) habituated to EB (20% v/v dilution in paraffin oil) showed a decrease 
in odour evoked responses compared to mock-habituated animals (100% paraffin oil) in both 
the DM2 (q = 4.167, P < 0.01; SNK) and the DM5 (q = 5.554, P < 0.001; SNK) glomeruli. 
An identical treatment of rutabaga mutants flies {rut^^^^ly, GH146>GCaMP3/UAS-rMr+) 
did not exhibit the same decrease in the EB-habituated group for either DM2 (q = 2.280, P 
= 0.111; SNK) or DM5 (q = 0.804, P = 0.572; SNK). To test whether habituation caused a 
generalised decrease in PN activity, we habituated flies to CO2, (5% v/v dilution in air) an 
odourant that causes a non-overlapping pattern of activation within PNs. In this experiment 
mock-habituated flies were exposed to air for 4 days. EB-evoked PN responses in DM2 and 
DM5 PNs did not decrease in C02-habituated flies compared to mock-habituated flies (see 
Figure 3.3).

3.2 Discussion

This chapter describes an investigation of the in vivo neural correlate of LTH. This inves
tigation was performed in conjunction with a behavioural investigation of both short- and 
long-term forms of this habituation behaviour. The time course of the induction and sub
sequent recovery of these two behaviours is minutes or days respectively. Flies mutant at
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Figure 3.3: LTH is accompanied by a ruZ-dependent decrease in the odour-evoked Ca^^ 
activity in odour-selective projection neurons (PNs)
Recordings were taken from 5 day old female flies expressing the Ca^"'^sensor, GCaMP3, in 
GH146 marked neurons, a large portion of antennal-lobe projection neurons (PNs). Odour 
induced Ca^"*" fluxes were quantified by normalising the evoked percent change in fluores
cence, %AF, with respect to responses in mock-habituated flies. The %AF was calculated 
as described in Equation 2.2. Responses were assessed in mock-habituated flies (white 
bars) and flies that had undergone LTH to a 20% v/v dilution of EB in paraffin (black 
bars) and a 5% v/v dilution of CO2 in air (grey bars). LTH to EB in wildtype control flies 
(GH146>GCaMP3) showed a decrease in odour evoked responses with respect to mock- 
habituated animals in both the DM2 (**P < 0.01) and the DM5 (***p < 0.001) glomeruli. 
No such decrease was observed in rutabaga mutants flies GH146>GCaMP3/ UAS-
rut^) for either DM2 (P = 0.111) or DM5 (P = 0.572). Similarly, flies habituated to CO2 did 
not show a decrease in responses to EB relative to flies mock-habituated to air. For DM2, 
the number of mock-habituated and habituated flies respectively used for each genotype are 
as follows: wildtype controls (6, 4), rutabaga mutants (12, 8), and wildtype exposed to CO2 

(8, 7). For DM5, the number of mock-habituated and habituated flies respectively used for 
each genotype are as follows: wildtype controls (6, 7), rutabaga mutants (8, 8), and wildtype 
exposed to CO2 (6, 7). Error bars represent the SEM.
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the rut locus do not display either STH or LTH. Habituation in this mutant can be restored 
by expression of the functional Rutabaga protein in either GAD 1-marked cells or LNl cells 
but not in OSNs, PNs or MB neurons. Similarly suppression of Rutabaga protein expression 
by RNAi-mediated knockdown, disrupts habituation when it occurs in LNl and GADl neu
rons but not in OSNs, PNs or MB neurons. This data gathered using the behavioural assay 
coupled with the experiments outlined in Chapter 1 led to the model presented in Figure 1.5 
(page 33). In this model, the LNl cells are potentiated in a rur-dependent manner and as a 
result increase their inhibition of the odour-responsive glomeruli. This predicts that, in flies 
exposed to a habituating stimulus, a r«r-dependent reduction in activity should be observed 
in odour-responsive PNs.

The investigation of PN activity described in this chapter uses the GCamp3 sensor to 
quantify odour-evoked Ca^’'^ fluxes in PN dendrites. A reduction in these Ca^^ fluxes is 
observed, providing a promising candidate for the neural correlate of LTH. In order to explore 
this phenomenon further, we probed the conditions under which this reduction occurred. 
Prior to an interpretation of these results, I will first provide context for data recorded using 
the GCamp3 sensor and explore the potential sources of Ca^^ fluxes that this sensor allows 
us to measure.

imaging as a tool for assessing neural activity in the Drosophila AL In order to 
interpret the data collected in this chapter it is useful to first consider the performance of 
the GCamp3 sensor in Drosophila. This information can tell us about how accurately the 
sensor can report fluctuations in [Ca^‘^], and what these fluctuations can in turn tell us about 
concurrent neural activity. We will see that the sensor provides us with a broad overview of 
neural activity that proves powerful for our needs.

While in vitro analysis can help to define the properties of a sensor while engineering im
provements of the sensors performance (as described previously in Section 1.2), many factors 
that affect this performance can change when the sensor is used for an in vivo study. There
fore, there is no substitute for quantifying the relationship between neural activity and the 
sensor fluorescence signal. While this calibration has not been performed in the Drosophila 
AL, a number of studies [Wang et al., 2014; Barth et al., 2014; Miyamoto et al., 2013; Weir 
et al., 2014; Tian et al., 2009] demonstrate that the sensor can be used as a useful metric, if 
slightly crude, of activity within AL PNs or other Drosophila neurons and give a context for 
the values reported in this chapter.

The studies that provide context for the use of the GCamp3 sensor in measuring neural 
activity in Drosophila shall now be described. Tian et al. [2009] demonstrate the GCamp3 
sensor to have a better SNR than previous GCamp sensors in the Drosophila AL. Weir et al. 
[2014] show the measured activity in neurons innervating the fan-bodies to be qualitatively 
similar when using either whole-cell patch clamp or the GCaMP3 and GCampS Ca^+ sen
sors. This observation is provided with the caveat that the results from the electrophysiology
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did still exhibit a higher degree of variability between responses suggesting that some sub
tleties in neural activity might be lost when using the sensor. Miyamoto et al. [2013] suggest 
that the sensor exhibits similar detection sensitivity compared with previous electrophysio- 
logical studies within the gustatory system. Barth et al. [2014] use the GCamp3 sensor to 
measure evoked Ca^+ fluxes in a large number of PNs in response to the odourants methyl- 
cyclohexanol, 1-octanol and 3-octanol. These odourants elicit a range of Ca^^ responses in 
PNs (fluorescence changes of up to 260% are observed in some PN types). Differences in 
these responses correspond to changes in behaviour. The sensor’s signal represents the un
derlying PN activity faithfully enough to be able to detect behaviourally relevant differences 
in that activity.

A final study that uses the GCamp3 sensor in Drosophila and provides a context for 
the data presented in this chapter reports EB-evoked Ca^’^ fluxes in GH146 neurons [Wang 
et al., 2014]. In this study the sensor was expressed using a Lex A expression construct [Yao 
et al., 2012], which may not have provided the same levels of GCamp3 protein expression 
as our experiment that uses a GAL4 construct to drive the sensor. Levels of expression can 
alter the sensitivity of the sensor and the kinetics of the cellular Ca^+ response [Jayaraman, 
2007; Reiff et al., 2005; Hires et al., 2008]. With this caveat, this study showed EB-evoked 
increases in fluorescence of 45% and 80% in DM2 and DM5 respectively. Background 
subtraction was not performed in the study by Wang et al. [2014], which would result in a 
lower calculated percent-change in fluorescence. Another potential source of the discrepancy 
in the magnitude of responses for the data presented in Wang et al. [2014] and the data 
presented in this chapter is odourant concentration. The concentration of EB used by Wang 
et al. [2014], expressed as v/v odourant dilutions in paraffin, range from 1% to 0.01 %, which 
is a similar or potentially far lower concentration than that used to elicit odour responses in 
this chapter.

The studies described above indicate that the GCamp3 sensor gives a good overview of 
activity within the Drosophila nervous system and also provide a context for our results. In 
this chapter, mock-habituated flies were exposed to paraffin oil or air to serve as negative con
trols for EB and CO2 habituation respectively. The odour responses recorded using GCamp3 
in the flies that are simply exposed to air are most useful in comparing with naive responses 
reported in the literature. Upon delivery of an EB stimulus, DM2 and DM5 show percent 
increases in fluorescence of 171 + 15 and 116+ 12 respectively. These odour responses lie 
within the range of responses reported in the studies that are described above.

The sources of odour-evoked fluxes in PN dendrites It is useful to consider the 
source of the Ca^^ fluxes that occur in the PN dendrites. A knowledge of the potential 
triggers of Ca^+ influx aids a subsequent interpretation of the decreases in the odour-evoked 
glomerular Ca^''^ activity observed in this chapter. This interpretation aims to infer changes 
in the rate of APs in these PNs, the aspect of PN cellular function that is most relevant to
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downstream targets of the PNs, and therefore, olfactory behaviour.
Post-synaptic transients in Ca^ *, often essential for activity-dependent plasticity [Zucker, 

1999], can be caused by either back-propagation of APs or by local excitatory and inhibitory 
currents gated by neurotransmitters. In mammalian cells that are not spiking, the effects of 
synaptic inputs can be observed as transient fluctuations in levels of Ca^+ [Varga et al., 2011; 
Jia et al., 2010; Chen et al., 2012, 2013]; however, a large component of the dendritic Ca^^ 
fluxes is due to the back-propagation of APs invading the dendritic tree and subsequent 
opening of high voltage activated Ca^^ channels [Yuste and Tank, 1996; Svoboda et al., 
1997; Jaffeetal., 1992]. It seems likely that the dendritic Ca^'*' fluxes in AL PNs are similarly 
influenced by back-propagating APs. This assumption is supported by a study describing the 
electrotonic structure of PNs. Using a modelling approach, Gouwens and Wilson [2009] 
describe the spike initiation zone to be located on the axonal segment close to the branching 
point of the primary neurite. This site is electrically closer to the glomerulus than to the PN 
soma, where electrophysiological recordings of these cells can be made. Even at the greater 
electrotonic distance — caused by a strong cable filtering effect in these neurons, which is the 
attenuation of high frequency signals within the neurite — APs can still be readily recorded 
within the soma. This study implies that even with the strong filtering of APs in the neurites 
of the PNs, the APs are likely to invade the dendritic branches of the glomerulus. The fact 
that APs are likely to be a substantial cause of odour evoked Ca^+ influx in PN dendrites 
indicates that Ca^"*^ imaging can be u.sed as a direct metric of the output of the PN cells: the 
APs are responsible for transmitting intensity of activation in the PNs to downstream neurons 
in higher brain regions.

Synaptic inputs could also be a major cause of the odour-evoked Ca^'*' activity observed. 
If these inputs cause post-synaptic depolarisation, low voltage activated Ca^^ channels could 
be the principle mediators of the locally increased [Ca^^], [Berridge et al., 2000]. This 
depolarisation and raised [Ca^"''], is responsible for triggering APs at the spike initiation 
zone located on the axon projecting outside the AL. Therefore, even if synaptic inputs are 
the main drivers of the Ca^"'" activity we observe, the correlation will still hold: a decrease 
in odour-evoked Ca^^ influx corresponds to decreased rate of APs in the PNs. The potential 
cause of this decrease in PN activity is discussed in the next section.

Interpreting a change in odour-evoked Ca^+ fluxes as a neural correlate of LTH We
shall now apply the conclusion of the previous section to the data reported in this chapter 
and put the results in the context of the model of habituation previously summarised in 
Figure 1.5. Following a 4-day long exposure to EB, a decrease occurs in the GCamp3- 
reported Ca^^ activity in response to this odourant in the DM2 and DM5 glomeruli. This 
decrease is measured by comparing the responses of habituated flies to mock-habituated 
flies. In the DM2 glomerulus, odour-evoked activity decreases by 53% in habituated flies. 
In the DM5 glomerulus, odour-evoked activity decreases by 50% in habituated flies. This
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decrease in signal may be interpreted as a decrease in the rate of APs in the PNs of the 
two glomeruli which might be the neural correlate of habituation. Just as flies mutant at the 
rut locus fail to habituate, so too do these mutants exhibit the neural changes described in 
this chapter. The cause of this plasticity can be entirely explained by the model delineated in 
Figure 1.5 implying that the decrease in PN activity is a result of potentiation of inhibitory 
synapses from the LNl population onto the PNs.

Defining the neural plasticity as a correlate of the behaviour requires further experimental 
validation. An experiment to pinpoint the localisation of the rut requirement is needed. This 
could be achieved by either targeted disruption of rut function using an RNAi construct 
targeting the rut locus or targeted restoration of rut function in the LN1 cells in a mutant rut 
background. These experiments proved difficult because the rut^ rescue construct is a UAS 
transgene necessitating the use of the GAL4 system in the LNl cells, which prevents the use 
of this binary expression system for Ca^+ imaging. While it is possible to use other binary 

expression systems, at the time of the study no QUAS-GCaMP construct existed (one has 
since been developed), and although a LexAop-GCaMP3 construct existed its use was greatly 
hindered by the fact that when driving a single copy of the transgene levels of expression of 
the sensor were too low to observe the fluorescence within the AL. More than one responder 
transgene for imaging can be inserted in one fly but such a genetic manipulation was too 
time-consuming for the purposes of this study. Nevertheless, the fact that the neural plasticity 
relies on rut function does suggest that it is a correlate of the behaviour.

The odour-specificity of the decreases in the odour-evoked Ca^"*^ fluxes in PNs provides 
additional supporting evidence that the decreases represent a correlate of LTH. While evoked 
Ca^'*' fluxes in EB responsive glomeruli decreased in flies habituated to EB, Ca^"*^ fluxes 

evoked by the odourant 3-octanol in DC2, a glomerulus not activated by EB at the concen
tration used in our study, did not show any changes from those measured in mock-habituated 
flies [Das et al., 2011]. Similarly, in flies habituated to CO2 the EB responses in DM2 
and DM5 remain intact. Although CO2 evoked Ca^^ fluxes in the V glomerulus were not 
quantified in our study due to the substantial changes that would be required to our odour 
delivery system, they have been previously studied. Sachse et al. [2007] demonstrated that, 
after exposure to CO2 (5% v/v dilution) over a period of days, although the morphology 
and function of CO2 responsive OSNs remain intact, Ca^^ fluxes in the PN dendrites of the 

corresponding glomerulus (the V glomerulus) are decreased. Together these results imply 
that changes in neural function that occur in the AL after prolonged exposure to odourant 
are specific to the glomeruli responsive to that odourant. This specificity mirrors the results 
from the experiments using the Y-maze to assay habituation which shows the behaviour to be 
odour specific and to depend on post-synaptic plasticity within odour responsive glomeruli 
[Das et al., 2011].

There are a number of other possible mechanisms for the decreases in odour-evoked 
dendritic Ca^"*^ activity; however, these mechanisms, along with experimental approaches to
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distinguish between them, are discussed in Chapter 5.

Similar paradigms of olfactory learning in Drosophila The results in this chapter sug
gest that prolonged exposure to an odourant causes a reduction in PN activity and that this 
reduction underlies a decreased behavioural response to that odourant. Three assays have 
been described previously [Devaud et al., 2003a; Sachse et al., 2007; Iyengar et al., 2010] 
that address similar behavioural plasticity within Drosophila. These assays describe changes 
in behaviour and neural function following prolonged exposure to odourants. They provide 
useful comparisons with LTH and additional characterisation of how aspects of behaviour 
are affected by such an exposure; furthermore, they present similar and contrasting neural 
mechanisms to those described in this chapter.

The first assay described is imago-conditioning. An imago is a fly that has newly eclosed 
from the pupa. The imago displays a critical period of olfactory system plasticity [Thorpe, 
1939; Chakraborty et al., 2008; Iyengar et al., 2010]. During this period, long-term modifica
tion of an imago’s OSNs occurs if it is exposed to an odourant. This neural plasticity results 
in attraction to the presented odourant and an aversion to other odourants not encountered 
[Thorpe, 1939; Chakraborty et al., 2008]. Iyengar et al. [2010] induce this phenomenon us
ing the mono-molecular odour ethyl acetate. Flies were collected within 12 hours of eclosion 
and exposed to the odourant for 3 days. This treatment increases the sensitivity of OSNs to 
this chemical as well as similar chemicals, assessed using SSR.

While the nature of the valence shift caused by LTH and imago-conditioning is the same, 
the underlying neural changes are different. LTH results in decreased aversion and imago
conditioning results in increased attraction, which can be regarded as similar in that they 
both could represent a perceptual shift towards a more positive valence. The neural plasticity 
does not show such similarity. Imaginal conditioning causes increased intensity of activity 
in OSNs. While it was not assessed whether the conditioning causes adaptations within 
neurons downstream of OSNs, the neural changes during LTH provide a contrast in that a 
decreased intensity of activity is observed at the level of the PNs and OSN plasticity is not 
required [Das et al., 2011]. The cause for these differences is unclear. A key difference in 
paradigms is the manner in which the odour stimuli is delivered. Iyengar et al. [2010] add 
the odourant directly to the food, at a lower concentration of 0.01%, rather than held in a 
container (described in Section 2). Another potential cause for the differences observed are 
the conditioning odourants used; ethyl acetate has a more restricted pattern of activation than 
EB, based on the response patterns collected by Hallem and Carlson [2006].

Olfactory chemotaxis and its modification by a long-term exposure to odourants is also 
assessed using a T-maze [Acebes and Ferrus, 2001; Devaud et al., 2001, 2003b,a; Acebes 
et al., 2011,2012] instead of the Y-maze used for olfactory-avoidance habituation. Adapta
tions in central neurons, as opposed to sensory, result from exposure to odourants at a concen
tration (10% dilution) and duration (3 days) similar to that of LTH but using the odourants
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benzaldehyde and isoamyl acetate. The authors term the plasticity central adaptation. In 
this assay, flies are aged for 1 day before odour-exposure. Similar to imago-conditioning 
a critical period of plasticity was observed [Devaud et al., 2003a]. Sensory adaptation (as 
described by Stortkuhl et al. [1999]) is proposed to not be a component of the neural un
derpinnings of the behaviour because of the behaviour’s odourant specificity, long-lasting 
nature, and the measurement (using BAG) of normal OSN responses in flies that have been 
exposed to the odourant. This aligns with the experiments with LTH that demonstrate the 
lack of involvement of OSN plasticity in the behaviour; however, assessment of OSN func
tion by recording from single sensilla would provide a more accurate and sensitive method of 
assessing whether such adaptations at the periphery are present. Whether or not the central 
plasticity that occurs in LTH exhibits a critical period for plasticity similar to that described 
by Devaud et al. [2003a] has not been investigated.

Devaud et al. [2001] also characterise the changes in chemotaxis extensively. This char
acterisation provides an interesting comparison for the behavioural change observed during 
LTH. Since odourants elicit both attraction and repulsion, depending on concentration, odour 
preference was assessed by Devaud et al. [2001] across a range of such concentrations. In
terestingly, behavioural response amplitude decreased regardless of the valence of the odour 
stimulus. The decreased PN activity reduces the intensity of both attraction and aversion 
indicating a decreased perceived stimulus intensity rather than a shift in valence. Such an as
sessment of the dose-dependence of behavioural changes was not made for LTH. We cannot 
rule out a similar governing principle of behavioural modification; namely, LTH represents 
a decreased intensity of stimulus perception rather than a shift in valence.

Some of the molecular mechanisms of the neural plasticity associated with the behaviour 
described above has been discovered. The plasticity requires cAMP signalling, demonstrated 
with the dunce mutant [Devaud et al., 2001] and the rutabaga mutant [Devaud et al., 2003a] 
suggesting similar mechanisms to those of LTH; however, the observed behavioural changes 
[Devaud et al., 2001] correspond to glomerular shrinkage and loss of synapses rather than 
the growth and synapse potentiation of LTH. The cause of this discrepancy in changes of 
glomerular volume are unclear but subsequent investigation, in wildtype flies, using EB as 
an odourant showed increases in volume of the DM2 glomerulus [Acebes et al., 2012],

A circuit mechanism for PN modulation that underpins the behaviour described in the 
previous paragraphs is proposed. Using genetic manipulation to perturb a signalling pathway 
that includes phosphoinositide-3-kinase, Acebes et al. [2011] alter the number of synapses 
in distinct LN populations within the AL. Using this technique they demonstrate that the 
behaviour relies on an increased ratio of inhibition to excitation within the lobe [Acebes 
et al., 2012]. This is similar but subtlety different from the mechanism of LTH where po
tentiation of inhibition occurs. A more substantial difference between the mechanisms of 
the two behaviours is the populations of iLNs recruited to mediate the behavioural plasticity. 
According to the model described in Figure 1.5, the decreased PN activity described in this
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chapter relies on potentiation of inhibition from the LNl class of interneurons. Acebes et al. 
[2012] describe the changes in olfactory chemotaxis that they observe to be mediated by 

increased synapse number of iLNs marked by the GH298- and LN2-GAL4 lines and not the 

LNl-GAL41ine.
A final study of olfactory behaviour that provides a useful comparison to the plasticity 

of PN function described in this chapter is that of Sachse et al. [2007]. The behavioural 
locomotion assay used in this study assesses total distance walked by a fly following an 

odour stimulus. The paradigm to induce olfactory behavioural changes is almost identical to 

those used to induce LTH. Long term exposure (4 days) to CO2 at a high concentration (5%) 
decreased behavioural response to the odourant. In addition concurrent neural plasticity oc
curred. In the C02-sensitive V glomerulus, increased volume, reduced post-synaptic activity, 
and normal pre-synaptic activity and morphology were observed. The functional plasticity 

is proposed to be due to altered iLN function within the lobe. Puzzlingly, the LN plasticity 

associated with changes in the walking behaviour occur in the LN2 population rather than 

the LNl population. While this study once again supports the idea that sensory neurons are 

left intact during the induction of long-term changes in the olfactory system, the discrepancy 

in the site of plasticity in LN populations is inexplicable.
The comparison of olfactory-avoidance habituation to behaviours that are evoked by sim

ilar paradigms raises some discrepancies that warrant further investigation but also reveals 

substantial similarities in neural underpinnings of the behaviours in two of the studies: the 

lack of OSN plasticity; the decrease in PN activity; and the recruitment of iLN populations. 
A substantial advance in our knowledge of such plasticity provided by the investigation of 

LTH is the characterisation of the molecular mechanisms that underlie the specificity of 
the recruitment of LN plasticity: the identification of the neural population in which cAMP 

mediated plasticity occurs and the elucidation of the NMDA-mediated mechanism for effect
ing specific plasticity in odour-responsive glomeruli. Additionally the characterisation of the 

short-term form of the behaviour (described in Chapter 1) and its associated mechanisms that 
are overlapping but distinct from LTH greatly develop our knowledge of activity-dependent 
plasticity within the AL that underlie behavioural changes. Following the investigation of 
neural function during LTH described in this chapter I sought to take advantage of the foun

dation of knowledge described in Chapter 1 by exploring the neural function underpinning 

the short-term form of the behaviours. As described in the next chapter there are many 

advantages to studying the short-term over the long-term behaviour. In the next chapter I 
describe establishing an assay for this STH.
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Chapter 4

Methods: Studying STH in vivo

Fly stocks Flies were raised as described in Chapter 2.

'■f

2. i

Fly strains :
GH\46GAL4, UASGCaMP?, . +

+

4-$

6. i

GH\46GAIA. UASGCaMPJ, 
GHHblexA, LexAopGCaMP?, . + 
GH\4(ilexA, LexAopGCaMP'i ’ + 
LNXGALA, LexAopGCaMP?! . f 
LNXGAIA, LexAopGCaMP'i ’ f 
GHUbtexA, LexAopGCaMP?, . syn'^’’ 
GH\46lexA. LexAopGCaMP'i ’ 
LNXGAIA, LexAopGCaMP^ . syn^

syrv
97fV'

GH\A6lexA, LexAopGCaMP3 . UASsyn^, 
GH\46lexA, LexAopGCaMP3 ’ UASsyn'^,

Experiments investigating responses to different odour concentrations (Section 5.1.1) and 
the effect of the habituating protocol (Section 5.1.2) used fly strain 1 [Sachse et al., 2007]. 
In this genotype, the GCaMP3 Ca^+sensor is expressed in a large fraction of AL PNs using 
the GH146-GAL4 enhancer trap line [Stocker et al., 1997]. This was sufficient to observe 
the odour-evoked Ca^^ fluxes in the dendrites of a number of EB responsive PN populations 
that innervate glomeruli located dorsally within the AL.

All flies used for imaging for the Synapsin experiment used the LexA binary expres
sion system for the GCaMP3 system (experiment in Section 5.1.3). The LexAopGCaMP3 
transgene was made by colleague Sahar Osman and consists of a 5xLexAop2-GCaMP3 con
struct inserted at the attp40 site on the second chromosome. Expression levels were low 
and necessitated two copies of the Ca^'*' -sensor in each fly. Wildtype controls were created 
by crossing fly strains 2 and 3. Once again GCaMP3 was expressed in GH146 defined PNs. 
The LN1GAL4 driver, required for rescue of Synapsin function, was included in these flies to 
control for any effects caused by this transgene. Fly strains 4 and 5 were crossed to create the 
flies referred to in the text as the Synapsin mutant, which is homozygous for a null mutation 
in the synapsin gene [Godenschwege et al., 2004]. Fly strains 5 and 6 were crossed to rescue 
Synapsin function (in the LNl population of inhibitory interneurons) in the Synapsin mu
tant background. The rescue of expression was performed using the UAS construct driving 
wildtype Synapsin protein created by Lohr et al. [2002].
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Figure 4.1: Flow-controller

Odour-delivery apparatus The device depicted in Fig
ure 4.2 generated the odour stimuli. A pressure regula
tor on a compressed air cylinder maintained an inlet pres
sure of 0.5 bar above atmosphere to this device. Flow- 
controllers, consisting of rotameters/flow-tubes with inte
grated needle-valves (Cole-Parmer, see Figure 4.1), moni
tored and controlled the flow rates in all lines. The needle- 
valves consisted of variable constrictions that maintained 
a certain flow of air through them with a certain differ
ential pressure across them. No flow constrictions ex
isted downstream of these device and so the pressure in 
the odour-delivery device was close to that of atmospheric 
pressure. The modular design of the integrated units al
lowed for the interchange of flow-tubes (for example, SN- 
32047-21, Cole-Parmer) based on the airflow required by 
the experiment; additionally, the design allowed for easy

cleaning of the removable flow-tubes thereby remedying problems of contamination with 
odour, which caused the float to stick in the flow-tube. See Chapter 6, Section 6.1.2 and 
6.1.2 for discussion of the effect of the magnitude of the airflow (and airspeed) in an odour- 
delivery system.

A programmable logic controller (Logo, Siemens) actuated 3-way solenoid valves (225T031, 
NResearch) to switch the airflow between different lines within the odour-delivery system. 
The airflow, delivered through a Teflon tube with an inner diameter of 1.4 mm. A main-line 
continuously directed an airstream towards the fly. A subsidiary line directed airflow into this 
main airstream. During odour stimuli the airstream in the subsidiary line was passed through 
the odourant bottle on its way to injection into the main airstream. Prior to odour stimuli a 
priming-line flushed the odourant bottle to achieve a dynamic equilibrium in the headspace 
of the odourant bottle. EB was used as an odourant and dilution in liquid paraffin, with a total 
volume of 10ml, controlled the stimulus concentration delivered to the fly. The mixture was 
kept in a brown glass bottle (Duran) was used to prevent UV degradation of the odourant. 
Paraffin was used due to its low volatility and the linear nature of the relationship between 
concentration and vapour pressure for many odourants dissolved in paraffin [Cometto-Muniz 
et al., 2003]. The assumption that this method of delivery provides consistent odour stimuli 
within and between each fly assessed is discussed in Chapter 6.

In the experiment investigating the responses over a range of concentrations the airflows 
for the main- and subsidiary/priming-lines were 900ml min“’ and 100ml min~' respectively. 
This experiment required 4 odourant bottles (omitted from Figure 4.2 for clarity). For the 30 
seconds preceding a stimulus from an odourant bottle a priming airflow flushed through it to 
reduce variability of the output of the system. The airflow during the priming process for one
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Figure 4.2: Odour-delivery system
This apparatus was designed to deliver prolonged odour-stimuli. The issue of odourant- 
depletion was compensated for by having 10ml of a paraffin oil/odourant mixture in the 
odourant bottle. To establish a dynamic equilibrium, for the 5 minutes preceding an odour- 
stimulus, the odourant-bottle was flushed with air from the priming line (orange lines). Flow- 
controllers with integrated flow-meters controlled and monitored a flow of 30ml min“' of 
humidified air through the main, subsidiary and priming lines. During the delivery of an 
odour stimulus the airstream is directed through the odourant-bottle and to the fly (green 
lines). During the habituating stimulus, manual diversion of the airflow through separate 
tubing and odour injection manifold was used to reduce contamination of the system (see 
text). Modifications required for experiments investigating responses to multiple concentra
tions are listed in the text.

63



•i I second test odour pulses

y y 15 minute habituating stimulus 10 minute recovery interval y y

Figure 4.3: Protocol for STH
A pair of odourant stimuli at the start and end of the protocol were used to assess the ef
fect of the habituating stimulus on odour-evoked responses. Two pulses were used so that 
two planes within the antennal-lobe could be assessed in each fly. A 10-minute recovery 
period following the habituating stimulus allowed recovery from sensory adaptation which 
would confound observation of plasticity within the antennal-lobe. All other intervals were 
2 minutes in duration.

odourant bottle is depicted with an orange line in Figure 4.2. For all other experiments the 
priming line was used with only one odourant bottle and so flushing occurred for 5 minutes 
instead. Additionally the airflows through the main- and subsidiary- and priming-lines were 
30ml min“^ An extractor fan (Rosenberg, RS lOOL) with a 12 mm inlet tube was placed 
approximately 6 inches from the mounting plate to draw odourant from the room.

Daily cleaning of the mixing chamber and weekly cleaning of all tubing within the system 
using non-odourous detergent (Cabiclean Ultra, Manepa) and ethanol prevented build-up 
of contaminants within the system. A pump dried the system by flushing air continuously 
through it overnight. A time interval of at least 5 minutes between each fly avoided the effects 
of odourant lingering in the system. For the delivery of the habituating stimulus, the use of a 
luer 3-way stopcock allowed for manual diversion of the airflow that was directed to the fly. 
Instead of following the course outlined in Figure 4.2 the airflow in the odour line (green) 
and the main line (black) were diverted through an alternative odour-injection manifold (the 
site of diversion is marked with an X) before continuing to the fly as normal. Although this 
manual diversion briefly disrupted the flow of air to the fly it prevented any build-up of odour 
in the main apparatus and permitted a rapid offset of the habituating stimulus. For limitations 
of and improvements to this delivery system see Chapter 6.

Habituating protocol Figure 4.3 depicts the habituating protocol. Responses to the odourant 
were assessed within the AL during test pulses of 1-second duration. A pair of test pulses 
was delivered both before and after a 15-minute habituating stimulus. The habituating stim
ulus was delivered from the same odourant bottle as the test pulses. Test pulses after the 
habituating stimulus were delivered after a 10-minute recovery period (see Section 5.1.2).

Fly preparation The fly, briefly anaesthetized within a vial placed on ice, was positioned 
in a hole in aluminium foil that was affixed to a fly-holder (see Figure 4.4A). The holder
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was custom-designed (by Dr. Vivek Jayaraman, Janelia Farm, Virginia). The appropriate 
position for the fly required the manoeuvring of its body until the head lay flat against the 
thorax and the ridge between the second and third antennal segment rested on the edge of 
the foil (see Figure 4.4C). The application of wax both above and below the foil near the 
eyes and the middle of the thorax assisted in immobilizing the upper portion of the fly and 
left the legs unrestricted (see Figure 4.4D). Fully extending the proboscis and waxing it to 
the tip of a hair fixed in place at an appropriate distance from the fly reduced the movement 
of the brain. Saline in the well above the foil bathed the fly’s head and thorax. Removal 
of the dorsal head cuticle from the ocelli forward to the antennal ridge using sharpened fine 
forceps exposed the brain. At this point, replacing the saline twice adequately cleaned the 
prep of debris. Removing trachea and associated adipose tissue allowed a clear view of 
the ALs (see Figure 4.4E and F). Muscle 16, located between and ventral to the antennal 
nerves but dorsal to the oesophagus, required removal (severed using the forceps) in order 
to stop pulsatile movement of the brain. The holder, when secured to a metal block (see 
Figure 4.4B), suspended the fly in a semicircular channel through which the airstream flowed. 
An inlet in the block funnelled airflow from the odour-delivery system into this channel. This 
system of airstream presentation in which the fly was contained within the airstream itself 
greatly improved the reliability of odour stimuli, which can vary with small differences in the 
delivery system [Vetter et al., 2006]. When the dissection was completed a peristaltic pump 
(Gibson Minipuls 3) perfused the well with a saline solution (described subsequently) at 
approximately 1ml min“' until the end of the odour stimulus protocol. GCaMP3, expressed 
in PNs (see Figure 4.4F), provided measure of odour-evoked Ca^+fluxes.

