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Abstract

The nematode C'elegans, with its 302 neurons and abundance of genetic, laser ab-
lation, electrophysiological and imaging tools, is a compact and attractive system
for neural circuit analysis. An understanding of the functional dynamics of neural
computation requires physiological analyses. We undertook the first characterization
of transfer at central synapses in C.elegans. To achieve this we employed optical
stimulation techniques using channelrhodopsin-2, and combined this with whole-cell
patch clamp electrophysiological recording techniques. We show that the synapse be-
tween AFD and ALY, the first stage in the thermotactic circuit, exhibits excitatory,
tonic and graded release. The gain at the synapse was low (<0.1), and release was
frequency independent, showing no signs of facilitation or depression. The AFD-ATY
synapse thus seems designed for robust and reliable transmission of a scaled-down
temperature signal from AFD to ALY, enabling ATY to continuously monitor temper-
ature information and integrate it with other incoming sensory information. We also
investigated the synapse between ASER, a chemosensory neuron, and AIY, and found
that the synaptic response was small and inconsistent. The combination of optical
stimulation tools with neural recording techniques is a powerful way to analyze neu-

ral circuitry, and will be a significant aid in achieving the goal of understanding how
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information is processed in the compact yet densely interconnected nervous system

of the worm.
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Chapter 1

Introduction

From the perspective of systems neuroscience, a small nervous system with access to
a multiplicity of tools to selectively perturb and analyze the activity of ensembles of
neurons has tremendous appeal. C. elegans, with its three-hundred odd neurons, is

one such system.

1.1 The anatomy and nervous system of the ne-

matode C. elegans

C. elegans is a roundworm, one of around 30,000 species belonging to the Phylum
nematoda. It is a free-living soil nematode feeding on bacteria, about 2-3 mm in
length when full grown, and has fewer than a thousand cells in total. Of these, 302
are neurons in the hermaphrodite (there are both males and hermaphrodites in C.
elegans). The male has 79 additional neurons, nearly all of which are involved in
control of mating. It takes around three days for a worm to grow from egg to adult,

and the average lifespan of a worm is around two weeks.



Figure 1.1: The worm nervous system. A. Schematic representation of a gravid adult
hermaphrodite worm. Eggs are labelled in blue and the pharynx in green. B. Schematic
representation of neuronal cell bodies clustered in ganglia around the pharynx. The blank
space between the anterial and the lateral/ventral ganglia is taken up by the neuropil in
the nerve ring. Figure adapted with permission from WormAtlas (Altun & Hall, 2008).

The body of a worm is an unsegmented cylindrical tapered tube with a tough
cuticle covering the hypodermis (see Figure 1.1A). Body shape is maintained by high
internal pressure - the worm will explode open when cut. C. elegans is a filter feeder,
taking in a mixture of bacteria and water through its mouth, passing it through
the pharynx which grinds and filters out the food into the intestine. A worm will
typically crawl through its environment with a characteristic sinusoidal locomotory
pattern, and slow down on a lawn of food or in the presence of potential mates.

The three hundred-odd neurons of the worm are partitioned into two systems. The
pharyngeal nervous system comprises about 20 neurons and autonomously controls
the alimentary system. The remaining neurons comprise the somatic nervous system,
and their cell bodies are organized into ganglia in the head and tail. Figure 1.1B

shows the primary ganglia in the head of the worm. The nerve ring, the primary
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neuropil of the worm, is a synapse-rich band of processes that wraps around the
pharynx of the worm. A subset of neurons, primarily motor neurons controlling the
contraction and expansion of the body wall muscles involved in the characteristic
sinusoidal movement of the worm, are studded along the ventral midline. There are
two nerve cords - dorsal and ventral, that carry the processes of most neurons from the
posterior part of the worm as they project to the nerve ring. There are approximately
6400 chemical synapses, 900 gap junctions and 1500 neuromuscular junctions (Altun

et al., 2002-2009).

1.2 Worm behavior

For its small size and compact nervous system, the worm exhibits a range of behaviors
(de Bono & Maricq, 2005). In addition to executing functions such as locomotion,
mating and egg-laying, a worm will exhibit preferences in temperature, the valence
and concentration of chemicals, and mechanosensory environment. When placed
in a shallow thermal, chemical, or electrical gradient, worms will migrate towards
preferred zones consistently and reproducibly, based on initial conditions and past
history (Hedgecock & Russell, 1975, Ward, 1973, Sukul & Croll, 1978). A worm will
respond to negative stimuli such as a harsh mechanical touch, or aversive chemicals
by backing away rapidly. Worms also display social feeding behavior (de Bono, 2003)
as well as basic forms of learning such as habituation and paired conditioning (Giles

et al., 2006). Food modulates many of these behaviors (Zhang et al., 2005).



