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IN CAENORHABITIS ELEGANS

Donovan Ventimiglia, Ph.D.
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Chemical synapses are complex structures that have a diversity of specific
activities that shape nervous system computation. To understand how this
diversity contributes to specific circuit functions, we sought to characterize
synaptic release in the stereotyped and defined neural circuitry of C. elegans.
Here we use pHluorin imaging (Vglut-pH) to monitor presynaptic glutamate
release from single chemosensory neurons in intact animals and characterize the
dynamics of endo- and exocytosis from two types of glutamatergic neurons,

AWCC®N and ASH.

In Chapter 1, we describe the optimization of Vglut-pH, we introduce a
reagent for measuring synaptic calcium influx by tethering GCaMP to synaptic
vesicles, and we provide our initial characterization of glutamate release in
AWC®" and ASH. Our results indicate that AWC®N and ASH have distinct
exocytosis dynamics and that AWC®N exhibits synaptic release properties similar
to vertebrate photoreceptors and retinal bipolar neurons, aligning with previous

results from functional calcium imaging, gene expression, and circuitry.



In Chapter 2, we characterize the dynamics of endocytosis in AWC® and
ASH. We find that synaptic vesicle endocytosis in these neurons have kinetic
features and timescales similar to that of mammalian neurons. We show that
endocytosis appears to be homeostatically regulated by previous neuronal
activity and is composed of at least two kinetically distinct modes, fast and slow.
We show that fast retrieval is dependent on the clathrin adaptor protein
AP180/CALM, suggesting that clathrin-mediated endocytosis is important for

synaptic vesicle retrieval in these sensory neurons.

In Chapter 3, we compare and contrast the dependences of AWC®N and
ASH Vglut-pH responses on the core synaptic vesicle release machinery and its
regulators: syntaxin, synaptobrevin, SNAP-25, unc-13, unc-18, RIM, complexin,
and tomosyn. We find that Vglut-pH responses are highly dependent on the core
components of the SNARE complex and its regulators, but we detected
significant differences in the residual responses in these mutants that suggest
AWC®N and ASH synapses are distinct from each other and from those of the
neuromuscular junction. We find that complexin appears to act as an inhibitor of
SV release in AWC®" and ASH, and we find an unexpected role for tomosyn in

regulating calcium influx.

In Chapter 4, we describe activity-dependent cytoplasmic pH changes in
AWC®N and ASH, and we conduct a series of experiments to show that these pH
changes do not interfere with the measurement or interpretation Vglut-pH signals.
Our results indicate that these activity-dependent pH changes are consistent with

a depolarization-generated acidosis and are correlated with calcium influx. We



show that these pH changes in response to stimulation are not dependent on
unc-13 or unc-18 and are thus are largely independent of synaptic release.
Finally, we show that in contrast to intracellular pH, extracellular pH changes are

not detected in response to sensory stimulation.

In Chapter 5, we investigate the role of synaptotagmins in AWC®N and
ASH glutamate release using Vglut-pH imaging. We find that AWC®" basal
release is highly dependent on snt-1, whereas ASH exocytosis is intact in snt-1
null mutants and slightly diminished in snt-6 mutants. Our results indicate that
AWC and ASH synapses have distinct requirements for snt-1 and may use a

combination of calcium sensors to mediate glutamate release.

In Chapter 6, we use a combination of genetics, behavior, calcium imaging,
and Vglut-pH imaging to investigate how loss-of-function mutations in pkc-1
(protein kinase C epsilon) modulate AWC®N butanone olfactory preference. We
find that pkc-1 functions in AWC®N downstream of presynaptic calcium influx to
modulate eat-4 dependent glutamate release and a second form of AWC®N
output that is important for specifying butanone olfactory preference. We identify
the receptor-type guanylate cyclase gcy-28 and Gqa as additional important
regulators of AWC®N synaptic release, and identify unc-31 (CAPS) as an
additional genetic determinant of butanone olfactory preference. Finally, we
suggest a model for a dual function Gqo/DAG/pkc-1 signaling pathway that

regulates synaptic vesicle release and butanone preference in AWC®N.