Saline The composition of the saline used for the in vivo Ca^+-imaging was (in mM) : 103 
NaCl, 3 KCl, 5 TES, 10 Trehalose-2H20, 10 Glucose, 2 Sucrose, 26 NaHC03, 1 NaH2P04, 
4 MgCl2, 1.5 CaCl2 - 2H2O. The osmolarity was adjusted to 280mOsm L“' (using the 
Vapro osmometer model 5520, Wescor Inc) and the pH (measured with Cyberscan pH 1500, 
Eutech instruments) was adjusted with NaOH. A 95% 02/5% CO2 mixture bubbled through 
the solution maintained viability of the brain and resulted in a final pH of 7.3.

Imaging Ca^"''sensor (GCaMP3) activity was recorded using a LSM 510 meta con- 
focal microscope coupled to a Chameleon Ultrafast two-photon laser with excitation wave
length set at 930nm and the passband for emission detection at 500-550nm. The laser power 
was maintained at 20% of full output. Time-series were collected at 2.5Hz and saved as 
8-bit tiff files. Identification of glomeruli initially relied upon AL atlases previously pub
lished [Laissue et al., 1999; Laissue and Vosshall, 2008]. Coincident expression of RFP in 
single OSN populations — to mark specific glomeruli — and GFP in GH146 marked PNs 
provided an unambiguous confirmation of our labels (data not shown, experiment performed 
by Isabell Twick).
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Figure 4.4: Preparation of fly for in vivo access to central olfactory neurons
A) The fly is immobilised in a hole cut in aluminium-foil mounted on a custom-designed- 
Teflon holder. B) With the dissection complete the fly-holder is mounted on an aluminium- 
block that contains a semi-circular channel for delivery of odour to the fly. C) When placed in 
the foil the head-capsule of the fly was rotated back towards the thorax and the 2nd antennal 
segment was placed against the lip of the foil before waxing the fly into place. D) A ventral 
view of the fly is shown. The fly is free to move beneath the foil apart from a small drop of 
wax to hold the head in place and another drop to extend the proboscis forward (not depicted 
here). E) Once waxed into place, the dorsal parts of the fly are bathed in saline and the 
brain is exposed. F) A fluorescent image of the fly depicted in E reveals GH146 olfactory 
projection neurons marked with the Ca^'*^-sensor GCaMP3. The scale bar (shaded grey line) 
represents 200;Um
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Data analysis Both data collection and analysis was performed blinded. Data analysis was 
performed with the custom written Matlab scripts (as described in Chapter 2). The percent 
change in fluorescence was calculated as described in Equation 2.1 but without subtraction 
of background levels of fluorescence. Responses were reduced to a univariate metric by 
calculating the per second area under the curve for the first 5 seconds of the response :

0-5sAUC =
J^%AF{t)dt

(4.i:

Although some responses, especially responses within the DM1 and DM5 glomeruli, 
continued longer than this time-point, the first 5 seconds summarised other glomeruli accu
rately. The reason for this prolonged glomerular activity after the 1-second odour stimulus 
is discussed in Seetion 5.2. Results did not differ for DM1 and DM5 if an extended duration 
was assessed. The difference in odour-evoked responses before and after a 15-minute expo
sure to EB are reported in the text as the mean + the SEM. Paired Student t-tests were used 
to compare naive and habituated responses for eaeh genotype. No corrections for multiple 
comparisons were made.
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Chapter 5

STH in vivo

As described in Chapter 3 the 3-day odour-exposure of the LTH protocol is accompanied by a 
decrease in odour-evoked GCaMP signal in PN dendrites that is likely a result of potentiation 
of inhibition from the LNl iLN population. Behavioural experiments performed with the 
‘Y-maze’ assay suggest that STH is underpinned by similar plasticity within the olfactory 
circuit [Das et ah, 2011], This chapter constitutes the development of an in vivo assay for 
this putative neural plasticity. An evaluation of any neural plasticity resulting from such an in 
vivo assay should establish a causal link between this plasticity and the behaviour. A method 
to establish such a link is to demonstrate the molecular underpinnings of both behaviour and 
neural plasticity are the same. The syn^^ mutant described below, which shows impaired 
STH, was used for such a demonstration.

In the earliest recorded characterisation of habituation a long-lasting form of the be
haviour was observed [Peckham and Peckham, 1887]; nevertheless, typically the shorter- 
term behaviour has been studied [Christoffersen, 1997; Thompson and Spencer, 1966]. For 
olfactory-avoidance habituation, the short-term form, STH, provides an interesting behaviour 
for which to study the neural correlate. The advantages of studying this form over LTH are;

• A suite of experimental tools are available to observe and perturb the behaviour through
out its time course. For observation, imaging techniques and electrophysiology can be 
used. For manipulation, light-, drug- and heat-gated ion channels to control neural 
activity, light triggered photolysis to release caged-compounds or disrupt function of 
transgenically encoded proteins as well as the host of standard pharmacological agents 
used to control cellular activity are available.

• The time course of spontaneous recovery would be sufficiently short to enable its in
vestigation, once again in the same preparation.

• Between animal variability of measures of neural activity can be controlled for by 
quantifying both naive and habituated states in the same preparation.
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• The shorter duration avoids confounding variables that exert an effect over the course 
of days.

In order to study the neural correlate of STH, as well as the associated phenomena of 
recovery and dishabituation, the required experimental preparation had to provide access 
to the relevant neurons while maintaining the health of the nervous system for a period of 
hours. The ex vivo preparation described in the Chapter 2 did not meet this requirement 
as deterioration occurred within 1 hour. Instead, an experimental preparation was adopted 
in which a minimally invasive procedure was used to access the central nervous system of 
a living adult Drosophila (described in Chapter 4). The fly could be maintained in good 
health for a number of hours fulfilling the desired criteria. This experimental preparation 
was learned with invaluable input from Vivek Jayaraman (providing instruction and CAD 
designs for a holder for the fly to facilitate odour-delivery, see Figure 4.4B for schematic).

As LTH is associated with decreased odour-evoked Ca^^ fluxes in the DM2 and DM5 
glomeruli, my aim was to study whether these glomeruli show similar changes after the STH 
protocol [Das et al., 2011]. In the same manner as before, odour evoked Ca^+ fluxes in PN 
dendrites were measured by expressing the GCaMP3 sensor in PNs of the GH146-GAL4 
line. The Ca^^ fluxes evoked both before and after a habituating stimulus were compared. 
The DM2 and DM5 glomeruli were identified in the new experimental preparation, in which 
3 additional glomeruli were identified and included in this study.

Synapsin, a protein involved in synaptic vesicle clustering, is involved in STH as is de
scribed presently. In mice, disruption of the synapsin gene can result in up to 50% depletion 
of synaptic vesicles as well as a disruption of vesicle distribution [Rosahl et al., 1995]. In 
Drosophila larvae synaptic vesicles more readily reside in the non-reserve pools in syn^^ mu
tant, which does not express a functional Synapsin protein, implying Synapsin is involved 
in maintaining the reserve pool [Denker et al., 2011]. Additionally, it has been shown to 
mediate cAMP-regulated plasticity [Michels et al., 2011; Knapek et al., 2010]. In adult 
Drosophila, synapsin mutants have previously been shown to exhibit subtle differences in 
neural function underlying a range of complex behaviours [Godenschwege et al., 2004]. For 
STH to occur, the Synapsin protein is required in LNl iLNs in the AL (described by col
laborators and subsequently published [Sadanandappa et al., 2013]). These deficits were 
observed in the syn^^ mutant.

The syn^^ mutant was studied using the assay developed in this chapter. As STH is 
impaired in this genotype, so too should the neural correlate be impaired. As STH is rescued 
when the expression of the Synapsin protein is restored to LN1 iLNs, so too should the neural 
correlate be rescued by such a genetic manipulation. Neural plasticity evoked by the in vivo 
assay for the neural correlate of STH developed in this chapter was assessed. In flies subject 
to these genetic manipulations, the effect of the STH protocol was examined.
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5.1 Results

The improved preparation to study neural activity in the adult fly (see Figure 4.4) and the 
newly designed odour-delivery-system allowed me to measure odour-evoked GCaMP re
sponses in olfactory PNs labelled by GH146 in vivo for extended periods of time. To de
termine an adequate odour concentration to use for studying STH, PN responses to a range 
of EB concentrations were measured initially. Subsequently, the potential changes in odour- 
evoked GCaMP responses in a subset of PNs following the STH protocol and its potential 
absence in synapsin mutants were investigated.

5.1.1 Responses of olfactory projection neurons to a range of concen
trations of EB

The first experiment was to explore the variability and range of the amplitudes of the percent 
increases in fluorescence that could be observed in PNs responding to different concentra
tions of EB. Additionally using the results from this experiment I wished to establish a stimu
lus concentration to subsequently investigate neural activity during STH. In order to achieve 
the latter objective, the desired concentration would elicit activity that could be quantified 
within the AL using the tool GCaMP3 without causing extensive saturation of responses. 
Subsequently, the method of defining stimulus concentration by using the dilution factor of 
the odourant in the bottle proved inadequate for our purposes (see Chapter 6); however, this 
experiment achieved the two objectives listed.

The previous work carried out by colleagues used a 5% v/v dilution of EB as a habituating 
stimulus [Das et al., 2011; McCann et al., 2011]. In order to observe the PN responses to this 
concentration as well as observing the range of responses elicited by EB, flies were tested 
with one of three sets of dilutions of the odour;

• Set 1: no-odour-control, 0.5%, 4%, 10%

• Set 2; no-odour-control, 0.1%, 2%, 7%

• Set 3: no-odour-control, 0.01 %, 1%, 5%

The brain is rotated by approximately 90° in the experimental preparation used for this 
study compared to that of Chapter 3 . This exposed the dorsal surface rather than the anterior 
surface of the ALs. 5 glomeruli, including DM2 and DM5 described in Chapter 3, were 
identified in two distinct imaging planes. The set of concentrations used for each fly was 
presented twice. On the first round of presentation the responses in the most dorsal plane 
of the AL were recorded with a 2 minute interval separating each pulse (see Figure 5.1 A). 
After a 3 minute interval, a second round the responses in a more ventral plane of the AL 
(see Figure 5.IB) were recorded. Imaging two planes within each fly doubled the amount
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A B

Figure 5.1: Representative images of the planes imaged for quantifying activity in 
glomeruli responsive to EB
Odour-evoked fluxes were observed in 5 glomeruli within 2 planes within the anten
nal lobe. A) The glomeruli DM3 and DM6 are located in the dorsal-most plane. B) The 
glomeruli DM I, DM2 and DM5 are located approximately 10 jum more ventrally.

of data collection and reduced the variability within the data by more adequately controlling 
for between fly variability. In the more dorsal plane two readily distinguishable glomeruli 
that responded to EB for at least some of the concentrations tested were the DM3 and DM6 
glomerulus. In the more ventral plane the responses of DM 1, DM2 and DM5 were recorded. 
These two planes were separated by just over 10/tm. Depending on slight variation in the ori
entation of the brain some of the glomeruli could be observed in both planes and so could be 
recorded on both occasions. When this occurred no substantial difference could be seen be
tween the responses to the first and second presentation. Only the responses from glomeruli 
in the ‘intended’ plane were taken.

Previous studies in PNs have shown how both the number of neuron types as well as the 
amplitude of the responses increase as the concentration of an odourant increases [Silbering 
et al., 2008; Bhandawat et al., 2007; Wang et al., 2003], similar to olfactory coding in other 
organisms. Of the glomeruli assessed (see Figure 5.2), this holds true for DM1, DM3, DM5 
and DM6. Of these glomeruli DM3 was least sensitive, showing relatively brief activity and 
only for the most concentrated 7% and 10% dilutions. DM6 was the next least sensitive 
glomerulus with activity evident at the 1% v/v dilution. At the higher concentrations it 
showed some propensity to exhibit prolonged activity after odour offset. DM1 and DM5 
showed the highest sensitivity with activity elicited by the lowest concentrations of odour 
tested, the 0.1% and 0.01% v/v dilutions. Both glomeruli exhibited prolonged activity at 
higher concentrations with activity in DM5 being more substantial.
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Odour-evoked fluxes in the DM2 glomerulus were markedly different from that of 
the other glomeruli. Ca^^ fluxes were elicited at every concentration including the no-odour- 
control (an empty bottle with no liquid paraffin or odourant) and the magnitude of its activity 
did not correlate with the stimulus concentration. One change in activity that does occur 
is that at lower concentrations the glomerulus does not fire at odour onset but instead fires 
approximately 10 seconds later. As the concentration increases DM2, Ca^'*' fluxes occur 
upon odour onset. At the highest concentration of EB, responses in the DM2 glomerulus 
were of lower amplitude than those that occurred in response to lower concentrations of EB.
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DM1 : 0% (n = 17) 
0.01% (n = 4) 
0.1% (n = 9) 
0.5% (n = 4) 

1%(n = 4) 
2% (n = 9) 
4% (n = 4) 
5% (n = 4) 
7% (n = 9) 

10%(n = 4)

DM2 : 0% (n = 19) 
0.01% (n = 5) 
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0.5% (n = 5) 
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10%(n = 5)
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0.01% (n = 4) 

0.1% (n = 7) 
0.5% (n = 6) 

1% (n = 4) 
2% (n = 8) 
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7% (n = 8) 

10% (n = 6)
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0.01% (n = 5) 
0.1% (n = 9) 
0.5% (n = 5) 

1%(n = 5) 
2% (n = 9) 
4% (n = 5) 
5% (n = 5) 
7% (n = 9) 

10% (n = 5)

DM6 : 0% (n = 17) 
0.01% (n = 4) 

0 1% (n = 7) 
0.5% (n = 6) 

1%(n = 4) 
2% (n = 8) 
4% (n = 6) 
5% (n = 4) 
7% (n = 8) 

10% (n = 6)

Time (s)

Figure 5.2: Projection neuron responses over a range of concentrations of EB
Recordings were taken from 2-5 day old female flies expressing the Ca^"^sensor, GCaMP3, 
in a large portion of antennal-lobe projection neurons (PNs). In each fly the responses to 
4 concentrations of EB (including 0%) were recorded. Concentrations are listed as % v/v 
dilutions in liquid paraffin oil. %AF(t) is the percent change in fluorescence evoked by the 
odourant (see Chapter 4). The shaded grey line at the top of the figure represents the duration 
of the diversion of odour to the fly. Odour-evoked activity persists for many seconds after 
the end of this odour diversion. The cause for this is discussed in Section 5.2.
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5.1.2 Activity-dependent changes in distinct neural populations within 
the antennal-lobe

The previous experiment determined GCaMP responses in the dendrites of five distinct PN 
populations elicited by a range of EB concentrations. As expected, higher concentrations 
activated more glomeruli than lower ones. With respect to these observations a 5% v/v 
dilution of EB in paraffin oil was chosen for the subsequent investigation of a neural correlate 
of behavioural STH. A 5% dilution was deemed to be adequate as this concentration of 
EB elicited reliably detectable GCaMP responses in the glomeruli tested without causing 
obvious effects of GCaMP saturation (see Figure 5.2). This concentration was further in 
accordance with previous behavioural work [McCann et al., 2011; Das et al., 2011]. Taking 
into account the observations from the former experiment the subsequent aim was to quantify 
any changes in odour-evoked GCaMP responses within the AL using a habituation protocol 
similar to the one used for the behaviour (36).

The basic habituation protocol used for Ca^+ imaging consisted of delivering two naive 
EB test-stimuli to the fly before exposing it to EB for a prolonged time period and a subse
quent testing by presenting another two EB test-pulses (see Figure 4.3). Two odour pulses 
were used before and after the exposure to allow for measuring GCaMP responses in both 
layers of the AL (see Figure 5.1). Each of these odour pulses lasted for one second. Previ
ous work assessing behavioural olfactory habituation employed a 30-minute long stimulus; 
however, 15 minutes elicited a similar decrement in aversion, albeit with a shorter recovery 
time (personal communication with collaborators in NCBS, Bangalore, India). This shorter 
exposure time was adopted for the Ca^ * imaging experiments to speed up the data collec
tion which otherwise would not have been feasible to perform for multiple experiments. 
A 10 minute recovery period between the 15 minutes lasting habituating stimulus and the 
subsequent testing stimuli was used. This time was judged, based on the literature, to be 
sufficiently long after the habituating stimulus to remove the effect of sensory adaptations in 
OSNs which can last for a number of minutes [Kaissling et al., 1987; Stortkuhl et al., 1999; 
Zufall and Leinders-Zufall, 2000; de Bruyne et al., 1999]. Based on communication with our 
collaborators this recovery period is further well within the length of time that the behaviour 
can still be observed in a robust manner.

The airflow was lowered to 60ml min“' for this experiment and all subsequent experi
ments reported in this chapter. This was done in an attempt to keep the protocol as close 
as possible to the behavioural experiments previously performed [Das et al., 2011; McCann 
et al., 201 Ij. For an in depth discussion of the effect of airflow (and airspeed) see Chap
ter 6 Section 6.1.2. The ratio of airflow in the main line to the airflow in the odour line 
was changed to 1:1 because no odour was delivered with the previous ratio of 9:1 at the 
new-lower airflow (the behaviour of airflow in the system is discussed at length in Chapter 6 
Section 6.1.2). The naive odour-evoked GCaMP responses were similar to those reported
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previously in Figure 5.2 as can be seen in Figure 5.3. DM1 and DM5 showed robust and 
sustained odour-evoked GCaMP responses for more than 20 seconds to the naive EB pre
sentations while DM6 showed smaller responses that continued for up to 10 seconds. DM3 
responded more reliably; although, it again showed transient responses relative to the other 
glomeruli, and DM2 more reliably showed responses at odour onset (see Figure 5.3A blue 
curves). The elicited GCaMP responses within these latter two glomeruli suggest that the 
actual concentration of odour delivered to the fly was slightly higher than that defined as a 
5% v/v dilution during the experiment investigating the effect of concentration (see Figure 
5.2).

Using a 5% v/v dilution of EB, I assessed the responses to a pair of odourant pulses both 
before and after the habituating stimulus (see Figure 4.3) in flies expressing GCaMP3 in a 
majority of AL PNs labelled by the GH146-GAL4 line. With this experimental design it was 
possible to assess activity within two layers of the AL of each fly. The layers were imaged 
in a randomized order; however, this order was kept consistent for the naive and exposed 
odourant pulses within each fly. No observable difference occurred between the average of 
the first and second response of the naive or the exposed pair, respectively (see Table 10.2 
and 10.3). However, comparisons were only made when the corresponding responses at the 
start and end of the habituating protocol were recorded successfully. The paired differences 
between the responses within each animal are shown in Figure 5.3B. Similar to previous 
analysis of LTH [Das et al., 2011; McCann et al., 2011 ], in Chapter 3, the first five seconds 
of the response were analysed (see Figure 5.4). This was the time during which the majority 
of glomeruli showed responses. The habituation protocol reduced both the intensity and 
duration of the odour-evoked responses in three out of five glomeruli (see Figure 5.3): DM 1, 
DM3 and DM5 showed decreases in activity after the prolonged exposure with the mean 
differences and SEMs being -109 ± 19.8 for DM I, -62,7 + 21.7 for DM3, and -135 + 
25.3 for DM5 (see Figure 5.4 and Table 10.4 for descriptive statistics and normality testing); 
however, DM2 and DM6 did not show a change in their responses (-39.1 + 32.1 for DM2 
and -18 + 18.3 for DM6 respectively).
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Figure 5.3: Changes in odour evoked responses due the habituation protocol
Recordings were taken from 2-5 day old female flies expressing the Ca^+sensor, GCaMP3, in 
antennal-lobe projection neurons (PNs) marked by the GH146-GAL4 line. A) Responses in 
5 distinct populations of PNs within the AL to EB (odour evoked % change in fluorescence) 
both before (blue) and after (red) the flies were subjected to the habituating protocol. B) 
Paired differences (green) of the responses shown in A). A negative deviation indicates a 
drop in the odour-evoked activity of the PNs after habituation. The mean + 1.96 times the 
SEM is represented by the solid and shaded portions of the curve respectively. See Figure 
5.4 for statistical comparisons. The shaded grey line at the top of each pane represents the 
time during which the solenoid valves controlling the odour-line directed the odour stream 
to the fly.
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Figure 5.4: Summary of changes in odour evoked responses due to the habituating pro
tocol
Recordings were taken from 2-5 day old females expressing Ca^^ sensor, GCaMP3, in 
antennal-lobe projection neurons (PNs) marked with the GH146-GAL4 line. The habitu
ating protocol induces reductions in PN activity in DM1, DM3 and DM5 (t-tests : DF : 5,5 
and 5 t: 5.5,2.9 and 5.3 **p<0.01, *p<0.05 and **p<0.01 respectively). Each response is 
calculated as the mean of the first five seconds of the odour-evoked activity (see Chapter 4). 
Each grey circle represents the difference between naive and habituated responses in a sin
gle fly. The mean (red horizontal line), 1.96 times the SEM (pink shading) and SD (purple 
shading) is depicted for each glomerulus. See Eigure 5.3 for the fluorescence curves.
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5.1.3 Investigating activity-dependent changes in a habituation mutant

Using this newly established imaging protocol, an investigation to show a potential 
neural correlate of STH by imaging from dendrites of five distinct glomeruli within the 
Drosophila AL was carried out. Three of the recorded glomeruli, namely DM1, DM3, and 
DM5 showed decreased odour-evoked GCaMP responses after the prolonged odour expo
sure. Previous investigations have shown that Synapsin expression in the LNl population 
is required for behavioural olfactory STH [Sadanandappa et al., 2013] . In accordance with 
these findings my aim here was to study whether Synapsin mutants similarly do not show 
changes in odour-evoked GCaMP responses induced by prolonged odour exposure.

For STH to occur the LNl inhibitory sub-population of interneurons in the AL re
quire Synapsin [Sadanandappa et al., 2013], a protein involved in synaptic vesicle clus
tering. If the observed plasticity is truly a neural correlate of behavioural habitua
tion it should be similarly disrupted in the Synapsin mutant. For this purpose mu
tant flies with the syn®^ mutation in homozygosity were used. This is a null mu
tation which consists of a 1397bp deletion that eliminates the presumed promoter re
gion including the putative transcription start site, the first exon and 841 bp of the first 
intron [Godenschwege et al., 2004]. Odour-evoked GCaMP responses in the mutant 
(GH146LexA,LexAopGCaMP3/LexAopGCaMP3; syri^'^/syri^^) were assessed to investi
gate whether the changes associated with prolonged exposure (see Section 5.1.2) might be 
affected. To further implicate the observed changes in odour-evoked GCaMP increases as 
a correlate of the behavioural phenomenon, it should be similarly rescued by reconstituting 
expression of wildtype Synapsin in LNl neurons. Accordingly, in the syn^^ mutant back
ground, usage of the GAL4/UAS system drove the expression of the wildtype Synapsin pro
tein within the LNl neurons (GH146LexA,LexAopGCaMP3/LNlGAL4,LexAopGCaMP3; 
UASsyn^ ,syn^^/UASsyn^ ,syii^^). These experiments required the use of LexA/Lexaop bi
nary expression system in order to express the GCaMP3 sensor within PNs. A control for the 
effects of using this different expression system for the sensor in wildtype flies was included 
(GH1461exA,LexAopGCaMP3/LexAopGCaMP3;+/-!-).

In the wildtype controls (GH1461exA,LexAopGCaMP3/LexAopGCaMP3;-(-/-i-), habitu
ation caused decreases in responses of the DM1, DM3 and DM5 glomeruli showing mean 
differences and SEMs of-17.9 ± + 6.73 for DM1, -19.7 ± 6.01 for DM3, and -109 ± 17.1 
for DM5, respectively (see Figure 5.5 and Table 10.5 for descriptive statistics and normality 
testing). Once again DM2 and DM6 did not show any changes with the mean differences be
ing 13.7 + 11.9 for DM2 and -21.1 + 11.1 for DM6. No significant changes were observed in 
any of the glomeruli of the Synapsin mutants (GH146LexA,LexAopGCaMP3/LexAopGCaMP3; 
syn^^/syn'^'’:-23.6 ± 13.8 for DM1,33.3 ± 12.7 for DM2, 9.71 ± 16.6 for DM3,-68 + 25.6 
for DM5, and 31 + 26.4 for DM6, see Figure 5.5 and Table 10.6). In the rescue genotype 
(GH146LexA,LexAopGCaMP3/LN 1 GAL4,LexAopGCaMP3; UASsyn +,syri^^/UASsyn^,syri^^)
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— the same genetic background but with a functional Synapsin protein expressed in the LN1 
population of interneurons — the DM2 glomerulus shows a significant increase after the ha
bituating protocol (14.6 + 2.88) and no significant changes were observed in any of the 
glomeruli (-15.7 + 7.9 for DM1, -4.96 + 7.4 for DM3, -40.5 + 17.4 for DM5, and -11.3 + 
13.9 for DM6, see Figure 5.5 and Table 10.7). A more salient aspect of the data collected 
for the investigation of Synapsin function was the differences in the number of successfully- 
responding flies within each genotype due to their substantially lower baseline fluorescence 
and a lack of odour-evoked responses in a larger-than-average number of preparations. These 
aspects will be discussed later.
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Figure 5,5: The effect of Synapsin on changes induced by the habituating protocol
Recordings were taken from 2-5 day old females. Wildtype con
trols refer to 
Synapsin mutants
syn^^ / syn^'^ flies and
ulation to

.97

GH1461ex A,LexAopGCaMP3/LexAopGCaMP3;+/+ flies,
to GH 146LexA,LexAopGCaMP3/LexAopGCaMP3;

Synapsin mutants with rescue in LNl pop- 
GH146LexA,LexAopGCaMP3/LN 1 GAL4,Lex AopGCaMP3;

UASsyn~^ ,syrf'/UASsyn^ ,syrf' flies. A) In wildtype flies the habituating protocol 
induces reductions in PN activity in DM1, DM3 and DM5 (paired t-tests : DF : 12,8 and 11 
t: 2.7,3.3 and 6.3 p = *p<0.05, *p<0.05 and **p<0.01 respectively). B) A lower success 
rate occurred in Synapsin mutant flies (see text). C) In Synapsin mutant flies with rescued 
synapsin function in LN1 neurons an increased response in DM2 is observed (paired t-test: 
**p<0.01 t : 5.1 DF : 5). Each response is calculated as the mean of the first five seconds 
of the odour-evoked activity. Each grey circle represents the difference between naive and 
habituated responses in a single fly. The mean (red horizontal line), 1.96 times the SEM 
(pink shading) and SD (purple shading) for each PN population is depicted.

81



5.2 Discussion

This Chapter establishes an in vivo assay for assessing the neural correlate of STH. Ca^+ 
fluxes in PNs were quantifled to a range of different concentrations of EB. At a 5% v/v 
dilution in liquid paraffin oil, EB elicits robust responses in the PNs that lie within the range 
of the olfactory system. This concentration was used previously to induce STH [Das et al., 
2011; McCann et al., 2011] and so represented an ideal choice for an investigation of the in 
vivo neural correlate. In flies subjected to a habituating protocol, odour-evoked activity in a 
subset of responsive glomeruli decreases. Genetic perturbation of synapsin is used to explore 
the role that this gene might have in the habituation-dependent changes in the observed neural 
activity.

Activity in the antennal lobe in response to increasing concentrations of EB Bhan- 
dawat et al. [2007] characterise responses of PNs and their cognate OSNs to a number of 
different odours. This study indicates that although PNs display increased sensitivity rela
tive to their cognate OSNs there is largely an alignment between the responses of first and 
second order olfactory neurons. This is useful as extensive characterisation has been per
formed on the activity in OSNs that can provide a context to the activity observed in this 
chapter.

An early study of responses in identifiable OSNs in Drosophila by de Bruyne et al. 
[2001 ] describes EB to elicit the most substantial responses in the cognate OSNs of the DM 1 
and DM2 glomeruli while substantially smaller responses were observed in DM5’s cognate 
OSNs and almost no response was observed in DM3’s OSN. The response of DM6’s OSN 
was not reported. Hallem and Carlson [2006] use a selection of 110 odourants to charac
terise the responses of 24 different receptors expressed in the empty neuron of the A-halo 
mutant. The lS.-halo mutant lacks endogenous odourant-receptors in one OSN type facili
tating ectopic expression and study of other Drosophila odourant-receptors in a convenient 
and stereotyped manner. In this study, once again the OSNs projecting to DM1 and DM2 
appear to have the largest responses to EB, DM5 OSNs are of intermediate sensitivity and 
DM3 OSNs exhibit the lowest sensitivity. DM6 OSNs, which were also characterised in this 
study are of similar sensitivity to DM1 and DM2 OSNs.

With respect to the data collected in this chapter, the odour-evoked Ca^"*" activity of PNs 
in response to different odourant concentrations (Figure 5.2) are similar to those previously 
reported in the cognate OSNs of the DM1, DM3, DM5 and DM6 glomeruli. With increas
ing concentration more glomeruli are recruited and more intense and prolonged activity is 
observed.

Interestingly the electrophysiological investigation of OSNs and PNs by Bhandawat et al. 
[2007], show similar results for OSN activity but not for PN activity. The PNs of the DM3 
glomerulus exhibit similar activity to the DM1 and DM2 glomeruli. In the experiment re-
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ported here, in contrast, these PNs are less sensitive to EB. Perhaps this is due to the kinetics 
of the sensor being unable to detect transient responses in DM3 at lower concentrations at the 
early stages in the PN response. Subsequent prolonged activity, which the sensor more read
ily detects, is not present in the DM3 PNs accentuating the difference between the activity in 
the PN populations.

One feature of the odour-evoked Ca^^ activity in all the glomeruli is its prolonged na
ture. The solenoid valves direct odourant towards the fly for 1 second to provide an odour 
stimulus. Odour-evoked Ca^+ fluxes occur for tens of seconds following this. Since Ca^"*^ 
activity is correlated to the neural activity in the cell (discussed in Chapter 3), a reasonable 
explanation for the prolonged Ca^'*^ activity observed is that the dynamics of the odour stim
ulus are greatly slowed by features of the odour delivery system. The odour stimuli were 
subsequently quantified and controlled for in a more rigorous fashion (Chapter 6) and this 
feature of the Ca^"*^ responses was eliminated.

The Ca^^ activity in the DM2 glomerulus is not as readily explained as in the other 
glomeruli. There is no correlation between level of activity and the concentration of the 
stimuli; furthermore, they arise even when the airflow is channelled through an empty bottle 
instead of one containing odourant. One explanation for this is due to contamination within 
the system. This has been reported previously for odour-delivery systems and may especially 
confound interpretation of data for threshold detection studies [Schmidt and Cain, 2010]. If 
we are to use this interpretation, however, it would suggest that DM2 is more sensitive to 
EB than other glomeruli, a result that is not borne out in other studies [Hallem and Carlson, 
2006]. Electrophysiological recordings from these neurons would be useful in attempting to 
decipher the underpinnings of the uncharacteristic Ca^"*" signals in this glomerulus. Further
more, characterisation of OSN responses would also help discern the origins of this activity. 
Subsequent experiments did not elicit this phenomenon in the DM2 glomerulus.

Ultimately, what the investigation of concentration provided was a knowledge of the 
range of response patterns observed as the concentration of EB increases and assurance that 
the concentration defined as a 5% v/v dilution was within the range of the olfactory system.