1.3 The worm toolkit

There is a plethora of available tools that make C. elegans an attractive model sys-
tem for neural circuit analysis. First of all, its small size and short generation time
make it appealing as a laboratory animal. Additionally, it’s transparent body allows
live imaging of neuronal activity and tissue in intact animals. The full genome of C.
elegans is available, giving us a remarkably high degree of genetic control over tar-
geting and characterizing specific neurons. Perhaps most striking of all, it is the only
animal for which we have detailed and complete reconstructions of the entire nervous
systems using electron microscopy. Electrophysiological techniques have been devel-
oped to address questions of neural function with high temporal resolution. Calcium
imaging studies are aided by the transparent body of the worm, and allow monitoring
of neural activity remotely during awake behavior. In addition, the development of
remote optical stimulation techniques add a powerful tool to the already impressive

C. elegans collection.

1.4 Remote optical control of neural circuitry

Recent years have seen the development of techniques to control neurons remotely and
optically. Nagel and colleagues first characterized the algae-derived cation channel
channelrhodopsin. It is a microbial-type rhodopsin (a seven-transmembrane reti-
nal protein that has no sequence homology to animal rhodopsins), derived from the

green alga Chalmydomonas reinhardtii. Channelrhodopsinl is a proton selective light



)
switched ion channel (Nagel et al., 2002); Channelrhodopsin2 (ChR2) is a leaky pro-

ton pump that can act as a mixed-cation light gated ion channel (Nagel et al., 2003,
Feldbauer et al., 2009), and triggers larger currents. The cofactor all-trans retinal
is required. The ChR2 conductance has an initial large transient value and decays
to a lower stable steady state level with continued light illumination; the recovery of
the peak current is faster at low extracellular pH or at more negative voltages. The
estimated conductance of the channel is low, around 50 fS. The rise time of the ChR2
current is extremely fast: less than 200 us; decay is on the order of milliseconds and
is pH sensitive (Nagel et al., 2003). The peak of the ChR2 action spectrum is ~460
nm.

Initial studies expressing ChR2 in cultured hippocampal neurons showed that this
channel could be used to control neuronal spiking and synaptic transmission (Boyden
et al., 2005). Since then, ChR2 has been used to control neural activity in a broad
range of model systems, including worms, flies, fish, rodents and primates (Nagel
et al., 2005, Schroll et al., 2006, Arenkiel et al., 2007, Huber et al., 2008, Douglass
et al., 2008, Han et al., 2009).

The use of ChR2 can be extended to awake behaving conditions, and can drive
behavior: in C. elegans, it was shown to be able to trigger behavioral responses
(Nagel et al., 2005). Conveniently, worms can be fed the cofactor all-trans retinal.
Worms expressing functional ChR2 in mechanosensory neurons responded to pulses
of blue light with the rapid withdrawal/ acceleration responses typical of mechan-

ical stimulation. In Drosophila larvae, light-induced activation of dopaminergic or
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octopaminergic neuronal populations was found to substitute for reinforcing stimuli
during olfactory learning (Schroll et al., 2006). ChR2-expressing neurons in mice
could be stimulated and neuronal firing responses monitored using in vivo electro-
physiological recording techniques (Arenkiel et al., 2007). Mice trained to associate
water rewards with photostimulation of ChR2 expressing neurons (comprising < 1%
of the cells in layer 2-3 of barrel cortex) were able to report photostimulation (Huber
et al., 2008), and zebrafish with ChR2 in somatosensory neurons display escape be-
havior to blue light (Douglass et al., 2008). ChR2 has been used to induce long-term
potentiation (LTP) in rat hippocampal slices (Zhang & Oertner, 2007).

Down the line, therapeutic and prosthetic applications may be possible: functional
ChR2 has been expressed in the brain of the rhesus macaque, and used to mediate
stimulation of cortical areas for months (Han et al., 2009), and ChR2 can be used to
impart photosensitivity to inner retinal cells in mice with photoreceptor degeneration
(Bi et al., 2006), restoring the ability of the retina to encode and transmit light signals
to visual cortex.