Our work in this thesis extends the characterization of C. elegans
synapses from the neuromuscular junction to the presynaptic terminals of central
synapses and supports a role for presynaptic diversity among distinct neuronal
cell types in C. elegans. Our work emphasizes that presynaptic diversity and
regulation of neurotransmitter release are important components to specifying
circuit function and suggest that C. elegans will provide a deeper understanding
of how presynaptic diversity, both in terms of molecular components and activity

dynamics, contribute to nervous system function.
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Thesis Introduction

Information processing and communication in the nervous system occurs
through synapses, specialized structures between neurons where the release of
chemical neurotransmitters propagates information from one neuron to the next.
The structure of these connections and their specific attributes are the basis for
the action of the neural circuits that give rise to all functions of the nervous
system. A central question in neuroscience is understanding how synaptic
organization and the regulation of neurotransmitter release contribute to circuit
design and function. Neurotransmitter release is a highly regulated and complex
process that produces a diversity of properties at different synapses (Atwood and
Karunanithi, 2002). Synapses using the same type of neurotransmitter can have
a wide range of dynamics, timescales, and requirements for neurotransmitter
release, all of which can be modified over time by intrinsic and extrinsic factors.
How these cellular properties contribute to information processing, circuit function,

and ultimately behavior, are important areas of research.

Different forms of synaptic vesicle (SV) release have been evident from
some of the earliest characterizations of neuronal signaling. For example, the
subthreshold spontaneous release of neurotransmitter that gave rise to the
quantal vesicle hypothesis (Fatt and Katz, 1952; Katz, 1969), is a salient form of
neurotransmitter release in all synapses that is molecularly and functionally
partially distinct from the release generated by an action potential (Kavalali,
2015). Early recordings from crustaceans found ‘phasic’ and ‘tonic’ glutamatergic

motor neurons that had specialized forms of release (Kennedy and Takda, 1965;
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Millar and Atwood, 2004). Phasic neurons fire in brief bursts and release large
amounts of glutamate, whereas tonic neurons fire with a higher frequency but
release much less glutamate. The difference in the amount of neurotransmitter
released from a synapse is called synaptic strength, and this feature has been
found to vary widely among synapses (Atwood and Karunanithi, 2002). The
variation in synaptic strength is particularly apparent at the small synapses of the
central nervous system, reflecting their probabilistic release of neurotransmitter in
response to a single action potential (Korber and Kuner, 2016). The probability of
SV release ranges from less than 10% in neurons like Rat L5/6 pyramidal
neurons to greater than 90% in the climbing fibers of the cerebellum (Branco and
Staras, 2009). Differences in release probabilities can also be heterogeneous
among the synapses of a single neuron, with activities that are specific to their
post-synaptic partners (Branco and Staras, 2009). Furthermore, some synapses
are present in a dormant or ‘silent’ state and can be activated by intracellular
signaling, potentially allowing communication with distinct postsynaptic partners

in a conditional manner (Kim and Ryan, 2010; Kim and Ryan, 2013).

The dynamics of the release process also varies among synapses. Two
major forms of calcium-triggered release in spiking neurons are fast and
asynchronous release (Kaeser and Regehr, 2014). Fast release represents the
synchronous fusion of synaptic vesicles with the arrival of an action potential. It
occurs within a millisecond after the action potential enters the presynaptic
terminal and ends within a millisecond or two after the action potential. This type

of release is most common among vertebrate CNS neurons and has been
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extensively characterized. Asynchronous release refers to synaptic release that
continues after the arrival of an action potential and can last for tens of seconds
(Kaeser and Regehr, 2014). Sustained high-frequency activation at some
synapses can trigger asynchronous release following fast synchronous release.
In other neurons, a single stimulation can result in asynchronous release.
Although less common than fast release, asynchronous release is a prominent
feature at certain specialized synapses of the hypothalamus, dorsal horn, and the
deep cerebellar nuclei (Kaeser and Regehr, 2014). Another prominent form of
synaptic release is tonic or graded synaptic release. The most well-characterized
graded synapses are those of the vertebrate retina, photoreceptor, and bipolar
neurons (Heidelberger, 2007). Here, synaptic release that occurs continuously
and scales directly with membrane potential is thought to provide an increased
potential for information encoding (de Steveninck and Laughlin, 1996;

Heidelberger, 2007).

Synapses can also have unique responses to the pattern of neural activity,
termed short-term plasticity (Regehr, 2012). In response to repeated neural
activity, specific synapses facilitate or depress release over time. For example,
under the same stimulation pattern, the synapses from climbing fibers to Purkinje
cells become depressed with repeated stimulation, whereas the connections
from parallel fibers become facilitated (Dittman et al., 2000). Such activity-
dependent diversity in synaptic release is thought to add nuance to information

processing (Abbott and Regehr, 2004).