Neural plasticity associated with the habituating stimulus Following the habituating 
protocol, EB-evoked Ca^"*^ fluxes decreased in the DM1, DM3 and DM5 glomeruli (67%, 
84% and 79% of naive responses respectively). This provides further support of the model 
described in Figure 1.5. While this plasticity could be due to a potentiation of inhibition onto 
odour-responsive PNs, a number of other interpretations explain the observed plasticity.

As discussed in Chapter 3 such a decrease in odour-evoked Ca^"*^ fluxes can be interpreted 
as a decreased rate of spiking in the PN populations. A trivial explanation for the decrease is 
that the health of the fly is deteriorating over the course of the paradigm; however, responses 
of habituated flies recover by 1 hour after the habituating stimulus and flies subjected to a 
mock-habituating protocol of air for 15 minutes do not exhibit neural adaptations (data not
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shown, experiments carried out by colleague Isabel Twick). There are a number of potential 
sources of the observed decreases in odour-evoked Ca^^ fluxes ranging from adaptations at 
the OSN receptors to centrifugal projections from higher brain regions altering AL activ
ity. This section will discuss the cellular and circuit changes that may be occurring while 
methods to distinguish between these changes is discussed in the following section.

Adaptations in the OSNs (described in Chapter 1, Section 1.3.2), projecting to the af
fected glomeruli are likely to occur in response to the habituating stimulus. This could 
take the form of decreased receptor-associated-transduction currents or desensitisation of 
the spike generation mechanisms [Kaissling et al., 1987; Zufall and Leinders-Zufall, 2000]. 
These changes, likely triggered by increases in [Ca^'*'], [Matthews and Reisert, 2003; Nagel 
and Wilson, 2011], recover almost entirely over the course of seconds to minutes [Stortkuhl 
et al., 1999; Deshpande et al., 2000; Nagel and Wilson, 2011; Zufall and Leinders-Zufall, 
2000]. Such adaptation seems unlikely to contribute substantially to the plasticity observed 
here because of the 10 minute recovery period between the habituating stimulus and the 
subsequent test pulse.

Within the AL, adaptations can occur in the sensory terminals that are sometimes trig
gered and often mediated by Ca^^ levels [Zucker, 1999; Neher and Sakaba, 2008; Catterall 
and Few, 2008]. These adaptations in Drosophila OSNs were recently described [Murmu 
et al., 2011] that can last from tens of seconds to minutes (for some odourant/OSN combi
nations they seem to last as long as 30 minutes). Ca^ ^ fluxes in terminals is partially due 
to release from intracellular stores gated by both IP3-R and ryanodine receptor signalling. 
Whether these changes are triggered by internal mechanisms, like Ca^"*^ levels, or modulatory 
input is unclear; however, the adaptations were shown to be regulated by GABA demonstrat
ing they are not generated entirely by mechanisms intrinsic to the terminals. Furthermore, 
the dependence on GABA makes it difficult to entirely dissociate these changes from those 
observed due to potentiation of pre-synaptic inhibition. The iLNs that branch extensively 
throughout the AL [Chou et al., 2010; Tanaka et al., 2012] have been shown to reshape re
sponses within the AL and act predominantly at a pre-synaptic locus [Root et al., 2008; Olsen 
and Wilson, 2008; Hong and Wilson, 2015; Wilson and Laurent, 2005; Wang, 2011].

Downstream to the OSNs and their terminals, numerous additional adaptations might be 
the source of decreases in PN activity. Within the PNs themselves, altered function or reg
ulation of post-synaptic receptors could be a contributing factor to the changes. PN activity 
does not typically adapt due to intrinsic mechanisms as demonstrated by their activity in 
response to a sustained current injection [Kazama and Wilson, 2008; Nagel et al., 2014].

Just as lateral inhibitory connections can act pre-synaptically they can also exert an effect 
post-synaptically [Olsen and Wilson, 2008; Silbering and Galizia, 2007; Root et al., 2008]. 
As described extensively in Chapter 1, potentiation of this inhibition has been strongly im
plicated by the behavioural experiments investigating olfactory-avoidance habituation [Sud- 
hakaran et al., 2012; Sadanandappa et al., 2013; Das et al., 2011; McCann et al., 2011; Sud-
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hakaran et al., 2014] and is a strong candidate for the underlying plasticity observed here. 
Such plasticity in iLNs can be a useful mechanism as this provides a means of stimulus- 
specific adaptations that is not afforded by the simpler mechanism of homo-synaptic de
pression [Ramaswami, 2014], The fact that the this population is exerting its effect post- 
synaptically is interesting in light of early research [Olsen and Wilson, 2008] of lateral inter
actions in the AL showing that their predominant effect is caused by pre-synaptic inhibition 
and that the predominant effect of post-synaptic lateral input is excitatory. The component 
of lateral post-synaptic input that is inhibitory was observed during higher levels of PN ac
tivity and was insensitive to GABA antagonists. More recently, a post-synaptic inhibitory 
effect of GABA-LNs on PNs was demonstrated with dual recordings of the two cell types. 
Current injection into single GABA LNs causes a hyperpolarisation of the membrane of a 
simultaneously recorded PN. This inhibition is blocked by the GABAg receptor antagonist 
CGP54626. The dynamics of this inhibition is slow and does not appear to be individual 
IPSPs. This is contrasted with the IPSPs that can be observed in eLNs [Yaksi and Wilson, 
2010]. Furthermore, to draw a comparison with other insects, Warren and Kloppenburg 
[2014] recently described inhibition in the PNs of the cockroach, Periplaneta Americana. 
Here, IPSPs were observed and could be resolved into either fast and transient or slow and 
sustained phenomena, mediated by either GABA,4 or GABAb receptors respectively. The 
rapid IPSPs are elicited by a single spike in the inhibitory neuron and follows a time course 
of milliseconds rather than the hundreds-of-milliseconds time course of those observed in 
Drosophila (an early phase of inhibition is described as the first 500ms of the inhibition 
[Wilson and Laurent, 2005]). Warren and Kloppenburg [2014] suggest that the cause for the 
lack of distinct and rapid IPSPs in Drosophila is due to the electrotonically distal location of 
the recording site with respect to the synaptic receptors.

Future experiments to understand the plasticity observed The changes in odour-evoked 
Ca^^ fluxes in the DM1, DM3, and DM5 glomeruli provides a promising avenue for future 
research into the neural correlate of STH. In order to develop our understanding of these 
results experiments are required to further characterise this circuit plasticity.

To address the underlying mechanisms of the changes observed in the PNs, Ca^'^ imag
ing experiments similar to those described in this chapter could be performed in other cell- 
populations. As before, this technique provides the significant advantage of measuring ac
tivity in a number of glomeruli at once. Pre-synaptic Ca^^ influx is typically tightly coupled 
with neurotransmitter release [Heidelberger et al., 1994; Neher and Sakaba, 2008]. Similarly 
Ca^^ influx typically decreases during pre-synaptic adaptations [Catterall and Few, 2008; 
Zucker, 1999] or inhibition [Neher and Sakaba, 2008; Wu and Saggau, 1997]— although 
pre-synaptic inhibition can occur without affecting Ca^+ activity [Wu and Saggau, 1997; 
Zucker, 1999]. This correlation makes Ca^^ imaging a useful method of inferring changes 
in synaptic transmission. Both OSNs and iLNs are ideal targets for such an investigation
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to further assess changes in odour-evoked activity in the AL. Increased Ca^^ activity in 
iLN neurites could indirectly indicate a greater degree of activity or vesicle release in these 
cells. Ca^+ imaging in OSN terminals would provide evidence of pre-synaptic adaptations 
or inhibition. While such a line of investigation could direct further experimentation, their 
interpretation would be more difficult than that of activity within PNs. In PNs the level of 
glomerular Ca^~^ activity can be used to infer changes in PN output (see Section 3.2). In 
OSNs and iLNS, the most relevant aspect of cellular function is the magnitude of synaptic 
release, which is not as tightly correlated with Ca^+ activity. In OSNs, mechanisms used for 
changes in vesicle release might occur downstream of Ca^^ regulation. In LN populations, 
Ca^"'^ activity occurs at both pre-synaptic release sites and post-synaptic compartments.

Sensors that measure pre-synaptic release [Kavalali and Jorgensen, 2013] would be more 
appropriate for the purposes of assessing OSN and iLN output. Synapto-pHluorin pro
vides such a measure of pre-synaptic release (although not an entirely unambiguous measure 
[Kavalali and Jorgensen, 2013]) and has been previously used in the Drosophila olfactory 
system [Ignell et al., 2009; Ng et al., 2002; Shang et al., 2007]. Compared to GCaMP 1.3 
this sensor has slower kinetics [Reiff et al., 2005; Ignell et al., 2009], lower SNR [Reiff et al., 
2005] and amplitude of odour-evoked percent changes in fluorescence (1-2 orders of mag
nitude lower as reported in [Ignell et al., 2009], or comparing reports of synapto-pHluorin 
activity [Silbering et al., 2008; Wang et al., 2003] to GCaMP 1.3 activity [Ng et al., 2002; 
Shang et al., 2007]); however, the sensor enables a more faithful quantification of changes 
in neurotransmitter release from OSN or LN populations. In the case of LNs this investi
gation may still be confounded by the fact that different PNs exhibit dramatically different 
sensitivity to inhibition in the AL [Hong and Wilson, 2015]. This confounding factor calls 
for a better metric for inhibition of the PN population than pre-synaptic release. More recent 
developments in sensor technology promise to provide means to address such issues [Liang 
et al., 2015].

In addition to the non-invasive measures of assessing neural activity using sensors, elec
trophysiology provides a more invasive one that has a number of advantages. Complex tem
poral patterns of activity that are too rapid to be tracked by Ca^^ fluxes within the PNs can 
be assessed [Wilson, 2004]. No direct comparison between GCaMP3 and patch clamping 
has been made in AL PNs but comparisons with previous GCaMP sensors have shown that 
activity as high as 80Hz is sometimes not detected. Similarly while the fluorescence signal 
of Ca2+ sensors sometimes exhibits a linear relationship with firing rate over a substantial 
range of activity of the neuron [Reiff et al., 2005], typically the increase in fluorescence with 
respect to firing rate is described by a sigmoidal function [Tian et al., 2009; Akerboom et al., 
2012] due to the sigmoidal nature of the relation between [Ca^+], and the Ca^^ -binding of 
the sensor as well as the nonlinear relationship between [Ca^"*^], and firing rate. Furthermore 
the sensor might saturate within the range of normal activity of any given neuron. Electro
physiology can effectively address these limitations and help to obtain a more comprehensive
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description of the neural plasticity observed in this chapter.
The hrst obvious target of an electrophysiological investigation would be the PNs them

selves. The decrease in odour evoked activity could be more accurately quantified in terms 
of the firing-rate, which defines the output of the cell. In addition, the sub-threshold events 
could be assessed to improve our knowledge of the source of the changes. EPSPs can be 
recorded in AL PNs (indeed in some glomeruli miniature EPSPs (mEPSPs) that result from 
single vesicle release can be reliably observed [Kazama and Wilson, 2008]). Changes in fre
quency and amplitude of these EPSPs would give an indication of any altered pre-synaptic 
input. This pre-synaptic excitatory input predominantly consists of OSN signalling but eLNs 
also contribute [Kazama and Wilson, 2008; Olsen et al., 2007; Shang et ah, 2007]. In addi
tion to excitatory input the inhibitory input to PNs could also be assessed although such an 
investigation is not as straightforward, requiring more laborious experimental paradigms and 
shall be discussed presently.

In the model of habituation depicted in Figure 1.5, synapse specific potentiation of 
GABAergic inhibitory input occurs. This implies that the behaviour is not necessarily as
sociated with any changes in the spiking activity of the LNl population. This rules out the 
usefulness of the experiment, which would be technically more manageable, that would use 
single cell recordings of the LNl population to quantify firing-rates in these neurons during 
both basal and odour evoked activity. What is instead necessary is the assessment of the 
change in the inhibitory connections between this LN population and PNs.

As discussed previously, the connections between iLNs and PNs are weak and distinct 
IPSPs cannot be observed in PNs. This makes changes in spontaneous inhibitory activity 
impossible to assess. The lack of IPSPs also impedes assessment of the inhibitory input 
from a single cell that is firing at the higher levels of activity associated with an odour- 
stimulus. While inhibition cannot be observed during odour-evoked activity because of the 
action-potentials and EPSPs, a dual recording with a PN and LN 1 cell could potentially give 
insight into the inhibitory input. Current injection into the LN to elicit activity similar to 
that observed during odour-evoked activity might reveal the resulting post-synaptic hyper
polarisations in the PN if the connection is strong enough [Liu and Wilson, 2013]. If more 
substantial depolarisation of the iLN is required, the inhibition observed might recruit addi
tional mechanisms for transmission that may not necessarily be relevant to the investigation 
of habituation. An additional complication caused by the weakness (or at least its poor prop
agation to the recording site at the soma) of the inhibition is that distinct IPSPs would provide 
a less ambiguous demonstration of direct synaptic input mediating the decreases in activity 
observed, as opposed to effects exerted on the AL at large by the inhibitory cell/population.

Specificity of neural plasticity associated with habituation The fact that decreases in 
EB-evoked Ca^'*' fluxes do not occur in all the glomeruli assessed is interesting. It suggests 
that it is not a simple shift in global activity but is a more specific reshaping of the neural
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code; nor does there seem to be a simple rule that takes the level of activity within each 
glomerulus into account: there is no threshold in activity above or below which the plasticity 
occurs.

A slightly confusing aspect of the selective changes observed is that there was no ob
servable change in the DM2 glomerulus. This contrasts with the results of the previous 
investigation of LTH in which DM2 did show experience dependent decreases in activity 
(see Chapter 3)). The reason for this discrepancy is unknown, but it might suggest that in 
addition to the divergence of molecular underpinnings of the two forms of behaviour pre
viously detailed [Das et al., 2011; Sudhakaran et al., 2012; Sadanandappa et al., 2013], the 
reshaping of the neural code within the AL may also differ.

If the plasticity reported here is indeed the correlate of STH, the plasticity indicates that, 
rather than a change in stimulus intensity perception, the perceived negative valence of EB 
may have decreased. This observation is based on the fact that a restricted pattern of glomeru
lar changes occurs upon exposure to the STH protocol. The potential link between valence 
of an odourant and the glomerular response pattern was described previously (Section 1.3.3). 
Semmelhack and Wang [2009] reported DM5 to be responsible for mediating the aversive 
response to EB. Here we have shown it to be one of the glomeruli involved in the reshaping 
of AL activity. These results that suggest a change in valence, contrast with the studies dis
cussed in Chapter 3, Section 3.2, that were also describing olfactory-avoidance habituation 
albeit in LTH, a form that occurs over a longer timescale. These studies did not necessarily 
represent a change in valence and indeed in the case of Devaud et al. [2001], discussed in 
Chapter 3, the behavioural decrement they observed explicitly represented simply a reduc
tion in stimulus intensity perception.

Investigating the role of synapsin in the neural plasticity associated with habituation
The experiments investigating whether Synapsin function underpinned the plasticity ob
served in PNs were hindered by the number of successful preparations homozygous for 
the syn^^ mutation. The success rate was affected by both a low basal fluorescence and a 
decrease in the number of preparations in which odour stimuli successfully evoked Ca^^ 
activity in any glomeruli.

While the low levels of basal fluorescence in wildtype controls (comparing the naive 
baseline fluorescence in Table 10.4 with that in Table 10.5) made identification difficult, 
some glomeruli were still always identified. The two expression systems (comparing Fig
ure 5.3 to Figure 5.5A) exhibit a different magnitude in the changes observed in PN responses 
before and after the habituating protocol; however, it is noteworthy that the changes occur in 
the same pattern in the two datasets. The glomeruli DM1, DM3 and DM5 show decreases 
in each case. This replication not only reinforces the results in the earlier experiment but 
also suggests that driving the GCaMP3 sensor with the LexAop system provides sufficient 
levels of fluorescence to be used for successful analysis of PN responses and their changes
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in activity during habituation.

Similar to previous experiments, the habituating protocol was only carried out for each 
fly if EB elicited a response in glomeruli that could be readily identified in the hrst two test 
pulses. Glomerular identification was rarely an issue for all previous experiments, but for 
the Synapsin experiment the baseline fluorescence was substantially lower (for comparison 
of baseline fluorescence values see Table 10.4 and 10.5). A reduction in fluorescence in
tensity was expected as the LexA/LexAop expression system was previously observed to 
drive protein expression at lower levels than the GAL4/UAS system; however, even with two 
copies of the LexAopGCaMP3 sensor it was still very difficult to identify glomeruli. In ad
dition to this issue of identification, glomeruli did not always show odour-evoked responses. 
In the wildtype control group 13 out of 13 dissected flies had glomeruli that responded and 
could be confidently identified. In the Synapsin mutant group this dropped to 5 of the 12 
flies dissected. In the group with the rescue genotype a similarly low success rate of 6 out 
of 17 flies occurred. No hypothesis regarding the success rate of the preparations was made 
a priori and so it is not strictly correct to test the likelihood of such unevenly distributed 
success rates occurring. A chi-square test suggests this is the case {x^ = 14.2, DF =2, p< 
0.001) but to confirm this hypothesis data should be collected with this analysis in mind.

A comparison of Tables 10.6 and 10.7 with Table 10.5 indicates that no overall difference 
in baseline fluorescence exists between synapsin mutant and wildtype flies; however, this 
may not be true due to the fact that when basal fluorescence is too low to detect no data 
was recorded. Data from flies with disrupted synapsin function (Tables 10.6 and 10.7) may 
not represent the full distribution of fluorescence levels but instead be a skewed sampling 
of only the flies with the highest basal fluorescence (flies with lower levels of fluorescence 
simply could not be imaged). If this were true, this would suggest that the lower levels of 
fluorescence observed with the LexAop-GCaMP3 sensor is compounded by some aspect of 
physiology in synapsin mutants. It may be that disruption of this protein could affect normal 
release of neurotransmitter from the OSN terminals leading to slightly lower levels of basal 
activity in the downstream neurons.

The second reason for the decreased success rate of data collection in the mutant flies was 
the decreased rate of odour-evoked responses. At the beginning of collecting the data for this 
chapter recording from flies that did not respond was typical. One cause of the lack of re
sponse was that sometimes saline leaked from the perfusion well onto the antennae that were 
positioned in the airstream beneath the aluminium foil. Another cause of failure to respond 
is likely due to damage to the antennal-nerve during the dissection. This failure to respond 
occurred less frequently over the course of the experiments detailed in this chapter as the dis
section technique improved. Indeed, in the wildtype controls for the Synapsin experiments, 
at least one responsive glomerulus could be identified for every preparation suggesting that 
imperfect technique was no longer an issue during data collection in the experiments investi
gating the role of synapsin. Since the experiments were carried out blinded, eliminating the
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introduction of bias to the process discarding preps due to an inability to identify glomeruli, 
the most plausible explanation for the decreased success rates is that neural function is dif
ferent in the syn^^ flies. Once again, this might be explained by some sort of disruption 
of vesicle release from OSNs in synapsin mutants, in this instance affecting vesicle release 
during higher levels of OSN activity. Behavioural testing does suggest, however, that this 
disruption is not substantial enough to prevent olfactory-mediated behaviour and that the 
principle role of Synapsin in the olfactory circuit during STH is in its role in potentiation of 
inhibitory modulation of post-synaptic activity [Sadanandappa et al., 2013].

A number of potential approaches exist to further investigate the effect of Synapsin on 
the activity-dependent changes we observed in wildtype control flies. Principally, if the 
basal fluorescence levels of the sensor are increased then glomerular identification would be 
possible and the odour responses in all mutant flies could be quantified regardless of their 
amplitude. Increasing the power of the laser could potentially achieve this aim but would 
greatly increase the risk of excitotoxic damage [So, 2001]. Such damage is particularly 
undesirable since continued viability of the preparation over the course of the data collection 
is important. Another method of improving the fluorescence signal would be to improve 
the method of sensor expression. Recently, LexAop constructs have been developed that 
exhibit higher levels of expression [Pfeiffer et al., 2012; Yao et al., 2012] that would enable 
the same experiment presented in this chapter. Alternatively, another expression system 
could be used for the sensor. Recently Ramaswami labs developed the GCaMPbm sensor 
fused to the QUAS responder construct. This method would similarly allow GAL4 driven 
rescue of Synapsin function in the LNl population while providing the improved expression 
characteristics of the Q-binary system [Potter et al., 2010]. Although no attempt has been 
made to insert an alternative driver construct into the site of the LNl enhancer trap it is 
theoretically possible using modern targeted recombination techniques [Gaj et al., 2013] to 
enable Synapsin rescue in LNl neurons with other expression systems to achieve the same 
end.

Using electrophysiological methods such as patch-clamp recordings of PNs would give a 
more direct read out of the activity within these neurons. This approach would be ideal in that 
it would provide information on the activity of the basal spike-rate of the PNs as well as both 
spontaneous and odour evoked activity in OSNs as discerned from the post-synaptic EPSPs. 
This would allow quantification of any dysfunction in syn^^ flies as well as developing our 
understanding of the changes that occur as a result of the STH protocol have been described 
in this chapter.

Determining Synapsin’s role in the activity-dependent changes observed in this chapter 
would have not only provided an interesting avenue for research but also provided strong 
evidence for implicating the changes in underpinning STH. Because the experiment failed to 
work it is not possible to define this neural plasticity as a correlate of STH. The data presented 
in this chapter, however, does provide a method of reliably inducing activity-dependent plas-
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ticity in response to a habituating protocol. The concentration chosen for the collection of 
this data was based on the range of neural activity patterns observed within the AL to dif
ferent concentrations of EB and guided by dilution factors previously used in assessing the 
behaviour [Das et ah, 2011; McCann et ah, 2011].

Subsequent approach for further experimentation One nuance that was not taken into 
account in this investigation is how profoundly the concentration at the fly can vary due to 
small differences in the odour-delivery system that are independent of the concentration of 
odourant in the odour bottle (see Chapter 6). A useful approach to defining the stimulus 
concentration is to measure a sample at the output of the odour-delivery system rather than 
defining stimulus concentration by the dilution factor within the odourant bottle. To build 
on the protocol established within this chapter, by both further elucidating the mechanisms 
of the neural changes observed and to more confidently define them as the underpinnings of 
STH, I sought to explore the effects of the habituating protocol using electrophysiological 
means on a separate rig. This required the delivery of a more rigorously defined odour 
concentration to compare both imaging and electrophysiological data. Modifications made 
to aspects of the odour-delivery system are described in the next chapter.
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Chapter 6

Methods: Developments in odour 
delivery for STH

In the previous chapter, the usefulness of electrophysiological techniques to further de
fine the neural plasticity that occurs following the STH protocol was described. In order 
to gather electrophysiological data, a differing experimental apparatus using an additional 
odour-delivery system of identical design to the one described in the previous chapter was 
constructed. The two odour-delivery systems were required to deliver similar concentra
tions. With two odour-delivery systems producing comparable stimuli, the data collected 
using electrophysiology and Ca^^ -imaging could be compared in a useful manner.

Motivation for development of the odour-delivery system The use of electrophysiologi
cal methods would greatly aid the investigation of STH as described in the previous chapter. 
The odour-delivery systems used for both electrophysiology and Ca^+ imaging were required 
to generate similar stimulus concentrations so as to enable a useful comparison of data gath
ered using each method. This was the first motivation for developing the odour-delivery 
method used.

The previously described odour-delivery system was prone to retain odours. This is a 
potential source of contamination and could induce artifactual results. To circumvent this 
problem, a different way of delivering the odour needed to be designed. As described in 
the previous chapter, stimuli of a 1 -second duration evoked increased activity in responsive 
PN populations for up to 1 minute. Based on PN-activity dynamics following stimuli of 
similar duration reported elsewhere [Wilson, 2004; Silbering and Galizia, 2007] it seems un
likely that Ca^^ fluxes would persist in the lobe for much longer than a few seconds after 
the end of the stimulus. The extended duration of the Ca^^ fluxes may instead represent 
odour lingering within the system long after the test-pulse was delivered. Such slow dynam
ics could be especially problematic during the recovery period after the habituating stimulus. 
Previous methods of eradicating this issue (see Chapter 4) were not as readily practicable 
within the constraints imposed by an electrophysiological investigation; replacing the outlet
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tube directed at the fly during the experiments would create too much mechanical distur
bance during such a recording. The purpose of the recovery period following the prolonged 
EB-exposure of the STH protocol, described in Section 5.1.2, is obviously not adequately 
achieved if odour lingers in the system for a large portion of its duration.

A final motivation for changing the approach to odour delivery was to define aspects of 
the delivery system using a more methodical approach. Changing features of the system like 
airflow, both the total flow and the ratio between the odour stream and the main airstream; 
airspeed, the relevance of which is discussed in Section 6.1.2; and the concentration of the 
odourant/paraffin solution have substantial effects on responses. A more rigorous definition 
of the effects of these changes was required for a more rational approach to the design of the 
delivery system.

Initial approach to odour delivery A convenient method of describing the concentration 
of odour stimuli that is frequently used in olfactory studies is the dilution factor of the pure 
odourant in a diluent. A small volume of odourant defined in this manner can be stored in 
a readily interchangeable odour cartridge. This method results in a versatile delivery system 
[Mathew et al., 2013; Hallem and Carlson, 2006; Brockerhoff and Grant, 1999; de Bruyne 
et al., 1999] that can be used to screen the responses of multiple OSN types across a range of 
odourants at different concentrations. In such a delivery system, cartridges can deplete quite 
rapidly during repeated stimulus delivery, especially with more volatile stimuli [Andersson 
et al., 2012]. In particular, if one were to use this system for the test stimuli of the STH 
paradigm described in the previous chapter, a fresh cartridge would have to be supplied for 
each test stimulus. Although this would provide a convenient method of delivering stable 
stimuli at different concentrations for the test stimuli it does not address the requirement for 
a stable prolonged habituating stimulus. As described in the previous chapter (Section 4), 
the manner in which the problem of this odourant depletion was solved was to use a large 
volume of odourant solution. This was assumed to prevent depletion over the course of the 
habituation paradigm and for the duration of the day. Any depletion that might occur over 
the course of the habituating stimulus was mitigated by flushing the headspace of the odour 
bottle to establish a dynamic equilibrium before delivering stimuli.

Development of the odour-delivery system The most important step in developing the 
delivery system was to establish a metric for its output. While the experimental apparatus 
is designed specifically to elicit neural activity in Drosophila, using the resulting data as a 
metric of the characteristics of the stimulus delivered is not useful. Variability in odour- 
evoked responses in the experimental preparation coupled with the extensive processing of 
stimuli that occurs within the olfactory neurons requires an independent measure of the odour 
stimuli. Similarly, using the dilution factor of the odourant in paraffin oil as a method of 
describing the stimuli is not adequate, as is described in this chapter. Among other methods
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Figure 6.1: Odour-delivery system features
This schematic represents the most important features to consider in the development of an 
odour delivery system. The odour-delivery system developed and described in this chapter 
that provide optimal control of odourant stimuli during the STH protocol (see Figure 6.8) 
improved on these features compared to the delivery-system used previously (Chapter 5). 
Air is supplied to the delivery system using a diaphragm pump and a pressure regulator. 
Odourant is stored without dilution in paraffin and continuously delivered to an exhaust to 
improve stability of the system. A photo-ionisation detector samples the odour stream to 
confirm this stability. Features of the outlet to the fly dramatically affect the odour stimulus 
properties [Vetter et al., 2006]. The stimulus delivery was redesigned with this in mind.

of quantifying odour stimuli, discussed later, the method chosen for our purposes was photo 
ionisation detection. A photo ionisation detector (PID) revealed that the stimulus dynamics 
were very slow: the odourant remained in the system for more than a minute after the odour 
pulse. A difference of many orders of magnitude in stimulus concentration between the 
two setups was shown to exist. Additionally, a substantial disparity existed between the 
amplitude of the test odour stimuli and the habituating stimuli. This disparity was principally 
due to the existence of a pressure difference between different compartments within the 
odour-delivery system but also partially a result of the short duration of the test pulse. Finally, 
in the context of a delivery system that solved the problem of the disparity between test- and 
habituating-stimuli, depletion of the odourant within the odourant/paraffin solution resulted 
in a continuous drop in concentration of odour stimuli. The implications of these odour 
delivery issues on the interpretation of olfactory experiments are discussed at the end of this 
chapter.
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6.1 Design of an olfactory stimulus delivery system

6.1.1 Quantifying the output of the odour-delivery system

As described in the introduction, a PID was chosen to measure the stimulus concentration 
when developing the delivery system and comparing the two odour-delivery systems used. 
The choice of this device over other gas-measuring technologies is explained in the discus
sion.

Photo ionisation detection is based on the principle that the ionisation of VOCs by illumi
nation from an ultra-violet lamp generates a measurable current. PIDs can measure all VOCs 
with ionisation potentials less than or equal to the radiant strength of the lamp. A standard 
10.6eV lamp is sufficient to ionise EB. A unit with an integrated pump system (ppbRAe, 
Ribble Enviro Ltd) was initially rented to assess the stimuli produced by the odour-delivery 
system. A custom solution with a PID sensor (PID-AH, Alphasense Ltd) was implemented 
as it became apparent that continuous monitoring of the odour output was required because 
of multiple factors that could contribute to system instability. Relevant specifications for this 
sensor are: a minimum detection level of 5ppb; a response time of less than 3 seconds; a 
linear response (3% deviation) up to 50ppm; and an easily replaceable lamp and electrode 
stack. The electrode stack contains the electrodes for detection of VOC ionisation as well as 
a dust filter and a fence electrode. The fence electrode reduces the impact of moisture in the 
airstream on the sensor since water vapour disrupts the accuracy of VOC detection.

This sensor was chosen as the best solution for continuous system monitoring because 
of:

Cost

• Simplicity: Many gas-sensing units have integrated pumps that draw air in at a fixed 
rate. This can cause issues because of a mismatch in airflows between the delivery 
system and a flow rate imposed by an integrated-pump unit. The use of a stand-alone 
sensor removed this complication.

• Ease of maintenance: Any sensor maintenance (described in Section 6.1.1) was well 
documented and all other custom-built parts were PTFE, which is resilient to frequent 
exposure to EB.

Design of PID sensor housing Housing for the PID sensor (see Figure 6.2) was con
structed of PTFE for chemical resistance and for the minimisation of chemical adsorption. 
Airflow perpendicular to the sensor inlet was avoided as this can lead to pressure transients 
that generate artifacts in VOC detection. A PTFE o-ring (Abbey Seals) was used to seal the 
sensor inlet to the housing cavity. In order to minimally disrupt airflow and odour packet 
dynamics the sensor housing was designed to minimise the volume between the sensor inlet
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Figure 6.2: Design of housing for photoionisation detector
A) Custom-designed Teflon housing (green and transparent) is mounted to the circuit board 
of the photoionisation detector (PID) from Alphasense. B) A cross-section of the housing is 
depicted. An airstream is directed as indicated (blue arrows) through a channel containing an 
opening for gas sampling. A Teflon o-ring (not shown) seals the housing to the sensor inlet 
and a small notch surrounding the orifice holds it in place. 3d-rendering using SolidWorks 
software was performed by Gordon O’ Brien, Mechanical Engineering Department, Trinity 
College Dublin.

and the airstream as well as keeping the airflow direction constant. The latter design is not 
ideal for gas-sensing (a bend in the airstream to disrupt laminar flow is optimal) but was 
more appropriate for our needs.

Data acquisition from the PID sensor The output signal of the PID is in volts. This 
voltage is proportional to both the VOC content of the airstream and the output intensity of 
the lamp. As the lamp ages the intensity of its output decreases and, accordingly, so does the 
PID output signal. The peak voltage increase for a given odour sample was used to describe 
the concentration of an odour sample. This voltage was converted to parts per million in air 
(ppm). Calculation of the ppm concentration of a sample required calibration to a known 
concentration of gas. For this calibration, a 20ppm isobutylene/synthetic air mixture was 
used on a weekly basis. The response to 20ppm on any given date was calculated by a linear 
interpolation of calibration values obtained before and after that date; therefore, the parts per 
million concentration of VOCs for a given sample was calculated as:

Concentration [ppm) = AVsampie ^
20 ppm

(6.1)
Interpolated Calibration

where

• AVsample is the change from baseline of the PID signal for a sampled airstream
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• ^V/nterpolated Calibration's the estimated change of the PID output signal from baseline 
to 20ppm on that date.