Additionally, ChR2 has been used for anatomical tracing of projections and circuit
mapping (Petreanu et al., 2007, Cruikshank et al., 2010), and in worms, it has been
used to study release at the neuromuscular junction(Liewald et al., 2008, Liu et al.,
2009).

The same logic of light-driven neuronal control can be extended to perform the
complementary function: switching off neurons. Halorhodopsin is a yellow-light acti-

vated chloride pump derived from the archaebacterium Natronomas pharaonis that
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can be used to silence cells with millisecond-timescale precision (Han & Boyden,
2007). Additionally, chimeric proteins of opsins with various receptors involved in
intracellular signaling have been developed (Airan et al., 2009), further increasing
the possible uses of remote control of cellular signaling.

The use of optical stimulation techniques has opened up many exciting possibilities
for the control and selective manipulation of neural circuits, and in combination with

electrophysiology can be used to address fundamental questions of neural coding.

1.5 Electrophysiology in the worm

The earliest electrophysiology from a nematode was an analysis of the locomotor cir-
cuit in the worm Ascaris lumbricoidis (Walrond et al., 1985, Walrond & Stretton,
1985a,b, Davis & Stretton, 1989a,b). Neurons in Ascaris are large - around 80-100
pm in diameter. Motor neurons in Ascaris were found to exhibit graded active and
synaptic responses, and tonic synaptic release (Davis & Stretton, 1989a). Through
simultaneous recordings of motor neurons and the muscles they innervate, the lo-
comotor circuit was found to employ reciprocal inhibition to produce a sequence
of alternating contractions of the worm body, enabling its characteristic sinusoidal
movement pattern (Walrond & Stretton, 1985b). Given the striking anatomical sim-
ilarities between the locomotory circuit in Ascaris and C. elegans, these studies were
very informative in assessing the excitatory and inhibitory function of specific motor
neurons in C. elegans.

Electrophysiology has historically been challenging in C'elegans, for several rea-
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sons. The worm is a couple of millimeters in length, with very small neurons, aver-
aging 2-3 pum in diameter. The body of the worm is covered with a thick external
cuticle, and is maintained at high internal pressure. As a result, it is very difficult to
access the neurons for study while maintaining the integrity of the circuit.

Early electrophysiological studies focused on neuromuscular function in the phar-
ynx of the worm, using a suction electrode to record compound extracellular potentials
termed electropharyngeograms (Raizen & Avery, 1994). A slit-worm preparation was
devised to incorporate whole-cell patch-clamp techniques to record from C. elegans
central neurons (Goodman et al., 1998). This technique was modified to record synap-
tic activity at the neuromuscular junction (Richmond et al., 1999). These techniques,
in combination with genetic and behavioral analyses, have allowed the elucidation of
the role of various receptors and synaptic proteins (reviewed in (Francis et al., 2003)).
Recording from C. elegans neurons, therefore, while not trivial, is possible. For the
analysis of neuronal spatiotemporal response characteristics, it is an extremely attrac-

tive approach, as it provides a high-temporal-resolution picture of neuronal dynamics.

1.6 Functional versus Static connectivity maps

The existence of wiring diagrams reconstructed from electron microscope data are
immensely useful. Analyzing these maps have helped to target specific cells and
pathways for genetic and behavioral analyses, to identify motifs of connectivity (Milo
et al., 2002, Reigl et al., 2004) and to correlate neuronal structure and function

using wiring cost optimization (Chen et al., 2006). However, these efforts would be
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considerably aided by the addition of high-resolution data on the real-time processing
undertaken by these neurons. Information on the weights of connections, whether
and how they change, and which neurons are recruited in any particular task and in
what order would open up an enormous range of interesting questions. In order to
understand the dynamic functional connectivity, an understanding of the mechanisms
of transfer and gain control are called for. Electrophysiological analyses, and to some
extent, calcium imaging of neural activity are the tools that are most appropriate to
convert our static connectivity maps into functional ones, by allowing us to monitor

neural activity over different timescales, and during behavior.