Diversity in presynaptic activity may stem from a variety of sources,
including active zone morphology, presynaptic calcium, diversity in vesicle pools,
second messengers (such as protein kinases or lipid signaling pathways), and
the molecular machinery associated with SV release (Atwood and Karunanithi,
2002; Crawford and Kavalali, 2015; Kasai et al., 2012) (Figure 1). Variation in the
expression of presynaptic proteins among different synapses is another striking
indication of presynaptic diversification (O'Rourke et al., 2012). For example,
even the basic components of the synaptic vesicle fusion machinery, such as the
SNARE proteins syntaxin, synaptobrevin, and SNAP-25, encode multiple
isoforms that are differentially expressed throughout the nervous system
(Boschert et al., 1996; Ruiz-Montasell et al., 1996; Trimble et al., 1990). Another
prominent example is the distribution of the synaptic vesicle calcium sensors, the
synaptotagmins (Sudhof, 2002; Ullrich et al., 1994). Synaptotagmins are
responsible for triggering the release of SVs in response to calcium influx, and
there are three major synaptotagmins expressed throughout the rat brain that
mediate fast synaptic transmission. Each of these synaptotagmins has distinct
calcium binding properties and effects on the kinetics of SV release (Xu et al.,

2007).
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Figure 1. Classes of presynaptic diversity.

Simplified diagram of the presynaptic terminal highlighting some of the important contributors to
synaptic diversity. In this thesis, we will focus on the exploring the roles of the SNARE complex
and its regulators, the calcium sensors mediating synaptic release (synaptotagmins). We will also
address roles of second messengers implicated in modulating synaptic release, such protein
kinase C and DAG (lipid) signaling downstream of presynaptic G protein-coupled receptors (not

shown in this diagram).



Although presynaptic diversity is widely documented, its functional roles in
the nervous system have been difficult to elucidate. Genetically disrupting
synaptic components often leads to non-viable progeny and techniques used to
measure presynaptic strength are not easily applicable to in vivo systems
(Atwood and Karunanithi, 2002; Borst, 2010). In addition, given the prevalence of
activity-dependent changes in synaptic activity, physiological patterns of activity
may be important to understand a given synaptic state (Regehr, 2012). Moreover,
the complexity of most circuits and the difficulty of obtaining a measurable output
of circuit function makes it difficult to assess how one particular presynaptic

property contributes to circuit function.

The well-studied neural circuitry of C. elegans eliminates some of these
key issues and provides an opportunity to study presynaptic diversity. C. elegans
has 302 neurons with approximately 9000 reproducible synaptic connections; it
represents the only metazoan whose nervous system has a complete wiring
diagram (Varshney et al., 2011; White et al., 1986). This synaptic map, combined
with the genetic tractability and fast life cycle of C. elegans, provides an
exceptional tool to study neural circuitry. Extensive prior work has mapped
specific C. elegans behaviors to genes and neural circuits (de Bono and Maricq,
2005; Dittman, 2009). In addition, most synaptic proteins are conserved, with
readily available mutants that are viable (Richmond, 2005). This background
provides a framework to examine the roles of presynaptic properties in discrete

circuit functions.



C. elegans lack voltage-gated sodium channels, and most of its neurons
are thought to exhibit graded release (Bargmann, 2006; Goodman et al., 1998;
Liu et al., 2009). Although graded release is phenomenologically distinct from
synaptic release driven by action potentials, the underlying mechanisms
controlling graded release are thought to be similar (Liu et al., 2009). Blocking
action potentials in spiking neurons allows synaptic release to vary linearly with
membrane potential similar to graded release, indicating that the action potential
mainly fixes the duration of depolarization at the synaptic terminal (Katz and
Miledi, 1967Db; Llinas et al., 1981). Accordingly, the examination of synaptic
properties of C. elegans has provided insights that are broadly applicable to the

understanding of synaptic function.