Data was acquired by using either a MiniDigi la (Molecular Devices, LLC) with Axo- 
scope software, or a microcontroller (Arduino Mega 2560) communicating with a PC (see 
Section 10.2 for interfacing script). The latter method of recording had lower resolution, but 
it was still adequate for the purposes of recording the PID signal. For reading analog sig
nals, the microcontroller had a 10-bit resolution and could use an internal reference voltage 
of 1.1 V. This electrical resolution and range corresponds to approximately 20ppb to 20ppm 
(depending on lamp output) in odour detection acquisition.

PID sensor maintenance EB is corrosive to many plastics (PubChem Compound Database). 
This was observed in the damage caused to rubber o-rings within components of the delivery 
system as well as the filter membrane used in the electrode stack of the PID sensor. This 
damage necessitated replacement of the stack every few weeks during frequent but brief ex
posure to EB. The lamp window required periodic cleaning when PID odourant sensitivity 
reduced significantly.

Integrating the PID into the odour-delivery system Different positions were considered 
for locating the PID within the odour-delivery system. The choice of location affected the 
dynamics of the stimulus delivered to the fly, the accuracy of the stimulus measurement and 
the lifetime of the sensor itself.

Since PIDs measure odour concentration in a relatively non-destructive manner, placing 
the sensor prior to the fly in the airstream is feasible; however, in practice it slowed the 
stimulus dynamics considerably (green curve in Figure 6.3B) in comparison with the system 
with no in-line PID (blue curve in Figure 6.3B). As the the latter curve was measured with 
the ppbRae PID drawing air at the system outlet at a total flow of 500ml/min, compared to 
the passive nature of the custom-designed PID, it is possible that the sampling itself changed 
the dynamics of the odour stimulus; nevertheless, this square-profiled stimulus was ideal for 
our purposes and the removal of the in-line custom PID would make the system output more 
similar to these dynamics.

Another configuration considered was the placement of the sensor after the fly. This was 
not deemed compatible with the objective of recording from sensory neurons (see introduc
tion to Chapter 8). In order to record from sensory neurons the fly cannot be enclosed within 
a channel; instead, it must be placed in close proximity to the outlet tube of the delivery 
system (see Chapter 7). This arrangement of the fly in the airstream contrasts with the PN 
preparation in which the fly is fully immersed in a contained airstream (see Figure 4.4B). For 
an extractor system to reliably capture the odour stimulus it would have to be placed very 
close to the outlet, or, in the case of sensory recordings, close to the fly. This draw of air 
would alter the stimulus [Vetter et al., 2006], which is not necessarily an undesirable effect.
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The drawback to this arrangement, where the sensor continuously samples the airstream, is 
that the maintenance required for the electrode stack increases significantly. As described 
previously, prolonged exposure to EB caused substantial degradation of the electrode stack 
filter membrane. This degradation made this configuration undesirable; the configuration 
described in the previous paragraph, in which the sensor was placed before the fly, was un
desirable for the same reason.

The final sensor configuration adopted, sampled the odourant in parallel with the fly 
(see Figure 6.8) and not continuously. Although this did not explicitly define the odourant 
concentration in the airstream travelling to the fly — as the system does not deliver odour to 
the fly and the PID simultaneously — it provided a replicable way to assess the concentration 
delivered by the system without disrupting stimuli to the fly, and it did not require prolonged 
exposure of the sensor to EB. This configuration met the principal aims of using the PID, 
which were to assess deviations in system stability and to provide a meaningful comparison 
of the two delivery systems.
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A PID sampling at system outlet (10s stimulus)

D ppbRae PID

PID sampling at system outlet with inline odour-injection manifold (Is stimulus)

------------ 0 ppbRae PID

Inline custom-PID sampling (10s stimulus)

Custom
PID

B

Time (s)

Figure 6.3: The effect of odour-delivery system components on stimulus dynamics
A) Schematic of three apparatus configurations for sampling odour concentration at the out
let of the odour-delivery system. The position of the fly in a biological experiment is marked 
with an ‘X’ in the third configuration. B) Stimulus dynamics generated by the three appa
ratus configurations depicted in A. Blue : The dynamics of the odour-delivery system for a 
10 second odour stimulus sampled at I Hz using a ppbRae photo ionisation detector (PID) to 
draw air at the system outlet. Red : With an odour injection manifold in-line, even with a 
shorter 1 second odour stimulus, the system delivers a stimulus of similar dynamics to that 
of the longer pulses in other arrangements of the apparatus. Concentration values recorded 
manually by reading the unit’s display at the stimulus peak (7 seconds) and subsequently at 
0.1 Hz. Green : Using an in-line PID and custom-designed housing greatly slowed the dy
namics of a 10 second stimulus. For all curves the airflow at the system outlet was 200ml/min 
and the mean of six stimuli was represented by the solid line with the SEM represented by 
the shaded area surrounding it.
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Pulse Duration of 5 seconds Pulse Duration of 10 seconds

10 20 
Time (minutes)

Figure 6.4: The effect of stimulus duration
Concentration of EB was measured using a photo ionisation detector (ppbRae) at the output 
of the odour-delivery system (depicted in Figure 6.8). A) Test stimuli did not reach the same 
concentration as the prolonged habituating stimulus if they were 5 seconds long. B) Test 
stimuli were of equal amplitude as the habituating stimulus if they were 10 seconds long. 
Data sampled in both cases once every second.

6.1.2 Optimising the odour stimulus properties

Stimulus amplitude and duration Another component that similarly affected the odour 
stimulus dynamics was the odour injection manifold used previously (Figure 2.2, effect on 
stimulus dynamics shown with red curve in Figure 6.3). The manifold was removed from 
the final device design. Although it presented the advantage of thorough mixing of the 
odourant with the main airstream and a convenient manner to inject multiple odourants into 
the airstream in an identical manner, this was at the cost of an odour stimulus with greatly 
slowed dynamics. The slow onset dynamics prevented the stimulus from matching the con
centration delivered during the habituating stimulus. The slow offset dynamics were espe
cially troublesome with respect to the 15-minute EB-exposure of the STH protocol. This 
latter issue had been avoided previously by manually exchanging a separate manifold and 
outlet tube leading to the fly (described in Section 4), but this method was too difficult during 
electrophysiological experiments with electrodes in place; therefore, it could not be included 
in the final design.

The concentration of odourant that reached the fly is dependent on every detail of the 
delivery system [Vetter et al., 2006]. Over the length of the 16cm of tubing between the 
location of injection into the airstream and delivery to the fly, the odour packet expands, be
coming more dilute, and adsorbs to the tubing walls thereby delivering a lower concentration 
than at the odour valve. This effect of decreased concentration delivered was emphasised by
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the odourant injection manifold but still occured to some degree without it. As the short 
length of tubing between the fly and the solenoid-valve used to switch the odour-line into 
the airstream provides a small surface area, the equilibrium of adsorption/desorption is es
tablished within seconds. In a continuous odour stream the concentration becomes uniform 
and no expansion, and resulting dilution, of the odour packet can occur. Therefore, stimuli 
of 1 -2 seconds, used in previous chapters, are of lower concentration than more prolonged 
stimuli: a relevant detail when considered in the context of the test and habituating stimuli, 
which we wished to be similar. The difference between the two stimuli was minimised by 
extending the duration of the test stimuli to 10 seconds (see Figure 6.4).

Stimulus airspeed A fundamental difference between the behavioural assay and our inves
tigation into its in vivo neural correlate was that in our setup, out of necessity, the habituating 
stimulus was delivered in a moving airstream as opposed to the static headspace of a vial. 
The effect of this discrepancy was unknown. In rodents, the affect of airspeed on OSNs 
has been demonstrated [Mozell et al., 1991; Scott et al., 2006] and more recently the effect 
of sniffing on the mitral/tufted cells in the olfactory bulb of awake mice was shown using 
calcium imaging. In the awake state, the act of sniffing caused large changes in popula
tion activity in the olfactory bulb [Blauvelt et al., 2013]. In some sensorimotor systems, 
an efference copy of motor commands is sent to sensory areas to modulate the processing of 
incoming information. While efference copies could explain the changes in population activ
ity observed, respiration coupled activity is likely to be driven by nasal airflow [Grosmaitre 
et al., 2007; Phillips et al., 2012]. In contrast to these findings, Cenier et al. [2013] show the 
response patterns in OSN terminals of the rat are not significantly altered by intranasal flow 
during natural odour sampling of awake animals. In humans, flow-rate has been shown to 
be important aspect of odour stimuli. With this effect of flow-rate on perception, the careful 
control of sniffing, allows behaviourally guided modulation of coding of odour quality and 
intensity fSobel et al., 1999]. Therefore, the control of airflow by the process of sniffing is 
argued to be a central component of olfaction in humans [Mainland, 2005].

In contrast to mammals where airflow over OSNs can be controlled by sniffing, in insects 
OSNs are external and so airflow across the antennae is more dependent on air movement 
within the environment. This could result in a confound for olfactory stimulus coding; how
ever, OSNs have been shown to code stimuli in a concentration independent manner [Zhou 
and Wilson, 2012]. This is at odds with the fact that odour source localisation of flies in 
flight are impaired at speeds higher than 0.4m s“', an airspeed that lies within range of what 
is experienced by fruit-flies (0.37±0.35]m s“') in behaviourally relevant locations: both 
close to trees in an orchard as well as in the spaces between them [Budick and Dickinson, 
2006]. Sub-membrane oscillations seen in populations of neurons within the Drosophila AL 
in response to odour stimuli were shown to have substantially less power when airspeeds 
greater than 0.53m s“* were used [Tanaka et al., 2009]. The neural plasticity associated with
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LTH and described in Chapter 3 was not observed when test stimuli were delivered at higher 
airspeeds (data not shown, collected by colleague Adrian Dervan).

The reasons for these discrepancies between airspeed independence of coding in sensory 
neurons and the effects of airspeed in more central neurons as well as on behaviour are not 
known. One explanation could be modulatory neurons sensitive to the higher airspeed exert 
their effect more centrally in multimodal regions of the brain like the MBs [Wessnitzer and 
Webb, 2006], Low airspeeds were maintained within the delivery system in order to best 
compare our results with that of the established STH behavioural assay. The most effective 
way to lower the airspeed at the outlet was to increase its radius since the airspeed is inversely 
proportional to the square of the radius;

Airflow Airflow
Airspeed =

Cross sectional area K x radius^
(6.2)

The hole in the mounting block used (see Figure 4.4) was enlarged accordingly to accom
modate a tube of inner radius 1.6 mm instead of 0.7 mm. Using a total airflow of 200ml min 

the outlet airspeed of the system was 0.42m s“'.

Management of airflow within the odour-delivery system Airflow in the odour-delivery 
system described in this chapter uses similar components as described in previous chapters 
with some additions described below. The principal issue encountered when attempting to 
deliver both short and prolonged stimuli of the same concentration was the existence of both 
positive and negative pressure differences between different compartments. Positive pressure 
differences occurred when a higher pressure existed in the odour mixing bottle relative to the 
main-line; negative differences, when a lower pressure existed in the odour mixing bottle. 
Substantial differences in pressure will cause an increased airflow from one compartment to 
the other. In the case of a positive difference, the “stored” gas, principally comprising odour 
vapour, flows at a higher airflow into the main-line, leading to an increase in airspeed at the 
outlet directed at the fly, and results in an odour pulse of relatively high concentration. For 
a negative difference a transient drop in airspeed occurs at the outlet directed at the fly, as 
air from the main-line flows at a higher airflow into the odour mixing bottle. Only when the 
pressure in the odourant bottle has equalised to that of the main-line can odour begin to be 
delivered to the fly. The time taken for this equalisation to occur leads to a delayed stimulus 
and, if the stimulus duration is not sufficiently long, the concentration of the stimulus will be 
reduced compared to a more prolonged stimulus delivered from the same system.

The effect of the pressure difference was most profound when using low airflows because 
of the longer time taken for pressure equalisation to occur. The airflow used for the STH 
protocol described in the previous chapter was 60ml min“' (using the odour-delivery system 
described in Chapter 5). At this low airflow, a higher proportion of the airflow was sent 
through the odour bottle (the ratio of main-line to odour-line was changed from 9:1, used 
for the previous concentration experiments that were carried out at a higher airflow, to 1:1),
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otherwise the equalisation of compartments in the delivery system did not occur rapidly 
enough and no odourant was delivered to the fly. Even with the changed ratio of airflows, 
a substantial difference in stimulus concentration exists between short and sustained odour 
stimuli due to the period of time that pressure equalisation takes to occur within the odour- 
delivery system (comparing Figure 6.5A with the ideal stimulus delivery of Figure 6.4B).

The odour-delivery system to be used for electrophysiological studies was initially con
structed in an identical manner to the system described in the preceding chapter. In this 
system the effect of differences in pressure was a more significant issue. The odour injec
tion manifold, although removed from the system due to its effects on the dynamics of the 
stimulus pulse, amplified the effects of pressure differentials within the system providing an 
additional reason for its elimination. On this second apparatus, the odour injection manifold 
— which proved difficult to make airtight — was leaking less than in the first setup thereby 
allowing for a higher pressure difference to be established within the system. This higher 
pressure difference resulted in the delivery of stimuli ranging in concentration from Oppb 
to 60ppb, which contrasted with the stimulus concentration of ~20ppm delivered from the 
odour-delivery system used for the experiments described in the last chapter. A pressure 
differential within the system did still exist after the removal of the odour injection manifold 
but its effects were less substantial. This remaining effect was removed using two additional 
design features.

The final design for the odour-delivery system (Figure 6.8) eradicated the issues caused 
by pressure transients in two ways. Firstly, the airstreams into which the odour line was 
injected were balanced (as mentioned in [Su et al., 2011; Nagel and Wilson, 2011] as well 
as an extensive discussion for a more complex delivery design in [Grate and Klusty, 1990]). 
Balancing the exhaust-line with the main-line, by making the airflows of these two lines an 
equivalent 100 ml/min“’, means the odour-line maintains the same flow-rate independent of 
where it is subsequently directed. This configuration is depicted in Figure 6.8. The constant 
100ml min~’ airflow injected into the exhaust line is referred to but not depicted to simplify 
the diagram.

The final design feature, incorporated to ensure that the effect of pressure differentials 
within the odour-delivery system had no effect on the stimuli delivered during the STH pro
tocol, was to place a flow-controller (AS2000, SMC) in-line after the odour mixing bottle 
(see Figure 6.8). This flow-controller consisted of metal with PTFE-resin sealing parts that 
proved adequate for the application where it was continuously exposed to the odourant. The 
device held the pressure of the odourant mixing bottle at approximately 1 bar above at
mospheric and delivered a constant odourant airflow of 100ml min“' regardless of small 
deviations in the pressure existing downstream in the system.
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Figure 6.5: Pressure differences and odourant depletion greatly effect consistency of 
stimulus delivery
Concentration of EB was measured using a ppbRae photo ionisation detector at the output 
of the odour-delivery system that is depicted in Figure 4.2. A) As described in the section 
on airflow management in Section 6.1.2, short stimuli do not reach the same concentration 
as more prolonged stimuli. Here, 1 second odour stimuli achieve a small fraction of the con
centration reached if the stimulus is more prolonged (maximum concentration was achieved 
within 1 minute). The odourant bottle contained a 5% liquid paraffin/EB v/v dilution. B) 
As described in the context of odour-mixing bottle in Section 6.1.2, odourant depletion can 
be an issue for prolonged stimuli. A 0.5% v/v dilution of EB in liquid paraffin delivers the 
desired concentration of 20ppm during a prolonged stimulus; however, even over the time 
course of a single experimental preparation the stimulus concentration drops by 25%. For 
both A) and B) data is the maximum concentration sampled each minute. The odourant 
bottle was primed for at least 20 minutes prior to data collection.
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Odourant storage Another design feature that proved essen
tial for the stability of the system was to maintain flow through 
the odour line continuously. This dynamic design facilitates 
an odour concentration equilibrium within the system. One 
contributing component of the change in odour concentration 
leaving the system was the odourant’s adsorption to and des
orption from surfaces within the system. Another component 
is the equilibrium between the odourant’s liquid and vapour 
phase within the odourant bottle. A constant flow through the 
entire system helps establish a steady-state for such processes. 
An issue preventing a steady-state in odour concentration was 
the fact that the odourant consisted of a odourant/liquid paraf
fin mix. In a paraffin/odourant mix, little paraffin evaporates 

Figure 6.6: An example since it is a non-volatile substance. This causes the ratio of
of the short Duran bottle odourant to solvent to change constantly. With this changing
used to store the odourant
or to blend the odour with headspace odour concentration changes in accordance
the mixing airstream (the with Henry’s Law. The vapour pressure is proportional to the 
latter uses a cap with 3 in- odourant concentration in the solution and is scaled by Henry’s

law constant that is obtained experimentally for a given com
bination of solvent, solute and temperature.

Using a system design with no pressure differences, a 0.5% v/v dilution in paraffin pro
vides a stimulus similar in amplitude to what had been previously delivered using a 5% 
mixture (Figure 6.5B). Even after a 20 minute period of flushing the bottle to attempt to es
tablish a dynamic equilibrium, depletion still occurs with such an odourant dilution. Over the 
course of a 40-minute stimulus the concentration delivered dropped by 25% (Figure 6.5B). 
This decrease in stimulus concentration over the time course of the habituation protocol for 
a fly was considered too large. Making the odour source pure rather than a mixture solved 
the issue of depletion.

With a pure odourant stored in the system no depletion occurs. In order to deliver an 
odour stimulus of appropriate concentration using pure odourant, a dilution step in the form 
of a bottle used for mixing the odour-line with air was added to the system design (mixing 
bottle in Figure 6.8). A more complex design with additional air-dilution stages [Grate and 
Klusty, 1990] was considered but deemed unnecessary as the control of stimulus concentra
tion, described presently, achieved a concentration low enough for our purposes and rapid 
stimulus concentration alterations were not required.

The volatility of EB provides the principal driving force for movement of the odourant 
into the mixing bottle i.e. the EB passively diffused from the odour bottle into the mixing 
bottle. A small airflow was delivered through the odour bottle headspace to allow a degree of 
control over the concentration at the output of the delivery system; however, the relationship
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between the magnitude of this airflow and the concentration delivered to the fly was highly 
non-linear; therefore, it was precisely controlled upstream of the odourant using an OMEGA, 
FMA5402 mass flow controller (MFC), which operated in a range from 0-10ml min“’ (at 
standard temperature and pressure).

6.1.3 Other aspects of the odour-delivery system

Solenoid valves to prevent contamination As the delivery system was dynamic, the best 
performance of the device occurred when the device ran continuously; however, to avoid 
contamination when it was turned off, the odourant needed to be contained within the bottle. 
The elegant solution of a check valve [Olsson et al., 2011], which only opens when airflow 
occurs in its preferred direction, was not used because of the very low airflow through the 
odourant bottle in our setup. Solenoid-valves that were closed in their default state were 
used instead. During normal operation, these were continuously in their actuated state. Due 
to this continuous current, the solenoid valves tended to overheat. To prevent this overheat
ing during continuous operation, a capacitor and a resistor were placed in a series-parallel 
arrangement with each solenoid in the circuit.

Temperature stabilisation At 20°C the equilibrium vapour pressure for EB is 12.8 mm Hg 
(obtained from chemspider.com, experimental data listed by US Environmental Protection 
Agency’s EPI Suite). The headspace concentration of the odourant can be calculated from 
this equilibrium vapour pressure by using the formula:

Headspace concent rat ion{ ppm) =
Odourant Vapour Pressure 

Total Vapour Pressure
X 10'’ (6.3)

Combining this calculation with the Clausius-Clapeyron equation, which defines the re
lation between the vapour pressure of a liquid and its temperature, gives an estimate of the 
headspace concentration of EB over a range of temperatures, assuming a pure liquid odourant 
and ideal interactions of the odourant with air (see Figure 6.7A). With an increase of 10°C 
in the water bath, the concentration of EB in a headspace almost doubles.

To control for the effects of temperature, both the hydration bottle and the odourant bottle 
were placed in a water bath (GR150, Grant). The bath heater, which used a pump for uniform 
heat distribution, controlled the temperature of the bath; however, the mechanical disturbance 
caused by this pump resulted in an increased variability and concentration of the stimulus 
delivered by the system. Also, if the odourant temperature is higher than that of the rest of 
the system, then liquid odourant condenses on the cooler surfaces, which causes undesirable 
contamination and unstable output of the system. When the temperature of the bath water 
was altered, changes in concentration were observable, but not as substantial as predicted 
(see Figure 6.7B); therefore, the heater was not used, and, instead, the water bath was simply 
used to buffer the overall temperature of the system (as depicted in Figure 6.8). Thus, any
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Figure 6.7: Stimulus concentration is not heavily dependent upon temperature
A) The theoretical headspace concentration of EB almost doubles over the temperature range 
18-30°C. This concentration is calculated using the Clausius-Clapeyron equation and Equa
tion 6.3. B) The dependence of stimulus concentration delivered by the odour-delivery sys
tem depicted in Eigure 6.8 is not as dramatic as that of the theoretical headspace. The output 
of the odour-delivery system was sampled for 10 seconds at 15 minute intervals. When the 
odourant bottle is kept in a still water bath at I8.5°C the system shows a stable output of 
20ppm (parts per million) over 15 hours. With the bath heater (coupled to a water pump) 
maintaining 30°C for 6 hours (depicted as a red bar) the output concentration increases by 
approximately 25% over the course of this time. With the pump left on and the bath set-point 
changed to 20°C, the bath passively returns to room temperature reaching 22.6°C by the end 
of the recording. The dependence of concentration on the temperature of the odourant is 
not as substantial as that of the theoretical headspace, so strict temperature regulation in the 
delivery system is not essential. The temperature is instead buffered by using the body of 
water in the bath
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changes in ambient temperature took hours to exert any effect, which was sufficiently stable 
for the time course of our experiments.

Air supply To prevent desiccation of the experimental preparation, the air supplied to the 
odour-delivery system was directed through 500ml of water contained in a glass bottle with 
a capacity of 2L. As odour was sometimes detected from this humidification bottle, a carbon 
filter (Carbon Cap^^, Whatman) was placed downstream of the bottle. The MFC, which 
required pure air for optimal function, was supplied by air that bypassed this humidification 
process.

The odour-delivery device depicted in Figure 6.8 uses more air than the previous system 
(Figure 4.2). For ease of use, the compressed air cylinders were exchanged for a pump to 
supply air to the system. A diaphragm pump (N86KN.18, KNF Neuberger Inc.) was used. 
This pump generated some heat during operation, which caused condensation in the tubing 
immediately downstream. A water trap (100ml bottle, Nalgene) was inserted downstream to 
prevent this condensation from travelling to the MFC. An in-line pressure regulator (R07- 
200-RNKG, Norgren) was placed after the water trap. This regulator was required for normal 
function of the MFC because of fluctuations in the output pressure from the pump.

Connectors and tubing Push connectors (KQ2 series, SMC), constructed from brass and 
other contamination-resistant materials, were used in the odour-delivery system. They were 
chosen for their ease of use when connecting, disconnecting, and replacing components, and 
for their capacity to maintain a system, without leaks, at higher pressures. Pure PTFE tubing 
that minimised odour adsorption, though inflexible, is robust and facilitated sealing with the 
push connectors.

6.2 Discussion

The final delivery system, (see Figure 6.8), fulfils the needs of a further electrophysiological 
characterisation of the AL neural plasticity that occurs after the 15-minute EB-exposure of 
the STH protocol. The design incorporates a number of features included in delivery devices 
previously published. Andersson et al. [2012] explore the consistency and predictability 
of odour stimuli from a delivery system and offer a clear demonstration of the utility of 
measuring the output and how varied the depletion of different odourants can be. Schmidt 
and Cain [2010] go so far as to say that every odour-delivery system must have a metric for its 
output no matter how rudimentary. This feature is now included in our system. Vetter et al. 
[2006] describe how strong the influence of small details of the system design can be on the 
resulting stimulus dynamics. This was taken into account. Previous studies have delivered 
similarly low airspeeds [Tanaka et al., 2009; Root et al., 2008]. Although the methods used 
in these studies for ensuring stimulus airspeeds could not be implemented in our system, an
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Figure 6.8: Process flow diagram of final odour-delivery system (The legend is displayed 
on the following page)
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Figure 6.8 continued:
The odour-delivery system depicted provides consistent odour stimuli at low airspeeds re
gardless of the stimulus duration. Its components are described over the course of the chap
ter. Air is supplied to the delivery system by a diaphragm pump (See Section 6.1.3). The 
majority of the airflow is bubbled through water for humidihcation. A check-valve prevents 
backflow of water to the pump when the system is turned off. After humidification, flow- 
controllers with integrated flow-meters (see Figure 4.1) control and monitor a flow of 100ml 
min“' of air through the main, subsidiary and mixing lines. Two additional flow-controllers, 
omitted for clarity, direct air to the exhaust to balance the two exhaust airstreams depicted. 
A MFC (mass flow controller) , with a range of 0-10 seem (ml/min at standard tempera
ture and pressure), passes air through the odourant bottle (pure odourant) and the resulting 
vapour directed to the mixing bottle is diluted by the mixing line. The mixing bottle is main
tained at a pressure of approximately I bar by a downstream flow-controller, which directs 
the odour-line (100ml min“') either to the balanced exhaust during the systems default state 
(orange lines) or to the fly during an odour stimulus (green lines). A valve directing the 
subsidiary line is held in an opposite state to the odour-line valve in order to prevent pressure 
fluctuations in the airstream to the fly.

alternative method was used. The most significant design feature that was incorporated into 
our setup was a continuous flow of air through the odour bottle to maintain an equilibrium in 
the headspace. This continuous flow design is a convenient method for ensuring the stability 
of the system over the course of the experiments, regardless of the inter-stimulus interval, and 
it has been implemented in previous odour-delivery device designs [Zhou and Wilson, 2012; 
Lundstrdm et al., 2010; Schmidt and Cain, 2010; Backer, 2002]. These designs also have the 
capacity to produce regular stimuli even if the stimulus duration is prolonged [Lundstrdm 
et al., 2010].

The odour-delivery system described in this chapter represents a synthesis of these con
cepts using a relatively simple design to generate stimuli with the properties required for 
our investigation : low airspeeds and repeatability regardless of the stimulus duration. Such 
features were not used initially for a number of reasons. Construction of a more complex 
system is both technically difficult and would needlessly increase the cost of the apparatus. 
The degree to which such inconsistencies in odour delivery could occur was not taken into 
account and this omission represents a lesson in experimental design. It is important to dis
cern the most relevant variables in an experiment, which are essential in reducing the error 
in the measurement of a response. If the variables cannot be held constant or controlled for, 
they should at least be measured so as to inform the interpretation of the resulting data.

Alternatives methods of gas-sensing A PID is by no means the only way to measure the 
concentration of EB or indeed any VOC contained in an airstream. Each method of odour 
measurement has its own advantages and disadvantages. The accuracy and sensitivity of the 
measurement can vary widely. The frequency at which data can be gathered is important 
for describing the dynamics of the odour stimuli. Some devices broadly detect VOCs while
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others have a very restricted specificity. Some devices require constant maintenance by an 
experienced technician. Cost can sometimes be a limiting factor.

Odour capture using a sorbent (a material to capture odour), with subsequent analysis 
using gas chromatography with mass spectroscopy provides exceptional sensitivity and in
formation on VOC composition but is expensive and has a very slow sampling rate in the 
range of minutes at best. Electrochemical sensors have relatively rapid response times (25 
seconds), are low cost and have resolution of VOC detection as low as lOppb; however, this 
method detects only a limited number of compounds, for which the bias voltage must be 
optimised to a specific VOC to achieve best sensitivity. Metal oxide semi-conductor sen
sors have advantages in some situations, but they suffer from humidity sensitivity, stability 
issues, and non-linear responses to VOCs [Liu et al., 2012]. Although flame ionisation de
tection is a useful method of measuring in a laboratory setting, it presents multiple issues. 
A flame ionisation detector is bulky and requires a constant hydrogen source (highly explo
sive); moreover, it samples the gas destructively by reducing hydrocarbons to CO2 and water, 
and it is more expensive than a PID, which is the ideal method of gas sensor for our purposes. 
PID have response times of just a few seconds (an in some cases milliseconds), and have a 
high sensitivity to a broad band of VOCs. They are also small enough to be conveniently 
integrated into an odour-delivery system.

Stimulus-concentration control The delivery system easily provides stimuli of 20ppm 
EB; the concentration measured from a 5% odourant/paraffin dilution on the previous de
livery system. Delivery of this concentration also elicited similar patterns of neural activity 
within the AL (data not shown, collected by Isabell Twick). Although the design does not 
provide a convenient method for varying the concentration of stimuli— changing the airflow 
through the odourant bottle resulted in non-linear changes in stimulus concentration— PID- 
monitoring of the system output provided a means of reliably tuning the output. This solu
tion to stimulus concentration control fundamentally limits the lower concentration bound of 
stimuli that can be delivered. With the PID lamp emitting at optimal intensity this threshold 
was 20ppb.

Biological relevance of limitations and developments 20ppb is the lowest EB concentra
tion the PID can detect. For other odourants that generate smaller ionisation currents than 
EB this threshold of detection would be raised. 20ppb of EB is orders of magnitude lower 
than the amplitude of odour stimuli that we wish to use for our experiments. It was more than 
adequate for our uses (this is discussed further in Chapter 8). It is still worth noting that this 
limit is within the range of the olfactory systems of many species [Andersson et al., 2012]. 
Andersson et al. [2012] show that the ab3a OSN that projects to DM2 in Drosophila begins 
to respond to EB when it reaches a concentration of approximately 2ppb in air. When tested 
with a concentration of ~18ppm, ab3a neurons fired at a frequency of approximately 175Hz.
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Pelz et al. [2006] characterise the range of sensitivities the ab3a neuron exhibits to different 
odourants. With the caveat that they calculate the odourant concentration in air based on pre
vious direct measurement of odourant/paraffin dilutions described by Cometto-Muhiz et al, 
[2003], they show the EC50, the concentration to elicit half maximal response in the neuron, 
to range from 2ppb up 28,000ppm. While a key factor in the response of OSNs to an odour 
stimulus is the rate of change in stimulus concentration [Nagel and Wilson, 2011; Martelli 
et al., 2013], which we cannot readily compare, this range of responses to EB does suggest 
the stimulus output from our system is within the range of one of the sensory neurons most 
sensitive to EB. In contrast, ethyl hexanoate is detected by the 22a neuron at a concentra
tion almost 4 orders of magnitude lower than the 20ppb detection threshold of the sensor 
[Pelz et al., 2006; Andersson et al., 2012]. Humans also detect EB below this threshold at a 
concentration of 0.25ppb [Schmidt and Cain, 2010].

The use of the PID also provides insight into the odour delivered in previous experi
ments. While the dynamics of these experiments were slower, habituating stimuli reached 
a concentration of approximately 200ppm while test stimuli were approximately 20ppm. 
This disparity can be seen in Eigure 6.5A. This difference of 1 order of magnitude may be 
underestimated as PID sensors do not typically maintain linearity of response at higher con
centrations within their range, which 200ppm represents. While a difference of 1 order of 
magnitude is not ideal, it does not necessarily represent an intolerable deviation from the 
planned habituation paradigm. Based on the literature, OSNs selective for an odourant typi
cally encode its concentration with increases in firing rate with the full range of their activity 
stretching between 4 and 6 orders of magnitude of odourant concentration [de Bruyne et al., 
1999; Hallem and Carlson, 2006; Andersson et al., 2012; Pelz et al., 2006]. Nevertheless, the 
habituation experiment (reported in Figure 5.3) was repeated with the new odour-delivery de
sign (performed by a colleague Isabell Twick, data not shown). With the same experimental 
protocol and more precisely regulated stimuli, the DM5 and DM1 glomeruli still showed de
creases in activity (although less substantial) and once again DM6 showed no change. DM3 
did not decrease in activity as it had previously. Unexpectedly, DM2 showed a significant 
increase in its odour-evoked activity. These changes in PN activity confirm our conclusion 
that the habituating protocol induces changes in PN function. Even without the relatively 
high concentration of the habituating stimulus that was delivered previously, the plasticity 
was still observed.

With the developments in the odour-delivery system described in this chapter an elec- 
trophysiological investigation of the neural plasticity observed following the 15-minute EB- 
exposure of the STH protocol could be performed as described in the next chapter. Because 
of the developments to the odour-delivery system outlined in this chapter the electrophys- 
iological data investigation could be reliably compared to data collected using the Ca^^ 

imaging assay developed in Chapter 5.
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Chapter 7

Methods: Neural plasticity in OSNs

Fly stocks Flies were raised as described pre
viously (Chapter 5). Fly strains:

± (BL 23133,, t . P{Or%5a-GAL A.F](>1.2 
'• + ’ P{Or%Sa-GAL 4.f}67.2 
Bloomington Stock Center)
T ^ . P{Or22a-GALA.l.l\l]\A.2\ . + ,p,

I ’ P{Or22a-GAlA.l.l\l)\A.2\ ’ +
Bloomington Stock Center)
T + . P{\QXUAS-IVS-mCD%\-.RFP]atlPAQ

( ’ P{\OXUAS-IVS-mCD?,\:RFP)aaPAO
32219 Bloomington Stock Center)

Sensillum
± (BL

Fly strains 1 and 2 were crossed to fly strain 
3 to mark the ab2 and ab3 sensillum respec
tively with red fluorescent protein. These sen- 
silla were not difficult to find on the surface of 
the antennae; however, the use of fluorescence 
provided unambiguous identification of sensil
lum type and improved the success rate of the 
data collection.

Electrophysiology The recordings were per
formed essentially as described previously [Ben
ton and Dahanukar, 2011; Clyne et al., 1997].
A fly was immobilised in the end of a 200jLiL 
pipette-tip, and oriented with its head towards 
the narrow end. The pipette tip was trimmed to
provide an adequately-sized hole through which the head of the fly could protrude. Using a 
small amount of dental wax placed behind the fly, it was pushed up the pipette tip until its 
antennae were exposed and forced outwards from the head capsule. The pipette tip, which 
held the fly, and a glass cover-slip were mounted on a glass slide. Pressing the cover-slip

Support cells 
Figure 7.1: Recording from a sensillum
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against the head cuticle just above the antennae caused them to further project outwards, 
away from the proboscis of the fly. A holding rod (a glass micropipette tip pulled to a di
ameter of approximately 5jum) was supported using dental wax and manually manoeuvred 
between the 2nd and 3rd segment of one antenna to further extend it, rotate it for optimal 
access to the desired sensillum type, and then immobilise the antenna against douhle-sided 
scotch tape mounted on the cover-slip. The sensilla were viewed using an upright microscope 
(Axioskop 2 FS Plus, Zeiss), a 50x objective lens with a numerical aperture of 0.5 (Epiplan 
442840, Zeiss) and an electron multiplying charge-coupled device camera (Quantem 512SC, 
Qimaging).

A sharp glass electrode (IB120BF-3,
World Precision Instruments) pulled with a 
long shank to a tip of less than 1 ;Um in diam
eter using a laser electrode puller (P-2000,
Sutter Instrument Company) and filled with 
extracellular saline (see Chapter 5) was used 
for recording. The recording electrode was 
inserted into the sensillum close to its base 
at an angle perpendicular to the sensillum.
The reference electrode was inserted into_____________________________________
the contra-lateral eye (with respect to the rFigure 7.2: Preparation tor sensory neuron
antenna recorded from, the eye indicated in recording 
Figure 7.2). This electrode consisted of a
shorter shank similar to a patch electrode with a 2/im tip. Recordings were sampled at 
lOkHz, with 2kHz low pass filter Bessel filter, on a amplifier (Axopatch 200b, Molecular 
Devices) in current clamp mode. Recordings affected by movement of the antenna — seen 
as large fluctuations in the field potential and sometimes accompanied by dramatic changes 
in spike activity — were not analysed. If the movement was noticed prior to odour-delivery 
it was remedied by adjusting the holding rod to more thoroughly immobilise the antenna.

The odourant EB was delivered to the fly using the apparatus described previously (Chap
ter 6). The outlet tube of the apparatus was placed within 1cm of the fly and directed an 
airstream at a speed of 0.42m s“' at the fly.

Habituation protocol The STH protocol used for these experiments is shown in Eig- 
ure 7.3. This was performed essentially as previously described (see Figure 4.3), except 
that the pairs of test odour pulses of EB (either side of the EB odour-exposure) were re
placed with single test odour pulses. Recordings were made for each test stimulus using a 
new electrode in a different sensillum (of the same type). In addition to the experiment in 
Figure 7.3, responses in a separate group of flies were assessed at the 3.5ppm concentration 
with test pulses delivered 2 minutes after odour-exposure instead of 10. This served as a
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Figure 7.3: Protocol for STH
An EB stimulus, of 10-second duration, was delivered 2 minutes before and 10 minutes 
after a 15-minute EB-exposure at the same concentration. The 10-minute recovery period 
following the odour-exposure was previously included as described in Figure 4.3.

positive control for sensory-adaptation expected to be evoked by the habituation protocol.

Field potential analysis Field potential analysis : LFPs were obtained by downsampling 
the recordings by a factor of 500 using the Matlab decimate function (Figure 7.4). Prior to 
downsampling, the decimate function first filters the signal with a bidirectional, 8th order. 
Type 1 Chebyshev filter with a passband ripple of 0.05db and a normalised cutoff frequency 
of Down-sampling factor resulting in a cut-off frequency of 8Hz). In some record
ings an electrical artifact in the form of a negative DC shift occurred upon activation of the 
solenoids. To compensate for this shift, all field potentials were detrended with respect to the 
voltage of the recording during the 200ms time interval after any potential shift and before 
the onset of an LFP. None of the recordings depicted in Figures 8.3 and 8.12 show the last 
0.5 seconds. This absence is to avoid the display of the positive DC shift that occurs in a 
similar manner at odour offset. Response latency (reported in Section 10.1.3 and 10.1.4) 
was calculated as the time (with respect to a activation voltage being applied to the odour
switching solenoid-valve) when the field potential deflection in the detrended signal reached 
a magnitude of ImV. Both the maximum amplitude and the final amplitude (calculated as 
the mean of the last 5 seconds of the response) are reported for the LFPs.

Spike-sorting In each sensillum analysed the APs from 2 neurons are recorded. A stereo
typed discrepancy in the size of the units/spikes in each sensillum allows the neurons to be 
labelled by their units’ relative amplitude. The neuron with the larger unit in the record
ings being termed the ‘a’ neuron and the other, the ‘b’ neuron. Sorting of these spikes was 
performed in dbWave software (obtained from Frederic Marion-Poll). A mixture of spike 
template matching and thresholding was used. Manual correction of the spike-sorting was 
required for the detection during the odour stimuli as spike shape and amplitude alters sub
stantially during this time. This change in spike waveform is discussed in Section 8.2. These 
changes were more pronounced at higher rates of activity. For the ab2 sensillum sorting
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Figure 7.4; Depiction of the evoked local field potential (LFP) from a sensillar recording
A sensillar recording (black) during an odour stimulus (EB at 3ppm, marked with a grey bar) 
shows both the increase in the rate of action potentials in the neurons housed in the sensilla 
as well as the relatively large fluctuations in the local field potential. The dynamics of the 
LFP (red) are extracted by low pass filtering the signal.

was possible even at the highest concentration range. The more sensitive ab2b neuron still 
remained detectable as a small positive voltage deflection, which was easily distinguish
able from the larger and bipolar waveform of the ab2a neuron. In the ab3 sensillum, more 
substantial changes in spike waveform coupled with a higher spike-rate made manual spike 
sorting unfeasible. Instead, a threshold was set for the entire recording that detected the pos
itive excursion of the ab3a spike waveform. This threshold was set low enough to ensure 
detection of the ab3a unit, at the very least, for the first 500ms of the odour response. This 
threshold was high enough to remain above the noise of the recording. An example of spike 
detection using this thresholding method is depicted in Figure 7.5. The ab3b neuron, whose 
spike waveform had a smaller positive lobe, was generally not detected by this thresholding 
technique, and its activity was not analysed, except at the lowest concentration where manual 
sorting was used to confirm the accuracy of the thresholding method.

Activation of the solenoid-valves for odour delivery sometimes caused noise of a me
chanical origin in the recording. This noise was mitigated by suspending all odour delivery 
apparatus above the recording stage using a retort stand. Typically, if present, the noise was 
of 50-100ms in duration and did not overlap with the odour response. Any artifacts detected 
as spikes from this noise were manually removed.

Subsequent analysis of the spike times was performed by custom routines in Matlab. 
Spike trains recorded for each odour stimulus were aligned by using the onset of the field 
potential as Time = 0 seconds. This was approximately 350ms after solenoid-valve activa
tion. The spike-rate over the course of the recording was calculated by binning the number of 
spikes with 100ms resolution. Each bin was overlapped by 50ms with each adjacent bin. All
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spike-rates reported are spike-rates above the baseline-rate, the rate during the 20 seconds 
preceding the odour stimulus. The baseline spike-rates are reported in Section 10.1.3 and 
10.1.4.

Statistics Paired within fly comparisons were made to assess the effects of the STH proto
col. Comparisons in the same sensillum were not made due to the difficulty in maintaining 
a recording in the same sensillum for the full duration of the STH protocol. Typically, the 
same sensillum was not used for both recordings in a given fly to avoid an effect of damage 
from two entries into that sensillum. Paired Student t-tests were used to compare responses 
before and after the 15-minute EB-exposure at each combination of concentration and OSN 
type except where group distributions deviated significantly from that of a normal distribu
tion (assessed using an Anderson Darling test for normality) or where an insufficient number 
of paired recordings was obtained (assessed using unpaired t-tests). Non-normal data was 
tested using a Wilcoxon signed-rank test. No corrections for multiple comparisons were 
made. A more complex statistical model was not used because of a lack of homoskedastic- 
ity (homogeneity of variance) between the groups. Graphical representation of naive odour- 
evoked responses includes the pooled naive responses from the two treatment groups: groups 
tested either 2 minutes or 10 minutes following the 15-minute EB-exposure. Calculations for 
changes in activity as a percent of the naive response, paired statistical tests, and figures de
scribing paired differences of responses distinguish between the naive odour-evoked activity 
in the flies from these two groups.
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Figure 7.5: Spike detection for ab3a
Spike detection was performed with the spike detection software dbWave. The time axis for 
all three traces is superimposed at the bottom of the figure. The top, middle and lower panels 
correspond respectively to the raw voltage trace recorded, a high-pass-filtered trace used for 
spike detection, and a trace of the spikes detected (with the an indication of the amplitude 
of the detected waveforms) Top panel: The raw voltage signal can be seen to include the 
evoked local field potential (LFP). Middle panel: A median filter removes low frequency 
components of the signal to allow spike detection. For detection of ab3a spikes a threshold 
was set to detect positive voltage excursions, which were always a component of the spike 
waveform irrespective of the neuron’s activity. The decrease in spike amplitude during odour 
stimuli can be seen by the end of the time window. Bottom panel: This presents the spikes 
detected using this method of spike sorting. Only the ab3a neurons are included in the data 
analysis.
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Chapter 8

Neural plasticity in OSNs

This chapter describes the neural plasticity observed in OSNs following the 15-minute EB- 
exposure of the STH protocol. This investigation builds the work of previous chapters by 
using the assay previously established for an in vivo correlate of STH (Chapter 5) and the 
odour-delivery system engineered to provide defined and consistent odour stimuli during the 
assay (Chapter 6). The plasticity observed in OSNs as a result of the STH protocol develops 
our understanding of the neural plasticity described in Chapter 5.

In accordance with the definition of habituation, the underlying mechanisms of this be
haviour are distinct from sensory adaptation. Sensory adaptation, described in Section 1.3.2, 
is observed as a time-dependent, reversible decrease in sensitivity of OSN responses to stim
uli as a result of sustained odour stimulation. The fact that sensory adaptation is distinct 
from the mechanisms of habituation does not mean that it does not occur as a result of the 
STH protocol, merely that other neural changes underlie the behaviour. This chapter further 
explores this idea by studying activity in the OSNs.

A key motivation for measuring activity in OSNs was provided by an experiment (de
picted in Figure 8.1, performed by colleague Isabell Twick) quantifying the changes in 
odour-evoked Ca^+ fluxes in OSN terminals induced by the STH protocol (see Figure 7.3). 
This experiment uses the GCaMPbm sensor that provides improved response kinetics and 
a greater than 4-fold increase in SNR sensor [Chen et al., 2013]. In this experiment, DM5 
shows a significant decrease in pre-synaptic activity after the 15-minute EB-exposure. Since 
the PNs innervating this glomerulus showed one of the most substantial changes in odour- 
evoked PN activity after this odour-exposure (described in Chapter 5), and they are impli
cated in mediating the aversive effects of EB [Semmelhack and Wang, 2009] this warranted 
further investigation. Accordingly, this chapter describes the study of the changes in the ac
tivity of OSNs following the STH protocol, measured using electrophysiological methods, in 
order to characterise how they contribute to the neural plasticity downstream in the olfactory 
circuit.

The first electrophysiological characterisations of chemosensory activity in many insects 
was performed half a century ago [Hodgson et al., 1955; Boeckh, 1962; Schneider, 1957].
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Figure 8.1: Activity-dependent changes in olfactory sensory neuron terminals elicited 
by the STH protocol
Data collected and analysed by Isabel Twick. Recordings were taken from 2-5 day old 
female flies driving the Ca^+sensor GCaMPbm in olfactory sensory neurons (OSNs) using 
the OR83b-GAL4 driver. A) Responses in 5 distinct populations of OSNs within the antennal 
lobe to EB (odour-evoked % change in fluorescence) both before (blue) and after (red) the 
flies were subjected prolonged exposure of the STH protocol described in Figure 7.3. The 
concentration used for this experiment was 20 parts per million in air. B) Paired differences 
(green) of the responses shown in A. The pre-synaptic terminals in DM5 showed robust 
decreases in activity following the odour-exposure in a similar manner to responses within 
the olfactory projection neurons. The mean + 1.96 times the SEM is represented by the 
solid and shaded portions of the curve respectively. The shaded grey line at the top of each 
pane represents the time during which the solenoid valves controlling the odour stream were 
directed to the fly.
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Improvements in microscopy and electrode-manipulator technology has enabled such inves
tigations [Clyne et al., 1997] in the powerful genetic model organism of Drosophila. Extra
cellular OSN recordings are performed by piercing the cuticular wall of a sensillum with a 
sharp glass electrode (depicted in Figure 7.1). This recording method gives access to record 
the action potentials of the individual neurons therein. It also gives access odour-evoked de
flections in the local field potential (LFP) [Nagel and Wilson, 2011]. For odour stimuli that 
elicit an increase in activity in one of the neurons housed in a sensillum the LFP is observed 
as a negative voltage deflection of the sensillum recording. This negative voltage deflection 
is most likely due to the transduction current, the current associated with converting an odour 
stimulus to a signal within the sensory dendrites [Schneider, 1969; Kaissling, 1986; Nagel 
and Wilson, 2011]: the flow of ions associated with the odourant receptor activation and any 
subsequent currents that are triggered by this initial depolarisation. Action potentials of the 
OSNs contained within the sensillum are superimposed upon these LFPs (see Figure 7.4).

In this chapter recordings are performed in OSNs housed in the ab2 and ab3 sensilla, large 
basiconic sensilla on the antenna, for reasons described presently. As discussed previously 
(Section 1.3.1), OSNs express 1 of 3 types of odourant receptors: IRs, GRs and ORs. The 
neurons characterised in the ab2 and ab3 sensilla express ORs. Specifically the neurons 
express OR22a, OR59b and OR85a and project to DM2, DM4 and DM5 respectively (see 
Figure 8.2). The second neuron in the ab3 sensillum projects to the VM5d glomerulus but 
could not be reliably detected (see Chapter 7) and so is not reported. An obvious choice 
for electrophysiological investigation was the ab2b OSN that projects to DM5. The DM5 
glomerulus showed robust decreases in its odour-evoked Ca^^ activity both pre- and post- 
synaptically. The degree to which sensory adaptation might contribute to these decreases 
can be assessed by sensillar recordings in this neuron. The other neuron housed in this 
sensillum, the ab2a neuron, expresses OR-59b and projects to DM4. This glomerulus has 
not been characterised in our studies of habituation; however it is responsive to EB, though 
it is less sensitive than ab2b. Finally, activity within the ab3 sensillum was investigated. The 
ab3a neuron expresses OR-22a and is very sensitive to EB [Hallem and Carlson, 2006]. It 
was desirable to assess the activity of the ab3a neuron for a number of reasons. Firstly, in 
contrast to the OSN projecting to DM5, the ab3a neuron did not show decreases in odour- 
evoked Ca^^ fluxes in its pre-synaptic terminals (Figure 8.1). Secondly, the PNs in the 
DM2 glomerulus not only failed to show an exposure dependent drop in odour-evoked Ca^^ 
activity, but they in fact showed an increase in activity (discussed in Chapter 6, data collected 
by Isabell Twick). Finally, the ab3a neuron has been studied extensively and so provides a 
useful comparison to a number of other investigations [de Bruyne et al., 2001; Hallem and 
Carlson, 2006; Pelz et al., 2006; Andersson et al., 2012].

3 non-overlapping ranges of EB concentration were delivered as stimuli in this chapter in 
order to quantify the effect of the STH protocol at different parts of the dose-response curves 
of the targeted OSNs. The highest concentration range approximated the concentration de-
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livered from an odourant bottle containing a 5% dilution of EB in paraffin oil described in 
Chapter 5: the mean stimulus delivered was 26ppm. A lower concentration range used— 
the mean stimulus delivered was 3.5 ppm— was a similar concentration to an experiment 
performed by colleague Isabell Twick (data not shown). In this experiment the STH pro
tocol still elicited plasticity in PN responses. The final concentration range was below the 
sensitivity of the PID used to measure the output of the odour-delivery system. As high lev
els of activity occurred in the ab3 sensillum in response to the higher concentration ranges, 
odour-evoked activity at this concentration range were investigated.

8.1 Results

The STH protocol was carried out at three non
overlapping concentration ranges to investigate the 
affect of the protocol on the different OSNs’ activ
ity at different regions of their dose-response curves. 
EB-evoked responses recorded in the ab2 sensillum 
as well as the two OSNs it houses are reported first. 
Subsequently, results for the ab3 sensillum and the 
ab3a neuron are reported. A summary of the data is 
included in Table 8.1. Descriptive statistics for the 
data presented are listed in Section 10.1.3 and 10.1.4 
for ab2 and ab3, respectively. The individual neurons 
analysed and the glomeruli to which they each project

ab2

ab3
ab3a (22a)

ab3b (85b)

, , ■ . Figure 8.2: A schematic with eachare depicted m Figure 8.2. Arrows indicate the pos- ... . ,sensillum projecting to the relevant
itive and negative changes in the intensity of activity glomeruli
in the DM2 and DM5 glomeruli following the STH
protocol when the odour-stimulus concentration is maintained at 20ppm.

The highest concentration range was approximately 22-28ppm (see Tables 10.8 and 10.26 
for descriptive statistics of the concentrations delivered). The middle concentration range 
was approximately 2-5ppm (see Tables 10.10 and 10.28 for descriptive statistics of the con
centrations delivered). The lowest concentration was <0.2ppm which was, at the time, the 
threshold of detection of the PID sensor used to monitor the odour-delivery system’s output 
(see Tables 10.12 and 10.30 for descriptive statistics of the concentrations delivered).

Odour-evoked activity during the 15-minute EB-exposure is not shown. On the few 
occasions where this activity was recorded the neurons responded at a spike-rate higher than 
baseline for the duration of the stimulus. The data reported is restricted to the most relevant 
aspect of neural function, which was the odour-evoked neural activity before and after this 
EB-exposure.
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Figure 8.3: Odour evoked local field potentials (LFPs) recorded during the STH proto
col in the ab2 sensillum in response to EB at a range of concentrations
Single sensillum recordings were performed in the ab2 sensillum. The recorded signal was 
low-pass filtered to remove the high frequency components (the action potentials of the two 
neurons). This processed signal shows the low frequency changes in the LFP. In the ab2 sen
sillum both neurons respond to EB. LFPs are recorded before the 15-minute EB-exposure 
(blue), 10 minutes after the odour-exposure (red) and, for the middle concentration range 
only, 2 minutes after the odour-exposure (green). A) LFPs in the ab2 sensillum in response 
to EB stimuli ranging in concentration from 22-28ppm. B) LFPs in the ab2 sensillum in 
response to EB stimuli ranging in concentration from 2-5ppm. At this concentration an extra 
experiment was performed to observe neural responses 2 minutes after the odour-exposure 
of the STH protocol. C) LFPs in the ab2 sensillum in response to EB stimuli below the 
detection threshold of the photoionisation detector used to measure odour-delivery system 
output. The mean of the LFPs in each panel is superimposed in black.
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Figure 8.4: Summary of the differences between odour-evoked local-field potentials 
(LFPs) recorded during the STH protocol in the ab2 sensillum
A within fly paired comparison was made between LFPs in response to EB during the STH 
protocol, shown in Figure 8.3. The maximum amplitude and final amplitude (the last 5 
seconds during the odour-stimulus) of the LFPs are used for the comparison. A) At the 
highest concentration range from 22-28ppm, the LFP maximum and final amplitudes are the 
same before and 10 minutes after the odour-exposure. B) At the middle concentration range 
from 2-5ppm, the LFP maximum amplitude is the same before as it is both 2 minutes and 
10 minutes after the odour-exposure. The LFP final amplitude is decreased both 2 minutes 
(Paired t-test : DF : 10, t ; 3.5, **p<0.01 ) and 10 minutes (Paired t-test : DF : 13, t : 
2.6, *p<0.05 ) after the odour-exposure. C) At the lowest concentration range of <0.2ppm, 
the LFP maximum and final amplitudes are the same before and 10 minutes after the odour- 
exposure. The mean (red horizontal line), 1.96 times the SEM (pink shading) and SD (purple 
shading) of the paired differences in maximum and final LFP amplitude are depicted in 
each plot. Each grey circle represents the paired difference between naive and habituated 
responses within one fly. A negative value indicates a decrease in activity after the odour- 
exposure.

126



8,1.1 Neural activity within the ab2 sensillum

In the ab2 sensillum, LFPs occurred in response to EB at each concentration range delivered 
(Figure 8.3). Both neurons in this sensillum are responsive to EB. At every concentration the 
negative deflection at the start of the odour stimulus was followed by a degree of adaptation 
over the rest of the odour stimulus (Figure 8.3). The maximum amplitude of the voltage 
deflection as well as the final amplitude, measured over the last 5 seconds of the stimulus, 
are reported.

At the concentration range from 22-28ppm, LFP responses were of similar amplitude 
before and 10 minutes after the 15-minute EB-exposure (Figure 8.4A). The mean of the 
paired differences within each fly for the maximum and final amplitude of the LFPs was -0.7 
+0.6mV and -0.4 +1.0mV respectively.

At the concentration range from 2-5ppm, LFP responses were of similar maximum am
plitude but showed a decreased final amplitude both 2 minutes and 10 minutes after the 15- 
minute EB-exposure compared to responses before the odour-exposure (Figure 8.4B). For 
the group assessed 10 minutes after the odour-exposure, the mean of the paired differences 
within each fly for the maximum and final amplitude of the LFPs was -0.6 +0.4mV and -1.1 
+0.4mV respectively. For the group assessed 2 minutes after the odour-exposure, the mean 
of the paired differences within each fly for the maximum and final amplitude of the LFPs 
was -1.2 +0.7mV and -1.5 +0.4mV respectively.

At the concentration range of <0.2ppm, LFP responses were of similar amplitude before 
and 10 minutes after the 15-minute EB-exposure (Figure 8.4C). The mean of the paired dif
ferences within each fly for the maximum and final amplitude of the LFPs was -0.2 ±0.3mV 
and 0.2 +0.3mV respectively.

The odour-evoked AP activity of each neuron within the ab2 sensillum was also analysed 
for the recordings described in the previous paragraphs. The spike-rate of these neurons 
peaked early during the odour stimulus and subsequently adapted over the course of the 
stimulus (Figure 8.5) as described previously [Clyne et al., 1997; Martelli et al., 2013] and 
in a similar manner to the LFPs. The first 0.5 seconds of the neural response provides a 
measure of this initial peak in activity, termed the phasic spike-rate, and the final 5 seconds 
of the stimulus are used to describe the final 5 seconds of the response, termed the tonic 
spike-rate. Spike-rates are reported as the absolute spike-rate with the baseline spike-rate 
subtracted.

ab2a neuron activity The ab2a neuron projects to the DM4 glomerulus. The work in the 
previous chapters did not record from this glomerulus to assess for changes in odour-evoked 
Ca^* activity following the STH protocol. The DM4 glomerulus may still exhibit plasticity 
as the ab2a neuron has been shown to respond to EB [de Bruyne et al., 2001]. In this current 
study, following the 15-minute EB-exposure the odour-evoked spiking activity of the ab2a 
neuron did not change. These comparisons of odour-evoked activity before and after the
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Figure 8.5: ab2a neuron responses during the STH protocol to a range of concentra
tions of ethyl-butyrate (EB)
The rate of action potentials above baseline recorded in the ab2a neuron in response to EB 
stimuli are depicted. Spike-rates are calculated over 100ms time-bins with baseline-rate sub
tracted (see Chapter 7). The 0-second timepoint represents the onset of the neural response. 
Odour diversion to the fly is represented by a grey bar at the top of each panel. Responses 
before (blue), two minutes after (green), and 10 minutes after (red) the EB-exposure are 
depicted. The first column of panels shows the neural activity over the full duration of the 
odour stimulus as well as a number of seconds both before and after it. The second column 
shows responses during just the first 3 seconds of the neural response. The third column 
represent the difference between responses before and after the EB-exposure. A) ab2a spike- 
rates at an EB concentration from 22-28ppm. B) ab2a spike-rates at an EB concentration 
from 2-5ppm. C) EB stimuli that were below the detection threshold of the photo ionisation 
detector used for measuring stimulus concentration (over the course of this experiment this 
was 0.2ppm) did not elicit a response in the ab2a neuron. The mean + 1.96 times the SEM 
is represented by the solid and shaded portions of the curve respectively. The number of 
flies used for each concentration is reported in each panel. Portions of the neural response 
analysed in the subsequent figure are outlined.
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Figure 8.6: Summary of the differences between odour-evoked spike-rate in the ab2a 
neuron recorded during the STH protocol
Naive and habituated responses of the ab2a neuron, shown in Figure 8.3, are compared 
using the differences in the phasic response (calculated as the first 500ms of odour-evoked 
activity) and the tonic response (calculated as the last 5 seconds of odour-evoked activity). 
A negative value indicates a decrease in activity after the 15-minute EB-exposure. A) At the 
highest concentration range tested no significant difference in either the phasic or the tonic 
spike-rates was seen 10 minutes after the odour-exposure. B) In the concentration range of 2- 
5ppm, no significant difference in either the phasic or the tonic spike-rates was seen either 2 
minutes or 10 minutes after the odour-exposure. The mean (red horizontal line), 1.96 times 
the SEM (pink shading) and SD (purple shading) are depicted for the values in each plot. 
Each grey circle represents the paired difference between naive and habituated responses. 
The number of flies recorded for the paired data in A was 7. The number of flies recorded 
for the paired data in B was 11 and 14 for groups tested 2 minutes and 10 minutes after the 
odour-exposure respectively.

129



ab2b APs

120
«0.2ppn,^^0

80
60
40

0)
2 T
CD
^20 
CO 0

-20 20 40
Time (s)

2 3
Time (s)

0 10

Figure 8.7: ab2b neuron responses during the STH protocol to a range of concentra
tions of ethyl-butyrate (EB)
The rate of action potentials recorded in the ab2b neuron in response to EB stimuli are de
picted. This rate was calculated by using overlapping 100ms bins and discounting baseline 
activity. The 0-second timepoint represents the onset of the neural response. Odour diver
sion to the fly is represented by a grey bar at the top of each panel. Responses before (blue), 
two minutes after (green), and 10 minutes after (red) the EB-exposure are depicted. The first 
column of panels shows the neural activity over the full duration of the odour stimulus as 
well as a number of seconds both before and after it. The second column shows responses 
during just the first 3 seconds of the neural response. The third column represent the dif
ference between responses before and after the EB-exposure. A) ab2b spike-rates at an EB 
concentration from 22-28ppm. B) ab2b spike-rates at an EB concentration from 2-5ppm. 
C) EB stimuli that were below the detection threshold of the photoionisation detector used 
for measuring stimulus concentration (over the course of this experiment this was 0.2ppm) 
barely elicited an increase in spike-rate over the course of the odour stimulus. The mean + 
1.96 times the SEM is represented by the solid and shaded portions of the curve respectively. 
The number of flies used for each concentration is reported in each panel. Portions of the 
neural response analysed in the subsequent figure are outlined.
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Figure 8.8: Summary of the differences between odour-evoked spike-rate in the ab2b 
neuron recorded during the STH protocol
Naive and habituated responses of the ab2b neuron, shown in Figure 8.3, are compared 
using the differences in the phasic response (calculated as the first 500ms of odour-evoked 
activity) and the tonic response (calculated as the last 5 seconds of odour-evoked activity). 
A negative value indicates a decrease in activity after the 15-minute EB-exposure. A) At the 
highest concentration range tested no significant difference in responses was seen 10 minutes 
after the odour-exposure. B) In the concentration range of 2-5ppm, phasic responses show a 
decrease at both 2 minutes (Paired t-test: DF : 10, t: 2.28 *p<0.05) and 10 minutes (Paired 
t-test : DF : 13, t : 2.57 *p<0.05) after the odour-exposure. Tonic responses 2 minutes 
after do not show a significant decrease while 10 minutes after a significant decrease is seen 
(Wilcoxon signed rank test : DF = 13, p<0.05). C) For stimuli of concentration < 0.2ppm 
no changes were seen during the STH protocol. The mean (red horizontal line), 1.96 times 
the SEM (pink shading) and SD (purple shading) are depicted for the values in each plot. 
Each grey circle represents the paired difference between naive and habituated responses. A 
negative value indicates a decrease in activity after odour-exposure.
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odour-exposure is described in the following paragraphs.
At the concentration range from 22-28ppm, ab2a odour-evoked spike-rates were similar 

before and 10 minutes after the 15-minute EB-exposure (Figure 8.6A). The mean of the 
paired differences within each fly for the phasic and tonic spike-rate was -0.9 +3.8Hz and 
1.8+1.6Hz respectively.

At the concentration range from 2-5ppm, ab2a odour-evoked spike-rates were similar 
before, 2 minutes after, and 10 minutes after the 15-minute EB-exposure (Figure 8.6B). For 
the group assessed 10 minutes after the odour-exposure, the mean of the paired differences 
within each fly for the phasic and tonic spike-rate was -1.3 +2.9Hz and 1.8 +1.1 Hz respec
tively. For the group assessed 2 minutes after the odour-exposure, the mean of the paired 
differences within each fly for the phasic and tonic spike-rate was 5.6 +3.2mV and -2.8 
+ 1.7mV respectively. At the concentration range of <0.2ppm no responses were observed 
in the ab2a neuron (Figure 8.5C).

ab2b neuron activity The ab2b neuron projects to the DM5 glomerulus. This glomerulus 
has been shown to mediate the aversive response to EB [Semmelhack and Wang, 2009]. The 
odour-evoked Ca^+ activity in the PNs innervating the DM5 glomerulus decreased following 
the 15-minute EB-exposure (Chapter 5). This decrease was mirrored in the terminals of the 
ab2b neurons innervating this glomerulus (Figure 8.1). Some changes were observed in the 
odour-evoked spike-rates of the ab2b neuron and are described below.

At the concentration range from 22-28ppm, ab2b odour-evoked spike-rates were similar 
before and 10 minutes after the 15-minute EB-exposure (Figure 8.8A). The mean of the 
paired differences within each fly for the phasic and tonic spike-rate was -7.3 +8.0Hz and 
3.1 +3.5Hz respectively.

At the concentration range from 2-5ppm, ab2b odour-evoked phasic spike-rate 2 minutes 
after the 15-minute EB-exposure decreased (Figure 8.8B). The mean of the paired differences 
within each fly for the phasic spike-rate was -13.1 +5.5Hz. The odour-evoked and -5.0 
+2.4Hz respectively.