Behavioral genetics in C. elegans led to the first identification of many
components essential to the process to synaptic vesicle fusion, such as the
SNARE assembly proteins unc-13 and unc-18 (Brenner, 1974; Richmond, 2005;
Sieburth et al., 2005). However, the study of synaptic transmission in C. elegans
has been almost exclusively limited to the neuromuscular junction (NMJ) due the
organism’s relative inaccessibility to electrophysiological analysis (Schafer, 2006).
Thus, the potential synaptic diversity among CNS connections important for
mediating behavior have remained largely unexplored. Recently, the advent of
genetically-encoded fluorescent activity reporters (Akerboom et al., 2012; Tian et
al., 2009) has provided new inroads to analyze the dynamic activity of intact

neural circuits. In particular, the development of pHIuorin (Miesenbock et al.,



1998), a genetically encoded reporter of presynaptic activity, offers the possibility

of exploring presynaptic release in intact circuitry in C. elegans.

C. elegans interacts with its environment in large part through 12 pairs of
bilaterally symmetric chemosensory neurons located in the head of the animal
(Bargmann, 2006). Many distinct behaviors, such as chemotaxis to specific
odorants or escape from harsh chemicals, are localized to specific sensory
neurons (Bargmann, 2006; de Bono and Maricq, 2005). This feature allows
different circuits to be probed starting with well-defined sensory inputs and
presents an ideal case for examining how presynaptic diversity contributes to

specific neural functions in response to natural stimuli.

In this thesis, we use pHIluorin imaging in C. elegans to explore the roles
of synaptic diversity, specificity, and regulation on neural circuit function by
examining the synapses of two glutamatergic chemosensory neurons, AWC and
ASH. AWC regulates chemotaxis to attractive odors whereas ASH mediates
escape behavior to aversive stimuli. AWC and ASH are well-characterized
neurons that provide an opportunity to examine how the dynamics of glutamate
release mediates two very different behaviors. In Part 1, we compare and
contrast features of AWC and ASH synaptic release. We optimize pHluorin
imaging as a reporter of synaptic activity in C. elegans, and characterize the
dynamics of exocytosis and endocytosis in AWC and ASH. We also explore the
dependency of AWC and ASH synaptic activity on the core synaptic vesicle
machinery and its regulators as well as the synaptotagmins. In Part 2, we explore

how regulators of neurotransmitter release contribute to specific behavioral
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outputs, by investigating synaptic signaling pathways known to modulate AWC’s

butanone olfactory preference.



Chapter 1: Development of Vglut-pH Imaging and characterization of AWC

and ASH synaptic release

AWC neurons are a bilateral pair of glutamatergic sensory neurons that
mediate chemotaxis to attractive volatile odors (Bargmann, 2006). Each ciliated
AWC neuron is located in the head of the animal, where it sends a dendritic
sensory process through the anterior amphid to the nose, and sends an axonal
process into the nerve ring, a bundle of neuronal processes where the majority of
neuronal connections are made (White et al., 1986). AWC detects odor cues
through G-protein-coupled receptors (GPCRs) located in the cilia, initiating a
signal transduction cascade that regulates cGMP levels through receptor
guanylate cyclases, resulting in the modulation of cGMP-gated ion-channels
(Bargmann, 2006). The two AWC cells are functionally distinct; they detect both
unique and overlapping odors and have distinct gene expression profiles, and
are termed AWC®N and AWC®F based on the expression of the GPCR gene str-
2 (Troemel et al., 1999; Wes and Bargmann, 2001). This functional distinction
between neurons is determined stochastically in development, such that AWC®N
may be either the left or right cell (Troemel et al., 1999). The identity of each
AWC cell can be determined by cell-specific expression markers, and their
promoters also permit each AWC to be manipulated independently. Functional
calcium imaging indicates that AWC hyperpolarizes upon odor stimulation, and
depolarizes on stimulus removal (Chalasani et al., 2007; Zaslaver et al., 2015)

(Fig 1.1A).
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Figure 1.1 AWC and ASH calcium signals in response to sensory

stimulation.

(A) Top: Diagram of AWC®" anatomy. Bottom: AWC GCaMP5 responses measured at the cell

body in response to butanone stimulation. n = 47 trials, from 16 animals, 2-3 trials each. Gray bar
= stimulus, 11.2 uM butanone. (B) Top: Diagram of ASH anatomy. Bottom: ASH GCaMP3
responses measured at the cell body in response to high osmolarity NaCl stimulation. n = 39

trials from 13 animals, 3 trials each. Gray bar = stimulus, 500 mM NaCl. Anatomy diagrams