At the concentration range from 2-5ppm, ab2b odour-evoked spike-rates 10 minutes af
ter the 15-minute EB-exposure decreased (Figure 8.8B). The mean of the paired differences 
within each fly for the phasic and tonic spike-rate was -9.8 +3.8Hz and 4.3 ± 1.6Hz respec
tively.

At the concentration range of <0.2ppm, ab2b odour-evoked spike-rates were similar be
fore and 10 minutes after the 15-minute EB-exposure (Figure 8.8C). The mean of the paired 
differences within each fly for the phasic and tonic spike-rate was -0.8 +1.07Hz and 0.0 
+0.6Hz respectively.
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8.1.2 Neural activity within the ab3 sensillum

In the ab3 sensillum, LFPs occurred in response to EB at each concentration range delivered 
(Figure 8.12). Both neurons in this sensillum are responsive to EB. The negative voltage 
deflection of the LFPs adapt over the course of the stimulus (Figure 8.12) in a similar manner 
to the ab2 sensillum. The maximum amplitude of the voltage deflection as well as the final 
amplitude, measured over the last 5 seconds of the stimulus, are reported.

At the concentration range from 22-28ppm, LFP responses were of similar amplitude 
before and 10 minutes after the 15-minute EB-exposure (Eigure 8.13A). The mean of the 
paired differences within each fly for the maximum and final amplitude of the LFPs was -0.7 
+1 .OmV and -1.9 +1.1 mV respectively.

At the concentration range from 2-5ppm, LFP responses were of similar amplitude 10 
minutes after the 15-minute EB-exposure compared to responses before the odour-exposure 
but of decreased amplitude 2 minutes after the odour-exposure (Figure 8.13B). For the group 
assessed 10 minutes after the odour-exposure, the mean of the paired differences within each 
fly for the maximum and final amplitude of the LFPs was -0.6 +0.6mV and -1.2 +0.6mV 
respectively. For the group assessed 2 minutes after the odour-exposure, the mean of the 
paired differences within each fly for the maximum and final amplitude of the LFPs was -5.3 
±0.9mV and -3.7 +0.7mV respectively.

At the concentration range of <0.2ppm, LFP responses were of similar amplitude be
fore and 10 minutes after the 15-minute EB-exposure. At this concentration, insufficient 
paired data was collected and so the individual responses are depicted in Figure 8.13C. LFP 
maximum amplitudes were 7.1 +1.1 mV and 8.2 +1.3mV before and after the EB-exposure 
respectively. LFP final amplitudes were 3.5 +0.5mV and 3.5 +0.7mV during the STH pro
tocol respectively.

The ab3a neuron was more sensitive to EB than the two neurons in the ab2 sensillum. 
At both the highest and middle concentration range the spikes typically decreased in ampli
tude so substantially that they could no longer be detected (see Eigure 8.9), although some 
responses were sustained for the duration of the recordings (described later). This decrease 
in spike amplitude prevented a systematic analysis of tonic firing rates in this neuron for the 
higher two concentration ranges. During the phasic part of the odour response the positive 
lobe of the spike waveform was of sufficient size to be separate from the noise and mostly 
above that of the ab3b neuron.

At the highest concentration the ab3b neuron also decreased in amplitude becoming un
detectable. At the middle concentration range it frequently decreased in size but not so much 
as to be undetectable; however, because of the changing waveform of the A neuron over 
the duration of the odour stimulus it was impossible to systematically and unambiguously 
classify the B neuron throughout the response. In the cases where it could be observed it 
was seen to respond moderately to EB (Eigure 8.10) as reported previously [Hallem and
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Carlson, 2006], At the lowest concentration the ab3b neuron remained the same size, allow
ing unambiguous spike-sorting which provided a more accurate metric of spike-rate in the 
ab3a neuron to compare against the results the thresholding technique used for ab3a spike- 
detection. The two methods yielded similar results (no more than 10% deviation between the 
two methods) indicating that the latter was of adequate accuracy (comparing Figure 8.11A 
with Figure 8.14C). The ab3b phasic spike-rate was not significantly different from the base
line spike-rate 8.1 IB.

Another feature of the ab3a responses at the higher concentrations was that in many 
recordings the spikes’ amplitudes, which had decreased beyond detection during the stim
ulus, did not recover immediately afterwards. The exact time of recovery was difficult to 
quantify partly because the recordings were not always maintained for a sufficient period of 
time afterwards and partly because the spikes’ amplitudes gradually increased in size over 
the course of seconds from below the amplitude of the recording noise to above the ampli
tude of the ab3b spikes (Figure 8.10), both of which changed from one recording to another. 
Although it could not be more accurately quantified this phenomenon can be observed as a 
decreased rate of firing for a number of seconds following the odour stimulus at the higher 
concentration.

At the concentration range from 22-28ppm, ab3a odour-evoked phasic spike-rate 2 min
utes after the 15-minute EB-exposure decreased (Figure 8.15A). The mean of the paired 
differences within each fly for the phasic spike-rate was -20.9 +7.4Hz.

At the concentration range from 2-5ppm, ab3a odour-evoked phasic spike-rate 2 minutes 
after the 15-minute EB-exposure decreased (Figure 8.15B). The mean of the paired differ
ences within each fly for the phasic spike-rate was -69.7 +11 .OHz.

At the concentration range from 2-5ppm, ab3a odour-evoked spike-rates 10 minutes after 
the 15-minute EB-exposure decreased (Figure 8.15B). The mean of the paired differences 
within each fly for the phasic spike-rate was -24.6 +5.1 Hz.

At the concentration range of <0.2ppm, ab3a odour-evoked spike-rates were similar be
fore and 10 minutes after the 15-minute EB-exposure (Figure 8.I5C). At this concentration, 
insufficient paired data was collected and so the individual responses are depicted in Fig
ure 8.15C. Phasic spike-rates were 71.2 +14.8Hz and 82.8 +13.0Hz before and after EB- 
exposure respectively. Tonic spike-rates were 25.8 +3.9Hz and 27.0 +7.7Hz before and 
after EB-exposure respectively.

Correlation in EB-evoked spike-rates before and after the EB-exposure

The data gathered at each concentration was pooled to assess the correlation between re
sponses before and after the EB exposure. Only flies in which responses after the EB- 
exposure were assessed at the 10 minute timepoint were included. For each neuron type, 
there was a high correlation between the phasic spike-rates recorded before and after the
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EB-exposure within the same experimental preparation (Figure8.16). The correlation coeffi
cient for ab2a, ab2b, and ab3a neuron types was 0.81, 0.71 and 0.93 respectively.
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Figure 8.9: Changes in ab3a neuron spike amplitude and waveform
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Figure 8.9 continued:
An odour response recorded in the ab3 sensillum is depicted. Both ab3a and ab3b neurons 
can be seen in the recording. Substantial changes in spike waveform during the odour stim
ulus limit spike detection. The odour stimulus is ethyl-butyrate delivered at concentrations 
that lie within (or beyond) the upper range of responses of the neuron. A) As early as the first 
second of the neural response, spike detection can become impossible. Odour stimulus de
livery is represented as a grey bar. The content of the subsequent subfigures is indicated with 
the threee red rectangles. B) Action potentials recorded during baseline activity. Although 
the threshold for ab3a detection is set so as to avoid detection of ab3b, the latter neuron is 
sometimes detected during baseline activity as is seen at approximately -9.9s. C) During 
the high activity induced in the sensillum during odour stimulus onset the spike waveforms 
change substantially. The spike waveforms often decreased in amplitude so as to be no longer 
detectable. The first 500ms are always detectable and are reported as the phasic spike rate. 
D) In many recordings, during the later stages of the odour stimulus the ab3a neuron could 
not be observed. This was most prevalent at the highest concentration.

-10 0 10 20 30 40 50
Time (seconds)

Figure 8.10: Recovery of action potential waveform in the ab3a neuron.
Recovery of the ab3a neuron spike amplitude can take up to 90 seconds. In the recording 
depicted, the ab3a neuron amplitude can be seen to gradually increase above the noise of 
the recording 25 seconds after the odour offset and continues to increase until the end of 
the recording when it is equal in amplitude to that of the B neuron. Although not always 
possible, the B neuron can be readily discerned in this recording and shows a slight increase 
in activity in response to EB. The duration of the odour stimulus is marked by a grey bar 
above the recording. The time axis represents the time in seconds from the onset of the 
neural response following stimulus delivery.
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Figure 8.11: Manually sorted action-potential activity in neurons housed in the ab3 
sensillum
A) At a concentration of EB of less than 0.2ppm the action potentials of the two neurons 
housed in the ab3 sensillum could be distinguished. Manually sorting the two units yields 
spike-rates in the ab3a neuron comparable to the threshold detection method used for Fig
ure 8.14. B) Activity in the ab3b neuron is decreased below the baseline firing rate in 
response to the odourant. The onset of the neural response, which is depicted at the 0- 
second timepoint, occurred approximately 350ms after the activation of the solenoid-valve 
that switched the odour stimulus to the fly for 10 seconds (represented by a grey bar at the 
top of each panel).
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ab3 LFPs
Naive Exposed Exposed

Figure 8.12: Odour evoked local field potentials (LFPs) recorded in the ab3 sensillum 
to a range of concentrations of ethyl-butyrate (EB) during the STH protocol
Single sensillum recordings were performed in the ab3 sensillum. The recorded signal was 
low-pass filtered to remove the high frequency components (the action potentials of the two 
neurons). This processed signal shows the low frequency changes in the LFP. In the ab3 
sensillum both neurons respond to EB. LFPs are recorded before the 15-minute EB-exposure 
(blue), 10 minutes after the odour-exposure (red) and, for the middle concentration range 
only, 2 minutes after the odour-exposure. A) LFPs in the ab3 sensillum in response to EB 
stimuli ranging in concentration from 22-28ppm. B) LFPs in the ab3 sensillum in response to 
EB stimuli ranging in concentration from 2-5ppm. At this concentration an extra experiment 
was performed to observe neural responses 2 minutes after the 15-minute EB-exposure. C) 
LFPs in the ab3 sensillum in response to EB stimuli below the detection threshold of the 
photoionisation detector used to measure odour-delivery system output. The mean of the 
LFPs in each panel is superimposed in black.
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Figure 8.13: Summary of the differences between odour-evoked local-field potentials 
(LFPs) recorded during the STH protocol in the ab3 sensillum
A within fly paired comparison was made between LFPs in response to EB before and af
ter the 15-minute EB-exposure, shown in Figure 8.12. The maximum amplitude and final 
amplitude (the last 5 seconds during the odour-stimulus) of the LFPs are used for the com
parison. A) At the highest concentration range from 22-28ppm, the LFP maximum and final 
amplitudes are the same before and 10 minutes after the odour-exposure. B) At the mid
dle concentration range from 2-5ppm, the LFP maximum and final amplitudes are the same 
before and 10 minutes after the odour-exposure. The LFPs are decreased 2 minutes after 
the 15-minute EB-exposure in both maximum (Paired t-test : DF : 11,1: 5.8 ***p<0.001) 
and final (Paired t-test : DF : 11,1: 5.1, ***p<0.001) amplitudes. C) Outlined in grey, the 
unpaired values collected at the lowest concentrations during the STH protocol are shown 
(an insufficient number of paired data points were collected). The LFP maximum and final 
amplitudes are the same before and 10 minutes after the odour-exposure. The mean (red hor
izontal line), 1.96 times the SEM (pink shading) and SD (purple shading) are depicted for 
the values in each plot. In A and B the grey circles represent the paired difference between 
naive and habituated responses while in C they represent the individual responses.
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Figure 8.14: Activity in the ab3a neuron during the STH protocol in response to a range 
of concentrations of ethyl-butyrate (EB)
Action potentials in the ab3a neuron were measured. The 0-second timepoint represents the 
onset of the neural response. Odour diversion to the fly is represented by a grey bar at the 
top of each panel. Spike amplitude decreased substantially during stimuli at the two higher 
concentrations (see Chapter 7), preventing reliable spike detection for the full stimulus. In 
some recordings this prevention of spike detection occurred as early as 1 second into the 
odour stimulus. Only the first 500ms of the neural response are depicted for the higher 
concentrations. A) ab3a spike-rates at an EB concentration from 22-28ppm. B) ab3a spike- 
rates at an EB concentration from 2-5ppm. C) EB stimuli that were below the detection 
threshold of the photoionisation detector used for measuring stimulus concentration (over 
the course of this experiment this was 0.2ppm) still elicit a response in the ab3a neuron. 
Neural responses were calculated by binning spike counts at 100ms resolution with each bin 
overlapping with each adjacent bins by 50ms. The mean + 1.96 times the SEM is represented 
by the solid and shaded portions of the curve respectively. The number of flies used for each 
concentration is reported in each panel. Portions of the neural response analysed in the 
subsequent figure are outlined.
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Figure 8.15: Summary of the differences between odour-evoked spike-rate in the ab3a 
neuron recorded during the STH protocol
Naive and habituated responses of the ab3a neuron, shown in Figure 8.12, are compared 
using the differences in the phasic response (calculated as the first 500ms of odour-evoked 
activity) and the tonic response (calculated as the last 5 seconds of odour-evoked activity). 
A negative value indicates a decrease in activity after the 15-minute EB-exposure. A) At the 
highest concentration range tested a significant decrease was observed (Paired t-test: DF ; 4, 
t : 2.83 *p<0.05). B) In the concentration range of 2-5ppm, the phasic spike-rate decreases 
both 2 minutes (Paired t-test : DF ; 11, t : 6.33, ***/7<0.001) and 10 minutes (Paired t-test 
: DF : 10, t : 4.85 ***p<0.001) after the 15-minute EB-exposure C) Outlined in grey, the 
unpaired values collected at the lowest concentrations during the STH protocol are shown 
(an insufficient number of paired data points were collected). Responses during the STH 
protocol do not significantly differ. The mean (red horizontal line), 1.96 times the SEM 
(pink shading) and SD (purple shading) are depicted for the values in each plot. Each grey 
circle represents the paired difference between naive and habituated responses. A negative 
value indicates a decrease in activity after the odour-exposure.
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Figure 8.16: Correlation of paired OSN spike-rates both before (naive) and after (ex
posed) the EB-exposure
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depicted for each neuron type. ab2a, ab2b, and ab3a are depicted in A, B, and C respec
tively. Only flies in which responses after the EB-exposure were assessed at the 10 minute 
timepoint were included. The correlation coefficient for each neuron is outlined by a black 
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8.2 Discussion

This chapter describes an investigation of the effect of the STH protocol on the odour-evoked 
activity in the Drosophila sensory sensilla. The neural plasticity observed in the OSNs during 
this investigation (summarised in Table 8.1) demonstrates the contribution these neurons can 
make to the similarly-evoked plasticity previously described in PNs within the AL (Chap
ter 5). The specificity and magnitude of these changes aids interpretation of these latter 
results.

Plasticity in OSNs induced by the STH protocol Plasticity within the ab2b neuron in 
this investigation was of principal interest. As described previously in Section 1.3.3, Sem- 
melhack and Wang [2009] demonstrate this neuron, and its downstream glomerulus DM5, to 
be the olfactory ‘channel’ responsible for mediating the aversive response that flies exhibit 
upon exposure to EB. Following the STH protocol odour-evoked activity in this glomeru
lus decreased; the activity was assessed using the GCaMP3 sensor to measure Ca^”*^ fluxes 
evoked in the PN dendrites (Chapter 5). This decrease could be an underlying mechanism 
of the STH that is assayed using the Y-maze. A subsequent experiment (described in Fig
ure 8.1) designed to provide further insight into the source of this altered odour-response in 
PNs investigated odour responses in OSN terminals during the STH protocol. This experi
ment studying the OSN terminals revealed a decrease in odour-evoked GCaMP fluorescence 
in the DM5 glomerulus. The results in this chapter, summarised in Table 8.1 suggest that 
sensory adaptation can contribute to the changes in the sensory neuron terminals of the DM5 
glomerulus.

In the ab2b neuron, following the 15-minute EB-exposure at the concentration range from 
2-5ppm, odour-evoked phasic spike-rates decrease by 25% and 16% of the naive responses 
when evoked 2 minutes and 10 minutes after the odour-exposure respectively. At the higher 
concentration (22-28ppm) and lower concentration (< 0.2ppm), no significant change in ac
tivity occurred. The experiments at these latter two concentrations were less highly powered 
and this may be the cause of the lack of an adaptation. At the higher concentration range, 
the 95% confidence interval of the changes in EB-evoked spike-rates is [-l2,27]Hz. While 
it is undesirable to perform post-hoc assessment of the power of experiments, this level of 
variance in the dataset is obviously too great to detect the changes in activity in this neuron 
that are more moderate than that of the ab3a neuron that is described below. Before the de
scription of the ab3a neuron results, it is worth exploring the implications of the changes that 
were observed in the ab2b neuron.

The plasticity that occurs in the DM5 glomerulus in the AL following 15-minute EB- 
exposure, is at least partially caused by sensory adaptation in the ab2b neuron. This contri
bution to plasticity by the OSNs remains even after a recovery period of 10 minutes. The 
significance of these OSN changes in interpreting the plasticity of odour-evoked responses

144



c. ^
c/2 4-J
(D X
W)
c

o

a -o
X
U o

X

jd c
X ■n

a>
3 >»
OJ cd
c/2 "04
>* c/2
o *■5

4—*
CJ (Uu

cd
O
c ’>

' •“
u4—1 Cd

*> c
o c/2cd (U

T5
(U
o>
<u

3

Co
(U

o <u

<D •̂o

•S S
^ e
g £ 
£ J
nj ■§
g- §
(U (U
D c3

>%
a
E
E
3
C/2

bfi
ac3

-C 
u
ccd

O c
C .2?
o

—o —
O C13 
2 ^ p '-S
D.
X 
H 
[/2 -d

O)
e
o 
a.
lU

bO Cl,
.£ E
■ji c3 cd ^
S? E
- p 0) c

Cl

3
x: 
Cl
•a<1 (U
IxS

• ■ o 
~ >
00 V

Xi o
,cd T3
H O

o
Qh

0)
CjX)
c
cd

-C
u

Na:
u.o>
<U
c/5
c
oa-

0)
c
cd
X
U

I QJ

1— 3
c/2

Jr; o ■2 cu 
^ X 0)3 (u i:

E c-i
lie

1 3
.2 2 o <u 
O £ 
t/: o 
< M

O(N

^ ^ ^ ^ ^ ^ 
O '1' 5 ^

CN

>
E
d
+1
fNid

NX

+1
00d

:> i>. N N N N
1 1 K K B a

^ fN V) 00

d d ̂  ^
+1 +1 +' +' +1 +1
04 ^ ̂  ^ "5 «5

• ^ — r<4 ov

>s
VOd
+1

d

NX
oq
d
+1
o\d

N
X
q
00

+1
q
d

o o o
CN — CN — (N —

lO >0)

Q Q Q Q

^ ^ ^ ^
f*^ q 00 
»s r*^ ^

q «s

> > ^ ^ EE®®

d d ^
+1 +1 i' +'
^ ^ Ov’ D 9 ^ ^

>
E
q

+1

d

N
X

+1
Ov
©04

O O 
(N — CN —

fN (N

Q Q

c

c
o
3 rvj (N 3(N X(N m 3roo «U X) X X X X XJC/T) c 3 3 3 3 3 3

145



in PNs following the 15-minute odour-exposure (described in previous chapters) is discussed 
further in Chapter 9. The conclusion that OSN plasticity can contribute to altered activity in 
the olfactory system following the STH protocol is largely supported by the similar results 
with the ab3a neuron.

In the ab3a neuron, odour-evoked phasic spike-rates decrease as a result of the STH 
protocol. At the concentration range from 2-5ppm, the phasic spike-rate decreases by 38% 
and 13% of the naive responses when evoked 2 minutes and 10 minutes after the 15-minute 
EB-exposure respectively. Similarly, at the highest concentration range tested (22-28ppm) 
odour-evoked phasic spike-rates decrease by 12% of the naive spike-rates. Insufficient paired 
data was collected at the lowest concentration (< 0.2ppm) to assess the effect of the STH 
protocol adequately.

In the ab2a neuron, EB-evoked responses occur only at the higher two concentration 
ranges of EB stimuli. At both of these ranges no changes in odour-evoked spike-rates occur 
following the 15-minute EB-exposure.

In the previous paragraphs and the summary table (Table 8.1) tonic spike-rates were not 
described. This is for the sake of simplification, as typically the tonic responses, measured 
as the mean of the spike-rates during the final 5 seconds of the EB stimulus, changed in a 
similar manner to the phasic spike-rates. The only exception to this was in the ab2b neuron 
at the concentration from 2-5ppm where the significant decrease in phasic spike-rate was not 
mirrored by a decrease in the tonic spike-rate.

The extent of adaptation observed following the 15-minute exposure of the STH protocol 
in the ab2a, ab2b, and ab3a neurons is proportional to the overall activity of the respective 
neurons. ab2a, which is not sensitive enough to detect EB at the lowest concentration range 
used, does not adapt. ab2b, for which the lowest concentration range used appears to be a 
threshold of sensitivity, adapts, albeit not at every concentration range. Finally, the ab3a neu
ron adapts by as much as 38% of odour-evoked activity before the 15-minute EB-exposure. 
Even at the lowest concentration, robust responses are observed in the ab3a OSN. This sug
gests that the plasticity in OSNs can be predicted in a reliable manner based on the intensity 
of EB-evoked activity. At higher odourant concentrations, adaptations would occur more 
broadly in the OSN population.

Interpreting the changes in LFP amplitude On the antennae, sensilla are more densely 
arranged than on the maxillary palps. The arrangement of the sensilla on the maxillary 
palps results in complete electrical isolation between each sensillum. This results in a clean 
representation of sensory transduction within these sensilla [Nagel and Wilson, 2011]. This 
contrasts with LFPs recorded in antennal sensilla which can be confounded by electrical 
activity in neighbouring sensilla. With this caveat, the LFPs described in this chapter appear 
to describe local currents that are consistent within each sensillum.

LFPs recorded in the sensilla are thought to represent the transduction current in the sen-
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sory dendrites of the OSNs housed therein [Nagel and Wilson, 2011], as described in the 
introduction of this chapter. A decrease in the amplitude of LFPs following the 15-minute 
EB-exposure would therefore correspond to adaptation in this cellular process. Nagel and 
Wilson [2011 ] show adaptations within sensilla, occurring over the timescale of seconds, to 
be due to adaptations downstream of the odourant receptors and upstream of the spike gener
ation mechanism. The authors suggest Ca^+ ions to be the second messenger responsible for 
mediating this adaptation similar to observations in vertebrate OSNs [Matthews and Reisert, 
2003].

Although adaptations in LFP amplitude in Drosophila sensilla have not been described 
over the timescale of the STH protocol, they could be sufficient to explain the adaptations 
in the OSN spike-rates discussed in the previous section. Significant adaptations of LFPs 
recorded after the 15-minute EB-exposure are only observed in two experimental groups: 
firstly, the maximum amplitude of LFPs decreases by 38% in ab3 sensilla when measured 
2 minutes after the 15-minute EB-exposure and secondly, the final amplitude of LFPs de
creases by 16% and 10% in the ab2 sensilla when measured both 2 minutes and 10 minutes 
respectively after the odour-exposure.

Two causes may underlie the more restricted adaptations in LFPs compared to OSN 
spike-rates. The first potential cause is an increase in variability of the LFPs from the poor 
electrical isolation between antennal sensilla. LFPs in neighbouring sensilla might be con
tributing noise to the LFPs reported in this study. The second potential cause is that some 
of the adaptations in the OSNs are independent of the adaptations in LFPs. This degree of 
separation in LFPs and spike-rates has been observed previously [Kaissling et al., 1987].

Interpreting stimulus concentration in the context of changes in the ab3a spike waveform 
during EB stimuli Changes in the waveform of the ab3a neuron were observed in this 
study (depicted in Figure 8.9) to such a great extent that spike detection could no longer 
be carried out. These changes in waveform were more substantial at the higher concentra
tions. Such changes have previously been described in Drosophila OSNs [de Bruyne et al., 
1999]. More detailed observations on such spike-waveform changes are made in the context 
of taste sensilla [Fujishiro et al., 1984] and pheremone responsive OSNs [Rumbo, 1989] in 
Drosophila, as well as the mechano-sensing neurons and OSNs of other insects [Rumbo, 
1989]. They can be explained by an inactivation of Na+ channels, caused by the LFP de
polarisation, that prevents antidromic propagation of APs [Fujishiro et al., 1984]. This ex
planation is consistent with occasional recovery of the ab3a unit at a later stage of the odour 
stimulus at the concentration range from 2-5ppm (data not shown) when the LFP deflection 
is of smaller amplitude.

With such substantial changes in the waveform in the ab3a neuron, likely to be caused 
by extensive Na^ channel inactivation, one must ask does transmission of such stimuli to the 
AL occur from this neuron? It is worth describing the mechanisms by which such failure
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could occur. Spike-propagation of the odour-stimulus would fail if the depolarisation of the 
LFP spread effectively across the OSN soma, which is located within ^ms of the principal 
branching point of the OSN sensory neurite [Shanbhag et al., 1999], to the spike initiation 
zone. It seems unlikely that any such failure of transmission occurs in the ab3a neuron 
based on the data described in Figure 5.3. The results that show that EB-evoked increases 
in GCaMP3 fluorescence in the PN dendrites of the corresponding D1VI2 glomerulus occur. 
Therefore, the downside of such changes in waveform is that transmission in this OSN cannot 
be usefully quantified for the full duration of the odour-stimulus.

A demonstration of the consistency of the odour-delivery system Figure 8.16 shows the 
correlation of odour-evoked phasic spike-rates recorded in ab2a, ab2b, and ab3a before and 
after the 15-minute EB-exposure. The high degree of correlation implies that the principal 
source of variation in the dataset is between fly variance rather than within fly variance. 
Whether this between fly variance was principally due to changes in the odour-stimulus 
delivery for each fly or due biological differences in OSN sensitivity for each fly was not 
investigated. The fact that little variability within each experimental preparation occurs, 
demonstrates that the odour-delivery system exhibits a degree of stability that facilitates the 
study of the effects of the STH protocol on neural activity.

Other descriptions of sensory adaptation Previous studies of sensory adaptation in OSNs 
has been described in Section 1.3.2 and Section 5.2. These previous descriptions provide in
sight into the mechanisms, timecourse and magnitude of this cellular plasticity as well as 
conditions under which it is induced; however, none of these studies provide an adequate 
comparison to infer the sensory adaptation that may occur during the STH protocol. Some 
studies do not use as long a recovery period as is used in Chapter 5 [Nagel and Wilson, 
2011; Martelli et al., 2013; de Bruyne et al., 1999]. Other studies do not explicitly balance 
the airstreams within the delivery system and so could represent adaptation to stimuli of 
substantially higher concentration that the test pulses [Stortkuhl et al., 1999; Murmu et al., 
2011]. Finally some studies [Deshpande et al., 2000; Stortkuhl et al., 1999] describe the pop
ulation activity of the OSNs rather than using the more targeted technique of SSR so as to 
improve the sensitivity of the experiment to detect changes in specific populations of OSNs.

The experiments described in this chapter

• use a recording technique that targets individual populations of OSNs,

• explicitly deliver similar concentrations for both the test-pulses and adapting pulse, 
and

• assess the persistence of adaptation with the relatively long recovery period of 10 min
utes between the adapting pulse and the final test-pulse.
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The contribution that OSNs make to the neural plasticity observed in the AL PNs described 
in previous chapters, following the 15-minute EB-exposure, can only be inferred by way of 
these experiments.
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Chapter 9

Discussion

This thesis describes an investigation of the neural underpinnings of the habituation of an 
olfactory-avoidance behaviour in Drosophila. The behaviour has both a short- and long
term form— STH and LTH. Neural plasticity associated with both forms was investigated. 
The neural plasticity associated with the prolonged odour-exposure of the STH protocol was 
characterised more extensively. Although presenting some technical challenges (Chapter 6), 
this form of the behaviour is more experimentally tractable (discussed in the introduction to 
Chapter 5). The characterisation of this neural plasticity evoked by the STH protocol using 
an in vivo assay of olfactory neural function using a Ca^^ sensor (GCaMP3) was guided 
by previous investigation of STH by way of behavioural assay [Das et al., 2011; McCann 
et al., 2011]. This previous work implied that the neural plasticity underlying STH is a po
tentiation of inhibition of the PNs innervating odour-responsive glomeruli within the AL. 
Such a potentiation of inhibition would result in decreased EB-evoked responses in the PNs 
of these glomeruli. A candidate for this plasticity was observed as a decreased Ca^"*" flux 
in the dendrites of EB-responsive PNs (Chapter 5) following the STH protocol. To pro
vide further context for the interpretation of this plasticity, adaptation of EB-evoked activity 
in OSNs was investigated as a potential cause of the decreased activity in the downstream 
PNs. Targeted OSN recordings, in specific OSN populations, were performed to quantify 
EB-evoked activity both before and after the 15-minute EB-exposure of the STH protocol. 
Sensory adaptation was shown to persist, to some extent, 10 minutes after the 15-minute 
EB-exposure. This adaptation, however, cannot fully explain the magnitude of the plasticity 
occurring within the AL. These findings contribute to our knowledge of the circuit plasticity 
underlying habituation behaviour.

Neural plasticity induced by the LTH protocol LTH is induced by exposing flies to an 
odourant for 3 days. LTH is observed as a decrease in olfactory-avoidance behaviour in 
odourant-exposed flies, compared to flies exposed for the same period of time to a control 
stimulus of paraffin oil [Das et al., 2011; McCann et al., 201 Ij. In Chapter 3, in flies sub
jected to these two treatments, EB-evoked responses were measured in PN dendrites using
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the GCaMP3 sensor. A decreased EB-evoked response was observed in both the DM2 
and DM5 glomeruli in the group of flies exposed to EB. This neural plasticity was shown 
to exhibit odour specificity and a rutabaga dependence in a similar manner to LTH. This 
plasticity is consistent with the model described in Eigure 1.5 and is likely to be the neural 
underpinning of this behaviour.

Neural plasticity induced by the STH protocol While LTH could be induced in an iden
tical manner when assaying the behaviour and the in vivo neural plasticity, out of necessity 
slight changes in the STH protocol were required for it to be carried out with an in vivo 
assay of neural function. Rather than the static headspace of the vessel used for induction of 
the STH, the habituating stimulus was delivered in a constant airstream directed at the fly. 
This method presented issues with controlling the concentration of the odour-stimuli but was 
solved using an improved odour-delivery system discussed in Chapter 6.

Plasticity evoked by the STH protocol differed depending on whether the habituating 
stimulus was of similar concentration to the test-pulses or of substantially higher concentra
tion. With a relatively high concentration delivered for the habituating stimulus, decreases 
in EB-evoked activity in PN dendrites were observed in DM I, DM3, and DM5 as reported 
in Chapter 5. Subsequent investigation of this PN plasticity, evoked by a 15-minute EB- 
exposure with the improved delivery system, revealed an increase and a decrease in the EB- 
evoked Ca^ ^ fluxes in the DM2 and DM5 glomeruli respectively. This plasticity is consistent 
at concentrations spanning an order of magnitude (data presented in Table 9.1, collected by 
colleague Isabell Twick).

Whereas habituation occurs more easily to less intense habituating stimuli, sensory adap
tation occurs more substantially to more intense stimuli. This is pertinent to the interpreta
tion of the source of the plasticity for the STH protocol when it was carried out with either 
a 15-minute EB exposure of similar concentration to the test pulses or a relatively high con
centration. The lack of plasticity in the DM1 and DM3 glomerulus for the former 15-minute 
exposure suggests that sensory adaptation may account for the PN plasticity observed in 
these glomeruli (data depicted in Figure 3.3); if not, to some extent, all the glomeruli with a 
decreased odour-evoked activity in this experiment.

Further evidence that sensory adaptation might underlie the plasticity in the DM5 glomeru
lus following the STH protocol was provided by the results of an investigation of EB-evoked 
Ca^’*' fluxes in sensory terminals (described in Figure 8.1, data collected by colleague Isabell 
Twick). Following the STH protocol, activity within the sensory terminals, as assessed using 
the GCaMPbm sensor, decreased significantly in the DM5 glomerulus. Further investigation 
within the OSNs was warranted by these lines of evidence.

An investigation was carried out to assess the magnitude and persistence of sensory adap
tation in OSNs following the STH protocol and whether this sensory adaptation could fully 
explain the neural plasticity described in the previous paragraphs. This investigation, de-
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Table 9.1: A summary of plasticity of EB-evoked activity, induced by the STH protocol, 
in both OSNs and PNs innervating the DM2 and DM5 glomeruli. Plasticity of activity is 
described at the concentration from 2-5ppm and at approximately 20ppm. Results that did 
not show statistical significance are reported as N.S. Data reported for PN responses were 
collected by colleague Isabell Twick.

Concentration 2-5 ppm ~ 20 ppm
Associated glomerulus Neuron type
DM2 OSN -12% -13%
DM2 PN 142% 166%
DM5 OSN -16% -14% (N.S.)
DM5 PN -55% -52%

scribed in Chapter 8 and summarised in Table 8.1, provides evidence that this form of ol
factory system plasticity is not sufficient to explain the observed changes in the downstream 
PNs. Therefore, the decrease in EB-evoked activity in the DM5 glomerulus is likely to be a 
correlate of STH.

Implications for a model describing the neural correlate of habituation This inves
tigation of the neural plasticity associated with STH shows that the plasticity is specific 
rather than broad as it affects all odour-responsive PNs. The expected decrease in odour- 
responsive-PN activity was only observed in the DM5 glomerulus. These results are more 
congruent with the idea that the potentiation of inhibition responsible for habituation is tar
geted specifically to PNs re.sponsible for encoding the valence of an odour stimulus, rather 
than its intensity. In support of this concept, the DM5 glomerulus has been shown previously 
to be solely responsible for encoding the negative valence elicited by EB, which occurs at 
higher concentrations of this odourant [Semmelhack and Wang, 2009].

The targeted plasticity within the DM5 PNs is still consistent with inhibitory models 
of habituation described in Chapter 1 including the negative-image model of habituation 
[Ramaswami, 2014], in which potentiation of inhibition causes adaptive filtering of non
salient stimuli. In this specific case the principal salience of the stimulus is its aversive nature. 
Upon habituation, the neural population responsible for signalling this stimulus quality is 
selectively targeted. This allows the remaining PN populations in the AL to transmit other 
odour stimuli from the environment in a normal manner.

A caveat to this interpretation is presented by the decrease in EB-evoked Ca^"*^ fluxes 
in the DM5 sensory terminals following the STH protocol. Figure 8.1. As described in 
Section 1.1.3, homo-synaptic depression, in which cellular adaptations occur at the sensory 
synapse, is often either proposed or demonstrated to be the mechanism of circuit plasticity 
that underlies habituation behaviours. Such a mechanism cannot be ruled out as the cause 
of the sensory terminal adaptations observed. Additionally, such decreases in sensory termi
nal activity can be accounted for by the sensory adaptation of the OSNs projecting to this
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glomerulus. Such sensory adaptation was indeed observed and described in Table 9.1; how
ever, based on its magnitude, such OSN plasticity is unlikely to be the principal cause of 
the plasticity of odour-evoked activity in the post-synaptic PNs following the in vivo STH 
protocol.

Future directions for research investigating olfactory-avoidance habituation The neu
ral plasticity described in this thesis is likely to be a neural correlate of the habituation be
haviour. For LTH, the neural plasticity exhibits an odour specificity and rutabaga-dependence 
that suggests that it is indeed a correlate. For STH, neural plasticity associated with AL cir
cuit function — targeted to a glomerulus demonstrated to mediate the aversive effect of the 
odour EB — cannot be fully explained by sensory adaptation is a likely candidate; however, 
forging an unambiguous link between behaviour and neural plasticity is difficult and is still 
not complete.

Mutant analysis can help to establish a causal link between neural plasticity and the 
behaviour. As detailed previously (Chapter I), the Y-maze behavioural assay was used to 
demonstrate that the behaviour is underpinned by a selective potentiation of inhibitory input 
from the LNl population onto PNs. The potentiation requires the function of specific pro
teins in specific neural populations. Many of these proteins are required in the LNl neural 
population. In order establish a causal link, an experiment to demonstrate identical molecu
lar underpinnings must be performed, as described in the analysis of the synapsin mutant in 
Chapter 5. A disruption of function of a protein required for the behaviour should similarly 
disrupt the neural plasticity thought to underlie the behaviour. Additionally, targeted restora
tion of expression of the protein to the relevant neural population should rescue the impaired 
plasticity as it does for the behaviour.

An alternative method of establishing a causal link between behaviour and neural plas
ticity would be to perform a concurrent study of both behaviour and neural activity. Exper
iments with concurrent measurement are more feasible in larger model organisms, such as 
learning behaviours with the proboscis extension reflex in bees. Recent work in Drosophila 
has established behavioural assays during which concurrent study of neural activity is possi
ble [Kain et al., 2013; Bhandawat et al., 2010; Chiappe et al., 2010; Seelig and Jayaraman, 
2013].

The investigation of the neural underpinnings of STH reported in this thesis was per
formed solely using EB. The aversive response evoked by higher concentrations of this 
odourant had been previously described in other studies [Sachse et al., 2007; Semmelhack 
and Wang, 2009].

In order to further explore the neural underpinnings of olfactory-avoidance habituation 
additional odourants should be used for a number of reasons. Firstly, odourants from these 
studies that are aversive at lower concentrations could be used to study avoidance habituation 
with stimuli that evoke more restricted and less intense activity within the olfactory system.
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This would avoid the potential confounds of measuring neural activity evoked by higher 
odour stimulus concentrations. Secondly, the use of different odourant could characterise 
whether the habituation behaviour and associated neural changes occur in a more general 
manner. As described by Chandra and Singh [2005] the generalisation of habituation may 
be linked to the similarity of the odourants in the odourant space or subsequent neural space 
(described in Chapter 1). Finally, it would greatly extend our knowledge of habituation to 
use attractive odourants. Whether or not habituation to stimuli of both positive and negative 
valence occurs via similar neural mechanisms remains unknown. Recent characterisation of 
the valence of a broad range of odourants has been performed in Drosophila [Knaden et al., 
2012; Strutz et al., 2014]. This panel of odourants would be an ideal starting point for future 
testing.

The results in this thesis suggest that the perceptual shift occurring during the habituation 
of avoidance behaviour is a shift in valence rather than intensity. This topic could be further 
explored by assessing changes, induced by STH/LTH, in olfactory system activity down
stream of the AL. Although plasticity in such downstream locations is not implicated as the 
site of the plasticity underlying the behaviour, a characterisation of activity in these locations 
may prove useful. A recent study [Strutz et al., 2014] demonstrates a spatial segregation of 
activity in the axon terminals of an inhibitory population of PNs, into distinct regions within 
the lateral horn of the protocerebrum. Activity in these regions corresponds to the perceptual 
dimensions of valence and intensity. Changes in activity in these regions may help to inter
pret the perceptual underpinnings of olfactory-avoidance habituation as being due to shifts 
in perceived intensity or valence of the odourant.

Implications for understanding learning and memory Despite the fact that habituation 
is one of the simplest forms of memory, it provides an important topic of study due to its 
relation to other forms of learning as described in Chapter 1. Not only does habituation 
interact with other more complex forms of learning that Ivan Pavlov began to describe al
most a century ago but it also provides a form of learning that can be more readily probed 
experimentally in order to decipher the underlying circuit and molecular mechanisms. The 
investigation of changes in AL activity, performed using Ca^"*" sensors as well as targeted 
electrophysiology in upstream OSN populations described in this thesis provides important 
data for understanding olfactory stimulus processing and habituation in Drosophila. As our 
understanding of such basic phenomena develops so too does our understanding of one of 
the fundamental aspects of human cognition.
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Chapter 10 

Appendices

10.1 Appendix : Statistical Analyses

10.1.1 Ca^^imaging of long-term neural plasticity
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10.1.2 Ca^^imaging of short-term neural plasticity
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Table 10.4; Changes in olfactory projection neuron activity in habituation in wildtype Canton 
S flies expressing the Ca^'*'sensor UASGCaMP3

DMI DM2 DM3 DMS DM6
Group count 6 6 6 6 5
Mean Of Naive % response (0-5s) 162 119 74.3 171 95.5
Mean Cl Of Naive % response (0-5s) [130 194] [31 207] [27 122] [144 198] [44.2 147]
Normality Of Naive % response (0-5s) 0 (0.352) 0 (0.720) 0(0.701) 0 (0.299) 0(0.173)
Median Of Naive % response (0*5s) 153 103 78.8 164 79
IQR Of Naive % response (0-5s) 49 117 71.6 49.4 77.1
Mean Of Habituated % response (0-5s) 53.3 80.1 11.7 36.5 77.5
Mean Cl Of Habituated % response (0-5s) [12.3 94.2] [35.9 124] [-23.3 46.6] [-10.5 83.6] [15.3 140]
Normality Of Habituated % response (O-Ss) 0(0.319) 0 (0.280) 1 (0.011) 0(0.146) 0 (0.864)
Median Of Habituated % response (0-5s) 62.7 93.5 0.216 18.6 80.4
IQR Of Habituated % response (0-5s) 79.1 53.7 11.3 58.1 79.4
Mean Of Change in % response (0-5s) -109 -39.1 -62.7 -135 -18
Mean Cl Of Change in % response (0-5s) [-160 -58.1] [-122 43.4] [-118-6.91] [-200 -69.4] [-68.7 32.8]
Normality Of Change in % response (0-5s) 0(0.458) 0 (0.804) 0(0.831) 0(0.104) 0 (0.695)
Median Of Change in % response (O-Ss) -107 -38.3 -58 -162 -8.41
IQR Of Change in % response (0-Ss) 58 107 96.4 104 61.3
Mean Of Change in % response (0-20s) -104 -61.8 -15.8 -120 -13.1
Mean Cl Of Change in % response (0-20s) [-153 -56] [-121 -2.61] [-32 0.266] [-163 -77] [-27.6 1.51]
Normality Of Change in % response (0-20s) 0(0.127) 0(0.611) 0(0.511) 0 (0.546) 0 (0.057)
Median Of Change in % response (0-20s) -86.1 -56.7 -13 -121 -17.5
IQR Of Change in % response (0-20s) 88.5 111 22.4 82.8 12
Mean Of Naive F(ta„jf/,„p) 13.4 32.1 25.1 31.8 32.8
Mean Cl Of Naive ) [8.79 18] [5.81 58.4] [19.2 31] [20.1 43.5] [26.7 38.8]
Normality Of Naive F(tBa„/,„,) 0(0.124) 1 (0.004) 0 (0.558) 0(0.120) 0 (0.566)
Median Of Naive F(tgrt9f./,>,t,) 11.5 24.3 24.3 28.3 34.2
IQR Of Naive F(t/ja,f/mf) 6.04 11 8.33 11.4 8.27
Mean Of Habituated F(tfl„jp;,„f) 10.7 23.4 21.5 24.4 29.1
Mean Cl Of Habituated F(tj)„„;,„f) [8.97 12.5] [16.2 30.6] [16.6 26.3] [15.2 33.6] [18.4 39.9]
Normality Of Habituated F(t/(ojf//nf) 0 (0.703) 0 (0.990) 0 (0.300) 0(0.197) 0 (0.658)
Median Of Habituated F(tga,ei/ne) 10.5 23.5 22.1 22.2 25.7
IQR Of Habituated 2.94 9.11 2.62 8.67 11.5
Mean Of Change in F(tB„,, -2.64 -8.75 -3.61 -7.44 -3.62
Mean Cl Of Change in Fitgasr/ine) [-6.68 1.4] [-33.6 16.1] [-6.65 -0.572] [-11.8 -3.08] [-9.63 2.39]
Normality Of Change in F(tB„i|./,>if) 0 (0.097) 1 (0.001) 0(0.056) 0(0.261) 0(0.519)
Median Of Change in F(tB„i,/,„f) -1.02 1.42 -3.24 -6.18 -2.7
IQR Of Change in F(tB„„/,„f) 6.9 10.7 0.68 6.07 7.3
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Table 10.5; Changes in olfactory projection neuron activity in habituation in wildtype Canton 
S flies expressing the Ca^'*'sensor LexAopGCaMPS

DMI DM2 DM3 DM5 DM6
Group count 13 13 9 12 8
Mean Of Naive % response (0-Ss) 39.3 20.9 40.6 132 74.2
Mean Cl Of Naive % response (0-5s) [25 53.6] [5.67 36.2] [11.9 69.3] [99.9 165] [54.1 94.4]
Normality Of Naive % response (0-5s) 0(0.615) 0 (0.573) 1 (0.001) 0 (0.765) 0(0.315)
Median Of Naive % response (0-5s) 38 20.8 27 135 69.8
IQR Of Naive % response (0-5s) 39 30.6 16.8 68.2 44.2
Mean Of Habituated % response (0-5s) 21.3 34.7 20.9 23.8 53.1
Mean Cl Of Habituated % response (0-Ss) [13.5 29.2] [13.8 55.6] [4.52 37.2] [3.28 44.2] [21.8 84.4]
Normality Of Habituated % response (0-5s) 0 (0.582) 0 (0.503) 1 (0.001) 0 (0.254) 0(0.717)
Median Of Habituated % response (0-5s) 20.3 34.2 13.5 17.8 47.6
IQR Of Habituated % response {0-5s) 12.4 43.6 9.43 30.3 49.4
Mean Of Change in % response (0-5s) -17.9 13.7 -19.7 -109 -21.1
Mean Cl Of Change in % response (0-5s) [-32.6 -3.29] [-12.1 39.6] [-33.6 -5.85] [-146 -70.9] [-47.4 5.15]
Normality Of Change in % response (0-5s) 0(0.719) 1 (0.001) 1 (0.019) 0(0.238) 0 (0.282)
Median Of Change in % response (0-5s) -20.5 -0.257 -14 -100 -28.5
IQR Of Change in % response (0-Ss) 40.3 33.3 13.8 93 46.1
Mean Of Change in % response (0-20s) -16.3 3.11 -11.4 -75.9 -17.7
Mean Cl Of Change in % response (0-20s) [-26.6 -5.99] [-11.5 17.7] [-22.5 -0.378] [-109-43] [-33 -2.39]
Normality Of Change in % response (0-20s) 0 (0.382) 0 (0.298) 1 (0.009) 0 (0.228) 0(0.140)
Median Of Change in % response (0-20s) -16.3 -0.591 -7.31 -68.3 -15.7
IQR Of Change in % response (0-20s) 29.6 29.2 12 73.1 15.1
Mean Of Naive F(t/)„„,,„,) 8.42 9.76 7.28 11 9.72
Mean Cl Of Naive F(tnasi-ihie) [6.83 10] [7.83 11.7] [5.87 8.7] [9.36 12.5] [7.38 12.1]
Normality Of Naive F(tBa,„;,„f) 1 (0.016) 0(0.205) 1 (0.038) 0(0.678) 0 (0.436)
Median Of Naive ¥{i{taseiine) 7.44 11 6.98 11.2 9.03
IQR Of Naive F(t/)„jWmf) 2.3 5.53 1.52 3.85 3.68
Mean Of Habituated F(tfla„;,„,) 6.51 7.61 6.81 10.2 8.81
Mean Cl Of Habituated F(tBflV('//>i(') [5.81 7.21] [6.11 9.1] [5.36 8.26] [8.07 12.4] [6.97 10,6]
Normality Of Habituated F(t/)„,,/,„,) 0(0.103) 1 (0.003) 1 (0.007) 1 (0.020) 1 (0.049)
Median Of Habituated 6.15 7.23 6.29 10.2 8.59
IQR Of Habituated ¥iinaseime) 1.3 2.14 1.53 2.56 1.46
Mean Of Change in F(t/ia,e/me) -1.91 -2.15 -0.476 -0.72 -0.909
Mean Cl Of Change in Fitfiaxe/me) [-3.31 -0.508] [-3.22-1.08] [-0.746 -0.205] [-2.28 0.838] [-1.74 -0.0758]
Normality Of Change in F(tnaff//„f) 1 (0.045) 1 (0.013) 0 (0.282) 1 (0.032) 0 (0.298)
Median Of Change in F(tjia,,e/i„e) -1.1 -1.14 -0.326 -0.966 -0.496
IQR Of Change in F(tB„j,//,if) 2.05 3.18 0.578 1.45 1.46
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Table 10.6; Changes in olfactory projection neuron activity in habituation in synapsin mutant 
flies expressing the Ca^"*" sensor LexAopGCaMP3

DM1 DM2 DM3 DMS DM6
Group count 2 3 5 3 4
Mean Of Naive % response (0-5s) 44 0.955 40.9 100 53.6
Mean Cl Of Naive % response (0-5s) [-202 290] [-10.9 12.8] [-10.1 91.8] [31.9 169) [-25.1 132]
Norntality Of Naive % response (0-5s) 0(0.131) 0 (0.887)
Median Of Naive % response (0-Ss) 44 3.67 21 85.4 48.9
IQR Of Naive % response (0-5s) 38.8 6.2 55 36.5 77.4
Mean Of Habituated % response (0-5s) 20.5 34.3 50.6 32.3 84.6
Mean Cl Of Habituated % response (0-5s) [-50.6 91.5] [-8.58 77.1] [-44.5 146] [-32.9 97.4] [-21.2 190]
Normality Of Habituated % response (0-Ss) 1 (0.018) 0(0.209)
Median Of Habituated % response (0-5s) 20.5 25.5 9.79 20.4 67.1
IQR Of Habituated % response (0-5s) 11.2 23.2 77.8 36.2 80
Mean Of Change in % response (0-5s) -23.6 33.3 9.71 -68 31
Mean Cl Of Change in % response (0-5s) [-199 152] [-21.3 87.9] [-36.3 55.7] [-178 42] [-53 115]
Normality Of Change in % response (0-5s) 1 (0.001) 0(0.130)
Median Of Change in % response (0-5s) -23.6 21.7 -6.3 -69.2 50.8
IQR Of Change in % response (0-5s) 27.6 29.3 24.1 66.4 70.6
Mean Of Change in % response (0-20s) -15.1 11 2.9 -42 19.6
Mean Cl Of Change in % response (0-20s) [-89.1 58.8] [-30 52.1] [-13.6 19.4] [-11531.1] ]-10.7 49.8]
Normality Of Change in % response (0-20s) - 1 (0.017) 0 (0.795)
Median Of Change in % response (0-20s) -15.1 6.65 -2.67 -38.9 18.7
IQR Of Change in % response (0-20s) 11.6 24.1 12.5 44 25.4
Mean Of Naive F(t/)„„„>if) 6.19 8.15 8.95 11 15.1
Mean Cl Of Naive F(tnaseime) [1.63 10.7] [4.26 12] [1.82 16.1] ]4.95 17.1] [9.51 20.7]
Normality Of Naive F(tBo,,f/,„<.) ' - 1 (0.001) - 1 (0.005)
Median Of Naive F(tnmeiine) 6.19 8.42 6.78 10.9 13.4
IQR Of Naive F(tB„„,,„f) 0.718 2.32 3.98 3.67 3.65
Mean Of Habituated F(inaseiine) 5.55 6.76 9.04 10 12,4
Mean Cl Of Habituated FHnaxeline) [4.21 6.88] [6.09 7.43] [1.43 16.6] [4.59 15.5] [3.66 21.1]
Normality Of Habituated F(t/jflv(’/mf') - - 1 (0.002) - 1 (0.023)
Median Of Habituated FitnaseHne) 5.55 6.67 6.38 10.7 10
IQR Of Habituated 0.21 0.387 4.49 3.15 6.09
Mean Of Change in F(tB„„;j„,) -0.642 -1.39 0.0937 -1.01 -2.7
Mean Cl Of Change in F(tBaif/inf) [-3.87 2.58] [-5.4 2.62] [-1.25 1.43] [-7.86 5.83] [-6 0.596]
Normality Of Change in T{inaseiine) - - 0 (0.990) - 0 (0.435)
Median Of Change in F{tii(,seiine) -0.642 -1.35 0.0347 -1.81 -3.23
IQR Of Change in F(tB„ri/n<.) 0.508 2.42 1.57 4 2.79
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Table 10.7: Changes in olfactory projection neuron activity in habituation in syn mutant 
flies with rescue within the LNl antennal lobe intemeuron population and expressing the 
Ca^’'" sensor LexAopGCaMP3

DM1 DM2 DM3 DMS DM6
Group count 6 6 6 6 6
Mean Of Naive % response (0-5s) 27.4 11.2 26.9 59.3 50.2
Mean Cl Of Naive % response (0-5s) [7.8 47] [3.49 19] [6 47.9] [10.8 108] [10.5 90]
Normality Of Naive % response (0-5s) 0(0.981) 0 (0.402) 0 (0.074) 0(0.824) 0(0.324)
Median Of Naive % response (0-5s) 26 9.51 25.4 59 63.5
IQR Of Naive % response (0-Ss) 28 12.8 33.8 86.9 63
Mean Of Habituated % response (0>5s) 11.7 25.8 22 18.7 38.9
Mean Cl Of Habituated % response (0-5s) [8.59 14.8] [21 .30.6] [-8.81 52.8] [10.7 26.8] [5.22 72.6]
Normality Of Habituated % response (0-5s) 0 (0.428) 0 (0.495) 1 (0.036) 0(0.137) 0 (0.603)
Median Of Habituated % response (0-5s) 12.5 25.7 16.2 21.3 36.7
IQR Of Habituated % response (0-5s) 5..56 3.87 20.9 8.21 44
Mean Of Change in % response (0-5s) -15.7 14.6 -4.96 -40.5 -11.3
Mean Cl Of Change in % response (0-5s) [-36 4.62] [7.22 22] [-24 14.1] [-85.3 4.26] [-47 24.4]
Normality Of Change in % response (0-5s) 0(0.751) 0 (0.508) 0(0.316) 0(0.634) 0(0.715)
Median Of Change in % response (0-5s) -15.9 15.4 -9.67 -35.4 -11
IQR Of Change in % response (0-5s) 32.6 10.7 24.6 84.6 37.4
Mean Of Change in % response (0-20s) -16.1 4.93 -2.87 -41.5 -11.9
Mean Cl Of Change in % response (0-20s) [-29.3 -2.8] [-3.71 13.6] [-23.4 17.6] [-94.1 11.1] [-29.4 5.51]
Normality Of Change in % response (0-20s) 0 (0.843) 0 (0.842) 0 (0.488) 0(0.941) 0 (0.979)
Median Of Change in % response (0‘20s) -18.1 3.66 -1.99 -45.6 -12.7
IQR Of Change in % response (0-20s) 20.8 13.7 22.6 68.9 24.3
Mean Of Naive F(tB„,f,/„,) 5.97 6.49 6.6 7.38 7.17
Mean Cl Of Naive F(tBnv(./,>,(.) [5.36 6.57] [5.45 7.53] [5.64 7.57] [6.47 8.3] [6.15 8.18]
Normality Of Naive F(t/)„,p/,„f) 0(0.1.59) 0 (0.493) 0 (0.204) 0(0.673) 0(0.712)
Median Of Naive F(ta„„/,„,) 6.18 6.54 6.23 7.41 6.94
IQR Of Naive FHiiaseline) 0.54 1.68 1.52 1.11 1.22
Mean Of Habituated ¥(tBasrime) 5.36 5.61 5.85 6.43 6.35
Mean Cl Of Habituated [5.18 5.54] [4.78 6.45] [5.47 6.22] [5.68 7.17] [5.87 6.83]
Normality Of Habituated F(tj)a,,,/,„f) 0 (0.554) 1 (0.004) 0(0.266) 0 (0.943) 0(0.145)
Median Of Habituated ¥itnaseline) 5.33 5.34 5.71 6.4 6.51
IQR Of Habituated F(tB„,f//„f) 0.305 0.265 0.444 1.04 0.891
Mean Of Change in F(tii„seime) -0.603 -0.878 -0.757 -0.953 -0.814
Mean Cl Of Change in F(t«i,jf/,„,) [-1.18 -0.0249] [-1.74 -0.0135] [-1.65 0.132] [-1.79 -0.117] [-1.47 -0.163]
Normality Of Change in Fdiiaseiine) 0(0.051) 0(0.664) 0(0.111) 0(0.410) 0(0.214)
Median Of Change in F(t/)„,r/,„,) -0.812 -0.734 -0.46 -0.817 -0.613
IQR Of Change in F(tto,,i„f) 0.508 1.43 0.803 0.579 0.69
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10.1.3 ab2 sensillum

Data, both paired and unpaired, is presented for electrophysiology recordings of each sen
sillum type and neuron type at high, middle, low concentration ranges corresponding to 
22-28ppm, 2-5ppm, and <0.2ppm.

Table 10.8: ab2highsensillum

naive 10 mins After
Group count 12 8
Mean Of F.P. onset latencies 0.364 0.356
Mean Cl Of F.P. onset latencies [0.343 0.384] [0.34 0.372]
Normality Of F.P. onset latencies 0 (0.854) 0(0.128)
Median Of F.P. onset latencies 0.363 0.35
IQR Of F.P. onset latencies 0.0495 0.0365
Mean Of F.P. Amplitudes 17 15.5
Mean Cl Of F.P. Amplitudes [15.2 18.8] [14.4 16.6]
Normality Of F.P. Amplitudes 0 (0.060) 0(0.615)
Median Of F.P. Amplitudes 18.3 15.8
IQR Of F.P. Amplitudes 3.87 1.92
Mean Of F.P. final amplitude 13.4 11.9
Mean Cl Of F.P. final amplitude [11.7 15] [11 12.8]
Normality Of F.P. final amplitude 0(0.801) 0 (0.204)
Median Of F.P. final amplitude 13.7 11.7
IQR Of F.P. final amplitude 3.45 2.03
Mean Of concentrations measured 26 25.9
Mean Cl Of concentrations measured [24.1 27.8] [22.9 28.9]
Normality Of concentrations measured 0 (0.358) 0(0.731)
Median Of concentrations measured 25.4 26.1
IQR Of concentrations measured 5.39 5.79
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Table 10.9: ab2highsensillumPaired

10 mins After
Group count 7
Mean Of A F.P. onset latencies -0.0183
Mean Cl Of A F.P. onset latencies [-0.0366-1.59e-05]
Normality Of A F.P. onset latencies 1 (0.035)
Median Of A F.P. onset latencies -0.019
IQR Of A F.P. onset latencies 0.0165
Mean Of A F.P. Amplitudes -0.713
Mean Cl Of A F.P. Amplitudes 1-2.140.7111
Normality Of A F.P. Amplitudes 0 (0.798)
Median Of A F.P. Amplitudes -0.958
IQR Of A F.P. Amplitudes 2.5
Mean Of A F.P. final amplitude -0.415
Mean Cl Of A F.P. final amplitude [-2.8 1.97]
Normality Of A F.P. final amplitude 0 (0.083)
Median Of A F.P. final amplitude -1.11
IQR Of A F.P. final amplitude 2.22
Mean Of A concentrations measured 0.432
Mean Cl Of A concentrations measured [-0.742 1.61]
Normality Of A concentrations measured 0 (0.289)
Median Of A concentrations measured 0.142
IQR Of A concentrations measured 1.7
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Table 10.10: ab2midsensillum

naive 2mins After 10 mins After
Group count 27 12 14
Mean Of F.R onset latencies 0.404 0.359 0.392
Mean Cl Of F.P, onset latencies [0.391 0.418] [0.341 0.377] [0.369 0.416]
Normality Of F.P. onset latencies 1 (0.021) 0(0.114) 1 (0.001)
Median Of F.P. onset latencies 0.404 0.369 0.378
IQR Of F.P. onset latencies 0.0303 0.055 0.02
Mean Of F.P. Amplitudes 13.5 11.2 14
Mean Cl Of F.P. Amplitudes [12.6 14.3] [9.76 12.6] [13.3 14.7]
Normality Of F.P. Amplitudes 1 (0.032) 0(0.118) 0 (0.260)
Median Of F.P. Amplitudes 13.5 10.3 14.2
IQR Of F.P. Amplitudes 1.32 2.81 2
Mean Of F.P. final amplitude 10.2 7.67 10.1
Mean Cl Of F.P. final amplitude [9.47 11] [6.6 8.75] [9.5 10.6]
Normality Of F.P. final amplitude 0 (0.379) 1 (0.008) 0 (0.699)
Median Of F.P. final amplitude 9.96 7.41 10.1
IQR Of F.P. final amplitude 2.25 0.764 1.3
Mean Of concentrations measured 3.47 3.55 3.66
Mean Cl Of concentrations measured [2.99 3.94] [2.43 4.66] [3.02 4.3]
Normality Of concentrations measured 1 (0.002) 0 (0.069) 1 (0.002)
Median Of concentrations measured 3.22 3.31 3.35
IQR Of concentrations measured 0.903 1.3 0.832
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Table 10.11: ab2midsensillumPaired

2mins After 10 mins After
Group count 11 14
Mean Of A F.P. onset latencies -0.0305 -0.0256
Mean Cl Of A F.P. onset latencies [-0.0424 -0.0187] [-0.0344 -0.0169]
Normality Of A F.P. onset latencies 0 (0.466) 0(0.636)
Median Of A F.P. onset latencies -0.034 -0.0245
IQR Of A F.P. onset latencies 0.029 0.022
Mean Of A F.P. Amplitudes -1.19 -0.556
Mean Cl Of A F.P. Amplitudes [-2.74 0.351] [-1.38 0.264]
Normality Of A F.P. Amplitudes 0 (0.757) 0 (0.388)
Median Of A F.P. Amplitudes -0.819 -0.627
IQR Of A F.P. Amplitudes 2.92 1.84
Mean Of A F.P. final amplitude -1.52 -1.08
Mean Cl Of A F.P. final amplitude [-2.49 -0.546] [-1.98 -0.185]
Normality Of A F.P. final amplitude 0(0.811) 0(0.685)
Median Of A F.P. final amplitude -1.41 -0.826
IQR Of A F.P. final amplitude 1.64 2.38
Mean Of A concentrations measured 0.213 0.0658
Mean Cl Of A concentrations measured [-0.0963 0.522] [-0.289 0.421)
Normality Of A concentrations measured 1 (0.044) 0 (0.609)
Median Of A concentrations measured -0.0185 0.122
IQR Of A concentrations measured 0.802 1.04

Table 10.12: ab21owsensillum

naive 10 mins After
Group count 9 4
Mean Of F.P. onset latencies 0.534 0.48
Mean Cl Of F.P. onset latencies [0.489 0.58] [0.325 0.634]
Normality Of F.P. onset latencies 0 (0.232) 0 (0.588)
Median Of F.P. onset latencies 0.512 0.5
IQR Of F.P. onset latencies 0.107 0.15
Mean Of F.P. Amplitudes 3.42 3.44
Mean Cl Of F.P. Amplitudes [3.15 3.7] [2.72 4.15]
Normality Of F.P. Amplitudes 0(0.135) 0 (0.236)
Median Of F.P. Amplitudes 3.56 3.3
IQR Of F.P. Amplitudes 0.713 0.589
Mean Of F.P. final amplitude 1.81 1.87
Mean Cl Of F.P. final amplitude [1.3 2.31] [1.64 2.1]
Normality Of F.P. final amplitude 0(0.316) 0 (0.927)
Median Of F.P. final amplitude 1.65 1.86
IQR Of F.P. final amplitude 1.13 0.222
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Table 10.13: ab21owsensillumPaired

10 mins After
Group count 4
Mean Of A F.P. onset latencies -0.068
Mean Cl Of A F.P. onset latencies [-0.273 0.137]
Normality Of A F.P. onset latencies 0 (0.449)
Median Of A F.P. onset latencies -0.047
IQR Of A F.P. onset latencies 0.161
Mean Of A F.P. Amplitudes -0.187
Mean Cl Of A F.P. Amplitudes [-1.16 0.788]
Normality Of A F.P. Amplitudes 0 (0.495)
Median Of A F.P. Amplitudes -0.342
IQR Of A F.P. Amplitudes 0.858
Mean Of A F.P. final amplitude 0.173
Mean Cl Of A F.P. final amplitude [-0.818 1.16]
Normality Of A F.P. final amplitude 0 (0.937)
Median Of A F.P. final amplitude 0.203
IQR Of A F.P. final amplitude 0.888
Mean Of A concentrations measured -0.00822
Mean Cl Of A concentrations measured [-0.0763 0.0599]
Normality Of A concentrations measured 0 (0.285)
Median Of A concentrations measured 3.49e-05
IQR Of A concentrations measured 0.0511