redrawn and adapted from WormAltas.com by Gautam Rangan.
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AWC has also been suggested to exhibit tonic neurotransmitter release, with a
similar signaling pattern to vertebrate photoreceptors; at rest, neurotransmitter is
tonically released; during hyperpolarization, release decreases; and upon
depolarization, release increases (Chalasani et al., 2007; Zhang and Cote, 2005).
As the two AWC neurons are functionally distinct and have overlapping axonal
processes, we focused solely on AWC®N and its specific odorant butanone. As
well as being the best characterized neuron of the AWC pair, AWC®" also has a
unique form of olfactory plasticity (Colbert and Bargmann, 1995; Torayama et al.,
2007), in which a pathway regulating neurotransmission can switch the innate
butanone preference from attraction to repulsion and is examined in Chapter 6

(Tsunozaki et al., 2008).

A second bilateral pair of glutamatergic chemosensory neurons are the
ASH neurons. Instead of mediating chemotaxis, they function as polymodal
nociception receptors for chemical and mechanical repellents; unlike AWC, the
left and right ASH neurons have similar functions (Bargmann, 2006). Detection of
nociceptive stimuli causes the animal to immediately reverse and change
direction (Goodman, 2006; Kaplan and Horvitz, 1993). ASH, like AWC, is located
in the head of the animal where it sends a ciliated dendrite to the nose and a
single axonal process into the nerve ring (White et al., 1986). Noxious chemicals,
high osmolarity, or nose touch trigger a strong increase in calcium levels (Hilliard
et al., 2005; Kato et al., 2014). ASH detects noxious chemicals through G-

protein-coupled receptors (GPCRs) located in the cilia, initiating a signal
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transduction cascade that regulates TRPV and voltage-gated calcium channels
(Kato et al., 2014). In this thesis, we use a high osmolartiy NaCl stimulus, which
triggers a robust and rapid increase in calcium in ASH that immediately
decreases upon stimulus removal (Chatzigeorgiou et al., 2013; Kato et al., 2014)
(Fig 1.1B). Such temporal properties are ideal for correlating calcium responses

with exocytosis and endocytosis.

To measure synaptic release from AWC® and ASH, we used a pHluorin-
based imaging technique widely used to monitor synaptic exo- and endocytosis.
Developed by Miesenbock and coworkers, this method, diagrammed in Figure
1.2, exploits the acidic pH of synaptic vesicles (SVs) to monitor vesicle fusion by
measuring changes in pH (Miesenbock et al., 1998). In this method, a highly pH-
sensitive variant of green fluorescent protein (termed pHluorin) is targeted to the
lumen of synaptic vesicles, which are normally acidified by a vacuolar H* ATPase
that generates the electrochemical gradient necessary to load vesicles with
neurotransmitter. During synaptic vesicle fusion, the luminal contents are
released and the acidic pH instantly equilibrates with extracellular medium,
driving an increase in pHluorin fluorescence. Upon vesicle retrieval and re-
acidification, pHIluorin fluorescence is again quenched, providing a readout of

endocytosis (Dittman and Ryan, 2009).

At the core of this method is an enhanced form of pHluorin, termed super-
ecliptic, that undergoes large fluorescence changes in response to changes in

pH (Sankaranarayanan et al., 2000). This variant is nearly quenched at the pH of
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mammalian SVs (pH ~5.6) and exhibits an ~20-fold fluorescence increase upon

shifting to the neutral pH of the extracellular medium (pH ~7.4).

Fluorescence Decrease
"'
- W
Re-acidification
Vglut V-ATPase \
Transporter “ H*pump
® pHluorin Synaptic vesicle @

Quenched Active
pH Endocytosis
=

<« \Ca“
Protonated Deprotonated fusion

Synaptic cleft H
H

H
Fluorescence Increase

Figure 1.2. Monitoring synaptic release and recycling with Vglut-pH

Super-ecliptic pHIluorin is fused within the first luminal domain of the C. elegans Vglut-1
transporter eat-4, targeting pHIluorin within glutamatergic synaptic vesicles (SVs). The lumen of
SVs before fusion are acidified by the V-ATPase proton pump that produces the electrochemical
gradient needed for neurotransmitter loading. The fluorescence of pHIluorin, with a pKa of ~7.1, is
nearly quenched within the acidified SV. Upon SV fusion, the lumen of the vesicle is exposed to
the extracellular environment causing an instantaneous increase in pH, generating an increase in
fluorescence signal as pHluorin molecules become deprotonated. Endocytosis coupled with re-
acidification generates a decrease in fluorescence signal as pHluorin again becomes protonated