Table 10.14: ab2higha

naive 10 mins After
Group count 12 8
Mean Of Spike-rate over 1st 500ms 46.3 40.7
Mean Cl Of Spike-rate over 1st 500ms [38.4 54.3] [34.9 46.5]
Normality Of Spike-rate over 1st 500ms 0 (0.708) 0(0.862)
Median Of Spike-rate over 1st 500ms 46.7 40.2
IQR Of Spike-rate over 1st 500ms 19.4 9.27
Mean Of tonic spike-rate 19.9 17.4
Mean Cl Of tonic spike-rate [16.1 23.7] [12.9 21.8]
Normality Of tonic spike-rate 0 (0.658) 0(0.711)
Median Of tonic spike-rate 18.2 16.8
IQR Of tonic spike-rate 9.02 6.87
Mean Of spike-rate at baseline 4.18 4.79
Mean Cl Of spike-rate at baseline [3.34 5.02] [3 6.57]
Normality Of spike-rate at baseline 0 (0.936) 0(0.180)
Median Of spike-rate at baseline 4.02 5.4
IQR Of spike-rate at baseline 1.91 4.05
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Table 10.15: ab2highapaired

10 mins After
Group count 7
Mean Of A Spike-rate over 1st 500ms -0.87
Mean Cl Of A Spike-rate over 1st 500ms 1-10.2 8.48]
Normality Of A Spike-rate over 1st 500ms 0 (0.901)
Median Of A Spike-rate over 1st 500ms 0.0804
IQR Of A Spike-rate over 1st 500ms 10.1
Mean Of A tonic spike-rate 1.84
Mean Cl Of A tonic spike-rate [-1.98 5.67]
Normality Of A tonic spike-rate 0 (0.553)
Median Of A tonic spike-rate 3.24
IQR Of A tonic spike-rate 3.9
Mean Of A spike-rate at baseline 1.16
Mean Cl Of A spike-rate at baseline [-1.28 3.59]
Normality Of A spike-rate at baseline 0(0.453)
Median Of A spike-rate at baseline 1.56
IQR Of A spike-rate at baseline 4.36

Table 10.16: ab2mida

naive 2mins After 10 mins After
Group count 27 12 14
Mean Of Spike-rate over 1st 500ms 18.7 20.2 20.1
Mean Cl Of Spike-rate over 1st 500ms [14.8 22.6] [15.4 25] [14.7 25.4]
Normality Of Spike-rate over 1st 500ms 0(0.081) 1 (0.006) 0 (0.080)
Median Of Spike-rate over 1st 500ms 20 22.4 22
IQR Of Spike-rate over 1st 500ms 11.2 7.21 10.9
Mean Of tonic spike-rate 2.66 5.31 4.41
Mean Cl Of tonic spike-rate [0.851 4.47] [2.66 7.95] [2.6 6.22]
Normality Of tonic spike-rate 0(0.514) 0(0.201) 1 (0.012)
Median Of tonic spike-rate 2.46 4.76 5.66
IQR Of tonic spike-rate 7.68 4.24 4.16
Mean Of spike-rate at baseline 5.45 6.49 5.23
Mean Cl Of spike-rate at baseline [4.55 6.36] [4.3 8.69] [4.12 6.34]
Normality Of spike-rate at baseline 1 (0.025) 1 (0.005) 0(0.130)
Median Of spike-rate at baseline 5.03 5.65 4.97
IQR Of spike-rate at baseline 2.83 2.54 1.51
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Table 10.17: ab2midapaired

2mins After 10 mins After
Group count 11 14
Mean Of A Spike-rate over 1st 500ms 5.59 -1.3
Mean Cl Of A Spike-rate over 1st 500ms [-1.63 12.8] [-7.55 4.96]
Normality Of A Spike-rate over 1st 500ms 0(0.517) 0 (0.990)
Median Of A Spike-rate over 1st 500ms 5.2 -1.85
IQR Of A Spike-rate over 1st 500ms 10.6 15.9
Mean Of A tonic spike-rate 2.83 1.79
Mean Cl Of A tonic spike-rate [-0.879 6.53] [-0.582 4.16]
Normality Of A tonic spike-rate 0(0.192) 0(0.265)
Median Of A tonic spike-rate 1.09 1.59
IQR Of A tonic spike-rate 7.6 5.8
Mean Of A spike-rate at baseline 1.32 -0.416
Mean Cl Of A spike-rate at baseline [-1.55 4.19] [-1.86 1.02]
Normality Of A spike-rate at baseline 1 (0.039) 0(0.175)
Median Of A spike-rate at baseline 0.804 0.477
IQR Of A spike-rate at baseline 3.39 2.81

Table 10.18: ab21owa

naive 10 mins After
Group count 9 4
Mean Of Spike-rate over 1st 500ms 2.2 3.69
Mean Cl Of Spike-rate over 1st 500ms [-0.719 5.12] [-3.22 10.6]
Normality Of Spike-rate over 1st 500ms 0 (0.967) 0(0.915)
Median Of Spike-rate over 1st 500ms 2.31 3.9
IQR Of Spike-rate over 1st 500ms 5.12 6.12
Mean Of tonic spike-rate -0.0668 1.89
Mean Cl Of tonic spike-rate [-1.68 1.54] [0.536 3.25]
Normality Of tonic spike-rate 0 (0.058) 0 (0.730)
Median Of tonic spike-rate 0.0754 1.75
IQR Of tonic spike-rate 1.63 1.18
Mean Of spike-rate at baseline 5.58 4.31
Mean Cl Of spike-rate at baseline [4.51 6.65] [1.6 7.02]
Normality Of spike-rate at baseline 0(0.977) 1 (0.012)
Median Of spike-rate at baseline 5.43 5.1
IQR Of spike-rate at baseline 2.09 1.88
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Table 10.19: ab21owapaired

10 mins After
Group count 4
Mean Of A Spike-rate over 1st 500ms 3.22
Mean Cl Of A Spike-rate over 1st 500ms [-6.56 13]
Normality Of A Spike-rate over 1st 500ms 0(0.117)
Median Of A Spike-rate over 1st 500ms 0.874
IQR Of A Spike-rate over 1st 500ms 8.06
Mean Of A tonic spike-rate 1.27
Mean Cl Of A tonic spike-rate [-2.79 5.32]
Normality Of A tonic spike-rate 0 (0.787)
Median Of A tonic spike-rate 1.07
IQR Of A tonic spike-rate 3.43
Mean Of A spike-rate at baseline -0.716
Mean Cl Of A spike-rate at baseline [-3.83 2.4]
Normality Of A spike-rate at baseline 0 (0.986)
Median Of A spike-rate at baseline -0.779
IQR Of A spike-rate at baseline 2.94

Table 10.20: ab2highb

naive 10 mins After
Group count 12 8
Mean Of Spike-rate over 1st 500ms 55.4 58.4
Mean Cl Of Spike-rate over 1st 500ms [48.5 62.3] [47.1 69.7]
Normality Of Spike-rate over 1st 500ms 0(0.187) 0 (0.549)
Median Of Spike-rate over 1st 500ms 54.3 55.8
IQR Of Spike-rate over 1st 500ms 11.7 21.4
Mean Of tonic spike-rate 25.2 25.1
Mean Cl Of tonic spike-rate [21.2 29.1] [18.3 31.9]
Normality Of tonic spike-rate 0 (0.295) 0 (0.563)
Median Of tonic spike-rate 24.7 23.8
IQR Of tonic spike-rate 6.13 8.03
Mean Of spike-rate at baseline 1.11 2.09
Mean Cl Of spike-rate at baseline [0.593 1.62] [1.38 2.81]
Normality Of spike-rate at baseline 0 (0.073) 0 (0.367)
Median Of spike-rate at baseline 1.01 1.91
IQR Of spike-rate at baseline 0.854 1.61
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Table 10.21: ab2highbpaired

10 mins After
Group count 7
Mean Of A Spike-rate over 1st SOOms 7.27
Mean Cl Of A Spike-rate over 1st SOOms [-12.2 26.7]
Normality Of A Spike-rate over 1st SOOms 0 (0.649)
Median Of A Spike-rate over 1st SOOms 4.5
IQR Of A Spike-rate over 1st SOOms 37.7
Mean Of A tonic spike-rate 3.07
Mean Cl Of A tonic spike-rate [-5.6 11.7]
Normality Of A tonic spike-rate 1 (0.025)
Median Of A tonic spike-rate -0.897
IQR Of A tonic spike-rate 10.7
Mean Of A spike-rate at baseline 1.02
Mean Cl Of A spike-rate at baseline [0.248 1.79]
Normality Of A spike-rate at baseline 0(0.551)
Median Of A spike-rate at baseline 0.905
IQR Of A spike-rate at baseline 0.829

Table 10.22: ab2midb

naive 2mins After 10 mins After
Group count 27 12 14
Mean Of Spike-rate over 1st SOOms 56.8 40.9 49.8
Mean Cl Of Spike-rate over 1st SOOms [52.2 61.3] [33.2 48.6] [42.9 56.8]
Normality Of Spike-rate over 1st SOOms 0 (0.298) 0 (0.884) 0(0.861)
Median Of Spike-rate over 1st SOOms 57.8 39.4 50.6
IQR Of Spike-rate over 1st SOOms 11.6 12.7 14.6
Mean Of tonic spike-rate 25 18.4 21.7
Mean Cl Of tonic spike-rate [22.7 27.3] [13.7 23] [18.2 25.2]
Normality Of tonic spike-rate 0 (0.447) 0 (0.339) 0 (0.095)
Median Of tonic spike-rate 25.3 17.7 20.4
IQR Of tonic spike-rate 5.83 8.65 7.56
Mean Of spike-rate at baseline 2.06 2.79 2.01
Mean Cl Of spike-rate at baseline [1.61 2.51] [2.17 3.41] [1.42 2.6]
Normality Of spike-rate at baseline 0 (0.334) 0(0.146) 0 (0.429)
Median Of spike-rate at baseline 1.81 2.56 1.98
IQR Of spike-rate at baseline 1.73 1.16 1.16
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Table 10.23: ab2midbpaired

2mins After 10 mins After
Group count 11 14
Mean Of A Spike-rate over 1st 500ms -13.1 -9.79
Mean Cl Of A Spike-rate over 1st 500ms [-25.4 -0.866] [-18 -1.58]
Normality Of A Spike-rate over 1st 500ms 0(0.319) 0 (0.804)
Median Of A Spike-rate over 1st 500ms -8.4 -12.6
IQR Of A Spike-rate over 1st 500ms 23.3 25.4
Mean Of A tonic spike-rate -5 -4.27
Mean Cl Of A tonic spike-rate [-10.3 0.293] [-7.67 -0.878]
Normality Of A tonic spike-rate 0 (0.903) 0 (0.054)
Median Of A tonic spike-rate -5.28 -2.9
IQR Of A tonic spike-rate 10.1 4.7
Mean Of A spike-rate at baseline 0.416 -0.0682
Mean Cl Of A spike-rate at baseline [-0.565 1.4] [-0.612 0.475]
Normality Of A spike-rate at baseline 0(0.163) 0 (0.630)
Median Of A spike-rate at baseline 0.402 -0.151
IQR Of A spike-rate at baseline 1.61 1.16

Table 10.24: ab21owb

naive 10 mins After
Group count 9 4
Mean Of Spike-rate over 1st 500ms 5.94 4.8
Mean Cl Of Spike-rate over 1st 500ms [0.551 11.3] [-5.47 15.1]
Normality Of Spike-rate over 1st 500ms 0 (0.057) 0(0.138)
Median Of Spike-rate over 1st 500ms 2.04 2.57
IQR Of Spike-rate over 1st 500ms 13.3 8.03
Mean Of tonic spike-rate 3.21 3.15
Mean Cl Of tonic spike-rate [1.87 4.55] [-0.386 6.69]
Normality Of tonic spike-rate 1 (0.049) 0 (0.052)
Median Of tonic spike-rate 2.1 2.22
IQR Of tonic spike-rate 3.06 2.73
Mean Of spike-rate at baseline 1.61 1.7
Mean Cl Of spike-rate at baseline [0.742 2.48] [0.486 2.91]
Normality Of spike-rate at baseline 0 (0.233) 0(0.191)
Median Of spike-rate at baseline 1.36 1.96
IQR Of spike-rate at baseline 1.12 1.03
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Table 10.25: ab21owbpaired

10 mins After
Group count 4
Mean Of A Spike-rate over 1st 500ms 0.804
Mean Cl Of A Spike-rate over 1st 500ms [-2.6 4.2]
Normality Of A Spike-rate over 1st 500ms 0 (0.972)
Median Of A Spike-rate over 1st 500ms 0.683
IQR Of A Spike-rate over 1st 500ms 3.2
Mean Of A tonic spike-rate 0.00402
Mean Cl Of A tonic spike-rate [-1.88 1.89]
Normality Of A tonic spike-rate 0 (0.834)
Median Of A tonic spike-rate 0.183
IQR Of A tonic spike-rate 1.75
Mean Of A spike-rate at baseline -0.804
Mean Cl Of A spike-rate at baseline [-2.59 0.978]
Normality Of A spike-rate at baseline 0(0.917)
Median Of A spike-rate at baseline -0.879
IQR Of A spike-rate at baseline 1.76
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Table 10.26: abShighsensillum

naive 10 mins After
Group count 6 5
Mean Of F.P. onset latencies 0.337 0.331
Mean Cl Of F.P. onset latencies [0.313 0.362] [0.318 0.345]
Normality Of F.P. onset latencies 0(0.413) 0 (0.220)
Median Of F.P. onset latencies 0.331 0.328
IQR Of F.P. onset latencies 0.045 0.0108
Mean Of F.P. Amplitudes 24.1 23
Mean Cl Of F.P. Amplitudes [21.1 27] [20.1 25.9]
Normality Of F.P. Amplitudes 0 (0.968) 0(0.110)
Median Of F.P. Amplitudes 24.3 22.5
IQR Of F.P. Amplitudes 3.23 1.97
Mean Of F.P. final amplitude 20.7 18.4
Mean Cl Of F.P. final amplitude [18 23.3] [15 21.9]
Normality Of F.P. final amplitude 0 (0.852) 0 (0.940)
Median Of F.P. final amplitude 21 18.5
IQR Of F.P. final amplitude 3 3.39
Mean Of concentrations measured 26.9 27.1
Mean Cl Of concentrations measured [24 29.8] [23.2 31]
Normality Of concentrations measured 1 (0.041) 1 (0.012)
Median Of concentrations measured 25.9 26.1
IQR Of concentrations measured 2.1 2.27

10.1.4 ab3 sensillum
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Table 10.27: abShighsensillumPaired

10 mins After
Group count 5
Mean Of A F.P. onset latencies -0.0098
Mean Cl Of A F.P. onset latencies [-0.0466 0.027]
Normality Of A F.P. onset latencies 0 (0.663)
Median Of A F.P. onset latencies -0.01
IQR Of A F.P. onset latencies 0.0387
Mean Of A F.P. Amplitudes -0.714
Mean Cl Of A F.P. Amplitudes [-3.4 1.97]
Normality Of A F.P. Amplitudes 1 (0.021)
Median Of A F.P. Amplitudes -1.76
IQR Of A F.P. Amplitudes 2.01
Mean Of A F.P. final amplitude -1.91
Mean Cl Of A F.P. final amplitude [-5.08 1.26]
Normality Of A F.P. final amplitude 0 (0.654)
Median Of A F.P. final amplitude -1.82
IQR Of A F.P. final amplitude 3
Mean Of A concentrations measured 0.323
Mean Cl Of A concentrations measured [-1.12 1.77]
Normality Of A concentrations measured 0(0.114)
Median Of A concentrations measured 0.501
IQR Of A concentrations measured 1.17
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Table 10.28; abSmidsensillum

naive 2mins After 10 mins After
Group count 27 13 12
Mean Of F.P. onset latencies 0.357 0.335 0.353
Mean Cl Of F.P. onset latencies [0.343 0.371] [0.324 0.346] [0.316 0.39]
Normality Of F.P. onset latencies 1 (0.008) 0 (0.698) 1 (0.001)
Median Of F.P. onset latencies 0.349 0.336 0.329
IQR Of F.P. onset latencies 0.0345 0.026 0.0345
Mean Of F.P. Amplitudes 22.8 17.7 21.5
Mean Cl Of F.P. Amplitudes [21.6 24] [16.5 18.9] [19.4 23.5]
Normality Of F.P. Amplitudes 1 (0.027) 0 (0.336) 1 (0.030)
Median Of F.P. Amplitudes 22.9 18.1 22.2
IQR Of F.P. Amplitudes 3.07 2.2 3.35
Mean Of F.P. final amplitude 14.1 9.92 12.5
Mean Cl Of F.P. final amplitude [12.9 15.2] [8.77 11.1] [10.7 14.3]
Normality Of F.P. final amplitude 1 (0.019) 0 (0.420) 0 (0.074)
Median Of F.P. final amplitude 13.9 9.91 13.4
IQR Of F.P. final amplitude 2.91 1.73 3.91
Mean Of concentrations measured 2.76 2.62 3.04
Mean Cl Of concentrations measured [2.15 3.38] [1.95 3.28] [1.58 4.49]
Normality Of concentrations measured 0 (0.725) 0 (0.627) 0 (0.503)
Median Of concentrations measured 2.78 2.56 2.67
IQR Of concentrations measured 2.3 1.44 3.22
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Table 10.29: abSmidsensillumPaired

2mins After 10 mins After
Group count 12 11
Mean Of A F.P. onset latencies -0.0161 -0.0204
Mean Cl Of A F.P. onset latencies [-0.0251 -0.00708] ]-0.0309 -0.00979]
Normality Of A F.P. onset latencies 0 (0.639) 1 (0.039)
Median Of A F.P. onset latencies -0.0175 -0.017
IQR Of A F.P. onset latencies 0.018 0.0305
Mean Of A F.P. Amplitudes -5.26 -0.575
Mean Cl Of A F.P. Amplitudes [-7.26 -3.26] [-1.84 0.69]
Normality Of A F.P. Amplitudes 0 (0.923) 0(0.831)
Median Of A F.P. Amplitudes -5.22 -0.702
IQR Of A F.P. Amplitudes 4.39 3.38
Mean Of A F.P. final amplitude -3.73 -1.23
Mean Cl Of A F.P. final amplitude [-5.34 -2.13] [-2.51 0.0477]
Normality Of A F.P. final amplitude 0 (0.643) 0 (0.632)
Median Of A F.P. final amplitude -3.97 -1.34
IQR Of A F.P. final amplitude 3.58 3.53
Mean Of A concentrations measured 0.563 -0.183
Mean Cl Of A concentrations measured [-0.0583 1.18] [-0.887 0.521]
Normality Of A concentrations measured 0 (0.727) 0 (0.853)
Median Of A concentrations measured 0.55 -0.322
IQR Of A concentrations measured 1.22 1.59

Table 10.30: abSlowsensillum

naive 10 mins After
Group count 5 4
Mean Of F.P. onset latencies 0.46 0.429
Mean Cl Of F.P. onset latencies [0.397 0.523] [0.38 0.477]
Normality Of F.P. onset latencies 0(0.312) 0 (0.284)
Median Of F.P. onset latencies 0.439 0.419
IQR Of F.P. onset latencies 0.0865 0.043
Mean Of F.P. Amplitudes 7.07 8.21
Mean Cl Of F.P. Amplitudes [4.08 10.1] [3.99 12.4]
Normality Of F.P. Amplitudes 0(0.371) 0 (0.353)
Median Of F.P. Amplitudes 6.22 8.98
IQR Of F.P. Amplitudes 4.09 3.91
Mean Of F.P. final amplitude 3.45 3.54
Mean Cl Of F.P. final amplitude [1.97 4.92] [1.31 5.77]
Normality Of F.P. final amplitude 0 (0.238) 0 (0.834)
Median Of F.P. final amplitude 2.97 3.74
IQR Of F.P. final amplitude 2.16 2.01
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Table 10.31: abShigha

naive 10 mins After
Group count 6 5
Mean Of Spike-rate over 1st 500ms 170 153
Mean Cl Of Spike-rate over 1st 500ms [154 186] [134 172]
Normality Of Spike-rate over 1st 500ms 0 (0.854) 0 (0.269)
Median Of Spike-rate over 1st 500ms 172 155
IQR Of Spike-rate over 1st 500ms 28.1 18.1
Mean Of spike-rate at baseline 22.6 23
Mean Cl Of spike-rate at baseline [17.6 27.5] [14.831.1]
Normality Of spike-rate at baseline 0 (0.908) 0 (0.636)
Median Of spike-rate at baseline 23 25.4
IQR Of spike-rate at baseline 6.58 9.8

Table 10.32: ab3highapaired

10 mins After
Group count 5
Mean Of A Spike-rate over 1st 500ms -20.9
Mean Cl Of A Spike-rate over 1st 500ms [-41.4 -0.427]
Normality Of A Spike-rate over 1st 500ms 0 (0.630)
Median Of A Spike-rate over 1st 500ms -19.6
IQR Of A Spike-rate over 1st 500ms 30.1
Mean Of A spike-rate at baseline 0.925
Mean Cl Of A spike-rate at baseline [-10.7 12.6]
Normality Of A spike-rate at baseline 0(0.221)
Median Of A spike-rate at baseline 4.17
IQR Of A spike-rate at baseline 11.1
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Table 10.33: ab3mida

naive 2mins After 10 mins After
Group count 27 13 12
Mean Of Spike-rate over 1st 500ms 182 110 164
Mean Cl Of Spike-rate over 1st 500ms [173 192] [90.2 129] [149 179]
Normality Of Spike-rate over 1st 500ms 0(0.416) 0(0.093) 0(0.871)
Median Of Spike-rate over 1st 500ms 185 107 160
IQR Of Spike-rate over 1st 500ms 28.5 42.4 32.3
Mean Of spike-rate at baseline 17.2 16.6 21.5
Mean Cl Of spike-rate at baseline [15.4 19] [13.2 20.1] [17.9 25.1]
Normality Of spike-rate at baseline 0 (0.439) 0 (0.404) 0 (0.990)
Median Of spike-rate at baseline 16.8 16 22
IQR Of spike-rate at baseline 7.22 9.91 7.59

Table 10.34: ab3midapaired

2mins After 10 mins After
Group count 12 11
Mean Of A Spike-rate over 1st 500ms -69.7 -24.6
Mean Cl Of A Spike-rate over 1st 500ms [-93.9 -45.4] [-35.9-13.3]
Normality Of A Spike-rate over 1st 500ms 0 (0.724) 0(0.263)
Median Of A Spike-rate over 1st 500ms -72.1 -29.5
IQR Of A Spike-rate over 1st 500ms 48.8 27.8
Mean Of A spike-rate at baseline -2.16 4.97
Mean Cl Of A spike-rate at baseline [-5.54 1.21] [0.403 9.54]
Normality Of A spike-rate at baseline 0 (0.872) 0 (0.097)
Median Of A spike-rate at baseline -1.28 5.03
IQR Of A spike-rate at baseline 6.88 4.23
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Table 10.35: abSlowa

naive 10 mins After
Group count 5 4
Mean Of Spike-rate over 1st 500ms 71.2 82.8
Mean Cl Of Spike-rate over 1st 500ms [30 112] [41.3 124]
Normality Of Spike-rate over 1st 500ms 0 (0.394) 0(0.112)
Median Of Spike-rate over 1st 500ms 58.4 91.6
IQR Of Spike-rate over 1st 500ms 55.9 31
Mean Of tonic spike-rate 25.8 27
Mean Cl Of tonic spike-rate [15 36.5] [2.54 51.5]
Normality Of tonic spike-rate 0 (0.077) 0 (0.290)
Median Of tonic spike-rate 29.8 30.1
IQR Of tonic spike-rate 9.29 18.5
Mean Of spike-rate at baseline 24 22.7
Mean Cl Of spike-rate at baseline [9.21 38.7] [6.56 38.9]
Normality Of spike-rate at baseline 0 (0.354) 0 (0.873)
Median Of spike-rate at baseline 20.8 22.4
IQR Of spike-rate at baseline 15.7 14

Table 10.36: ab31owamanual

naive 10 mins After
Group count 5 4
Mean Of Spike-rate over 1st 500ms 75.8 82
Mean Cl Of Spike-rate over 1st 500ms [36 116] [44.4 120]
Normality Of Spike-rate over 1st 500ms 0 (0.568) 0 (0.320)
Median Of Spike-rate over 1st 500ms 64.8 87.9
IQR Of Spike-rate over 1st 500ms 51.2 29.7
Mean Of tonic spike-rate 25.2 25.8
Mean Cl Of tonic spike-rate [14.6 35.8] [1.46 50.2]
Normality Of tonic spike-rate 0 (0.097) 0 (0.422)
Median Of tonic spike-rate 29.8 28.6
IQR Of tonic spike-rate 10.9 19.1
Mean Of spike-rate at baseline 21 21
Mean Cl Of spike-rate at baseline [11.8 30.2] [7.12 34.8]
Normality Of spike-rate at baseline 0(0.116) 0 (0.767)
Median Of spike-rate at baseline 19.5 21.1
IQR Of spike-rate at baseline 5.82 11.5
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Table 10.37: abSlowbmanual

naive 10 mins After
Group count 5 4
Mean Of Spike-rate over 1st SOOms -2.62 -3.51
Mean Cl Of Spike-rate over 1st SOOms [-7.32 2.09] [-9.5 2.48]
Normality Of Spike-rate over 1st SOOms 0(0.971) 0 (0.727)
Median Of Spike-rate over 1st SOOms -3.17 -2.9
IQR Of Spike-rate over 1st SOOms 5.13 5.19
Mean Of tonic spike-rate -1.86 0.29
Mean Cl Of tonic spike-rate [-3.21 -0.496] [-2.09 2.67]
Normality Of tonic spike-rate 0 (0.827) 0 (0.526)
Median Of tonic spike-rate -1.89 -0.00553
IQR Of tonic spike-rate 1.74 1.96
Mean Of spike-rate at baseline 9.02 7.01
Mean Cl Of spike-rate at baseline [5.66 12.4] [3.36 10.7]
Normality Of spike-rate at baseline 0(0.130) 0 (0.067)
Median Of spike-rate at baseline 7.39 7.91
IQR Of spike-rate at baseline 3.87 2.76
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10.2 Interfacing photoionisation detector to a PC.

Python script for PC (.py file) This script, written in python 3.3, runs on the PC and sends 
a signal to an arduino connected by USB (using a virtual serial port) to start collecting data 
from the PID as described in Section 6.1.1. It writes recorded concentration values to a text 
file:

!/usr/bin/env python
from time import sleep , localtime ,strftime 
import os . path 
import serial
from threading import Thread 
from msvcrt import getch 
from tkinter import Tk 
import re
import win32api , win32con

writeToSerial = ’s’
THREADS = 1
lengthOfSampling = 300*60 
userI n terrupt = False

saveDir = ’C: \ o utpu t ol der ’ 
fileNameRoot = ’PidOutputData.txt’

arduinoPort = ”COM12” 
baud = 9600 
bytesize = 8
parity = serial. PARITY _NONE
s topb i t s = 1
timeout = 1
xonxoff = False
rtscts = True
writetimeout = 3
dsrdtr = None
i ntercharti meout = None
message = ’Nothing’
length = 10
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ser = s er i a 1 . S er i a 1 ( arduinoPort , baud , by tesi ze , pari ty , 
stopbits , timeout, xonxoff,rtscts ,writetimeout ,dsrdtr 
i n tercharti meout ) # open serial port
print (ser.p o rtstr+”^opened”)
## -------------------------------------

def main ();
manager = ThreadManager ()
u serinterrupt = manager . startKeyboardListener () 
manager. startSerialThread (THREADS) 
sleep(lengthOfSampling+2)

class ThreadManager:
def __init__(self): 

pass

def s t ar t S er i a 1 Th re ad ( sel f , threads); 
thread.refs = [] 
for i in range (threads ): 

t = SerialThread ( i ) 
t . daemon = True 
t . s t a r t ()

for t in thread_refs: 
t . j o i n ()

def StartKeyboardListener) self): 
thread_refs = [ ] 
k = KeyboardThread ( 1 ) 
k . daemon = True 
k. start 0
for k in thread_refs : 

k . j oin 0
class SerialThread ( Thread ): 

def __init__(self, i):
Thread. __init__(self) 
s e 1 f . i = i

def run ( s e 1 f ):
serialReader(ser) 

class KeyboardThread ( Thread ):
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def __init__(self, i):
Thread. __init__(self) 
s e 1 f . i = i

def run ( self): 
while True :

inputVal = getch() 
print ( inputVal ) 
if inputVal .decode( ’ ascii ’) 

print(”s^pressed”) 
ser . write ( inputVal ) 
if inputVal . decode (’asc i i ’ ) 

return
== e

def serial Reader ( ser ): 
output = ’s’
try :

theTime = s t r f t i m e ( ”%Y—%n-%d—s ” , localtime ()) 
s = ’’uninitialised” 
print( ’Waiting^for^Arduino’) 
for i in range (lengthOfSampling ): 

byteRead = ser . read ( length ) 
stringRead = by teRead . decode ( ’ asc i i ’ ) 
if StringRead == ’e’:

print(’ended^by^user’) 
break 

else :
output +- StringRead 
print(stringRead)

ser.closeO # close port
print (’’port^closed”) 
print ( output)
fileName = theTime + ” + fileNameRoot
fileNameWithPath = os . path . j oi n ( saveDir , fileName )
print (fileName)
print (fileNameWithPath)
f = open ( fileNameWithPath , ”w” )
f . write ( output )
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f.close 0
except seri al . SerialException ;

print(”failed^to^open^%s”%port )
pass

if __name_ 
main ()

.mam

Arduino script (,ino file) This script for the arduino causes the arduino to start recording 
upon receiving a signal from the PC. When an end signal is given the program is stopped.

// This code uses the concept from :
//http .-//arduino. cc/en/Reference/AnalogReference 
// Using a lower reference for the analog input signal 
// from the PID a higher resolution over the relevant 
// range (low ppm) of the odour signal is obtained. 
int PIDsignal = A2;
// must connect ground signal of PID signal
//to analog ground of arduino not another
// analog input pin
int led = 13;
int total = 0;
int average = 0;
const int numSubSamples = 2',//numReadings
int subSamples [ numSubSamples ];
int subSamplesIndex =0;
const int lengthOutputVals = 60*2000;//
int outputValIndex = 0;
String outputstring =
String inputstring = // a string to hold incoming data
boolean stringComplete = false ; 
void setup () {

Serial .begin (9600); 
analogReference (INTERNAL 1V1 ); 
pinMode (led , OUTPUT); 
pinMode( PIDsignal .INPUT);

// initialize all subsamples to 0: 
for (int subSampleIndex = 0;... 
subSampleIndex < numSubSamples; subSampleIndex++)
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}

subSamples [ subSampleIndex ] = 0; 
Serial . flush ();

void loop ()
{

char val= Serial .read (); 
if (val == 0x73) {

//waits for input ’s’
Serial. write(’s’); 
digitalWrite (led , HIGH) ;
for (int output Val Index = 0; outputValIndex < 
lengthOutputVals ; outputValIndex+ + )
{

// Serial, print (outputValIndex);
total = 0;

for ( int subSampleIndex = 0; subSampleIndex < 
numSubSamples ; subSampleIndex++)

{

if (subSampleIndex == 2){ 
digitalWrite ( toLogoController 
}

LOW);

// // read from the sensor:
int rawsignal = analogRead ( PIDsignal ); 
int signal = map( rawsignal , 0, 1023, 0, 1100); 
// add the reading to the total: 
totals total + signal; 
delay (495);

}

// calculate the average: 
average = total / numSubSamples;
String outputstring = String ( average ); 
outputstring = + outputString;
Serial . print(outputString );
// clear the string : 

inputstring = ””;

// Stop sending data upon end signal from computer. 
//Sends hack an end signal ( ’ e ’) to signal 
//to the serial thread to stop receiving

189



char potenti alEndS ignal = S eri al . read (); 
if ( potentialEndSignal == 0x65){ 

digitalWrite (led ,LOW); 
delay ( 1 000);
Serial . write( ’e’ ); 
break ;

}

}

}

digitalWrite (led ,IjOW) ;
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