and quenched. Redrawn from (Dittman and Ryan, 2009).
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The first pHluorin-based measurements of synaptic activity targeted pHluorin to
the luminal domain of synaptic vesicles by fusing the reporter to the SNARE
vesicle fusion protein synaptobrevin (Miesenbdck et al., 1998). pHluorin has
since been appended to numerous synaptic vesicle proteins to study the
recycling dynamics of specific SV proteins as well as specific classes of synaptic
vesicles (Dean et al., 2012; Dittman and Kaplan, 2006; Fernandez-Alfonso et al.,
2006; Mani and Ryan, 2009; Pan and Ryan, 2012; Voglmaier et al., 2006).
pHluorin imaging has been extensively used to study cells in vitro, and under the
proper optical arrangement, pHluorin-based measurements can be highly
sensitive and report the exo- and endocytosis of single SVs (Balaji and Ryan,
2007). In addition, pHIuorin imaging has been applied to measure population
level synaptic activity within intact circuitry, such as in the olfactory bulb of mice,
the antennal lobe of flies, and the retina of zebrafish. (Bozza et al., 2004;
Odermatt et al., 2012; Shang et al., 2007). However, pHluorin has not been

previously used to monitor vesicle fusion with single neuron resolution in vivo.

To monitor synaptic activity in the glutamatergic AWC and ASH sensory
neurons of C. elegans, we used the method designed by Susan M. Voglmaier
and Robert Edwards in which super-ecliptic pHIluorin is fused within the first
luminal loop of the vesicular glutamate transporter Vglut-1 (here termed Vglut-pH)
(Voglmaier et al., 2006). The vesicular glutamate transporter has a very brief
plasma membrane residence time after vesicle exocytosis, providing a key
advantage compared to other pHluorin targeting methods. Its rapid endocytosis

greatly increases the signal-to-background ratio of Vglut-pH compared to other
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pHIluorin reporter constructs, such as synaptobrevin-pHluorin, making Vglut-pH
better suited to study synaptic release within intact circuitry (Balaji and Ryan,

2007; Dreosti and Lagnado, 2011).

In this chapter, we present our initial optimization and characterization of
Vglut-pH in AWC®N and ASH sensory neurons. We report that Vglut-pH is a
robust and sensitive reporter of synaptic vesicle release and recycling from single
neurons within intact animals. Vglut-pH imaging of stimulus-triggered activity was
consistent with the general effects on synaptic transmission predicted from
AWC®N and ASH functional calcium imaging, and provided additional insights
suggesting that glutamate release from these two sensory neurons have distinct

dynamics.

Results

To generate Vglut-pH, we used homology alignment to the mammalian
Vglut-1 to insert super-ecliptic pHIuorin within the first luminal domain of the C.
elegans Vglut-1 homolog eat-4. We expressed this construct in AWC®N using the
cell-specific promoter str-2p and found that Vglut-pH was exclusively localized to
the axon, with a semi-discontinuous distribution consistent with synaptic vesicles
(Fig 1.3A). We imaged stimulus-evoked Vglut-pH responses in microfluidic chips
that immobilize the animal and allow for precise delivery and removal of chemical
stimuli (Fig 1.3B) (Chalasani et al., 2007; Chronis et al., 2007).
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Figure 1.3. Vglut-pH fluorescence signals can be detected in AWC®"

(A) Top: Diagram of AWCN indicating the location of axon containing presynaptic sites. Middle:
Vglut-pH localization within AWC®N axon in wide-field microscope used for imaging experiments.
Bottom: Maximum intensity projection of a confocal stack showing that Vglut-pH is localized
exclusively to the axon. (B) Microfluidic device used for Vglut-pH and calcium imaging. Top:
overview of device with an animal trapped in the loading chamber. Middle: Pre-stimulus flow
conditions. Buffer is driven to the nose from channel 2. Odor stimulus in channel 3 is directed
away from animal’s nose. Bottom: Turning off channel 1 and switching on channel 4 directs the
stimulus to the nose of the animal. Switch time ~50-200 msec. Adapted from (Chalasani et al.,
2007) (C) Initial measurements of Vglut-pH in AWC®N. Top: single plane of raw image. Bottom:
Raw fluorescence traces from four locations along the axon, indicated in the image above.
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