1.7 Outline of Thesis

This thesis describes an attempt to characterize transfer at C. elegans synapses by
combining electrophysiological and optogenetic techniques, by expressing ChR2 in
pre-synaptic neurons and using whole-cell patch clamp recording techniques to mon-
itor the post-synaptic neuron. Our attempt is the first functional characterization of
the dynamics at central synapses in the worm. We begin by describing a prominent
thermosensory synapse, between the sensory neuron AFD and the interneuron AIY),
in Chapter Two. We find that this synapse is excitatory, has low gain, and exhibits
graded and tonic release. Chapter Three describes a further voltage-clamp character-
ization of the AFD-ATY synapse and additionally, describes native voltage activated
currents in AFD, ATY and ASER, a chemosensory neuron. In Chapter Four, we de-

scribes our analyses of the chemosensory synapse between ASER and AIY. We find
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the synaptic response to be weak and unreliable. Finally, in Chapter Five, we present

our conclusions and ideas for future directions.
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Chapter 2

Transfer at a thermosensory
synapse in C.elegans

2.1 The AFD-AIY synapse and the circuit for ther-

motaxis

C.elegans combines several useful features as a model organism for neural circuit anal-
ysis: a compact nervous system, detailed anatomical data from electron microscopy
(EM), and access to system analysis tools such as precise genetic manipulations, fo-
cal laser ablations of individual neurons, and real-time monitoring of neural activity
using calcium imaging and electrophysiology. In addition, having a small nervous
system does not preclude the worm from exhibiting a range of behaviors that can be
described quantitatively (de Bono & Maricq, 2005, Hobert, 2003). One such behavior
is thermotaxis. When placed on a temperature gradient, worms aggregate to the
temperature at which they were cultivated (T.,;) and track isotherms as narrow as
0.05°C near it (Hedgecock & Russell, 1975). Worms can track isotherms near T,

in the presence or absence of food (Luo et al., 2006), although accounts differ on
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whether the memory of T, is feeding-state dependent (Mohri et al., 2005) or not
(Chi et al., 2007). A preliminary circuit, including neurons AFD, AIY, AIZ and RIA,
was mapped using laser ablations (Mori & Ohshima, 1995).

Figure 2.1A shows these neurons along with some of their other significant synaptic
partners. AFD has been shown to be the primary thermosensory neuron (Kimura
et al., 2004, Mori & Ohshima, 1995), and temperature is sensed through an as-yet-
unidentified mechanism located at the end of its sensory neurite (Chung et al., 2006).
AFD serves as a precise sensor: calcium imaging experiments show that above T,
AFD Ca?* levels can reliably track sinusoidal temperature variations as small as
0.05°C with phase lag of less than an eighth of a cycle (Clark et al., 2006). It
appears that AFD codes for changes in temperature above a set point; this response
is bidirectional and adaptive (Clark et al., 2007). In addition, electrophysiological
experiments show that increases in temperature over the set point produces large
depolarizations in AFD, while cooling hyperpolarizes the cell to a smaller extent
(Ramot et al., 2008). How is this information conveyed to the next stage of the
circuit? This forms the basis of our study. Electron-microscope data (White et al.,
1986) provide the experimental basis for synaptic connectivity (Chen et al., 2006),
showing that interneuron AIY is the primary postsynaptic partner for AFD. ATY
also receives synaptic input from the other known thermosensory neuron AWC (Biron
et al., 2008, Kuhara et al., 2008), as well as sensory neurons AWA and AWB. Calcium
imaging data from AIY show that it also turns 'on’ above a temperature set point,

and responds in phase with the temperature stimulus variations (Clark et al., 2006).
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Figure 2.1: Using chR2 to stimulate AFD, the primary thermosensory neuron
in C. elegans. A. Partial circuit diagram showing key cells involved in the thermosensory
circuit and their synaptic partners. Adapted from (Mori et al., 2007). B. Confocal image
showing AFD in yellow and AIY in green. There are two AFD neurons, left (L) and right
(R). The second AFD neuron is fainter than the first owing to technical issues with obtaining
the image. C. Voltage clamp recordings from AFD. A 500 ms pulse of blue light, and not
red, causes inward current in AFD expressing functional chR2. All-trans retinal is required.
5 trials from a single neuron in gray, average in black. D. Current Clamp recordings from
AFD in situations identical to (C). Light evoked depolarization in AFD can be controlled
reversibly. Responses to 20, 100, 500 and 1000 ms light pulses in E. Voltage clamp and F.
Current clamp.
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Synaptic release from AFD has been examined using synaptopHlourin (Samuel et al.,
2003). Those data, however, suggest that synaptic release from AFD occurs when
T>T. as well as when T<T,,, a result inconsistent with Ca?t imaging results
that indicate that AFD calcium levels track changes in T above T, (Clark et al.,
2006, Kimura et al., 2004). We note that while there are two AFD neurons, AFDL
(AFD Left) and AFDR (AFD Right), electron microscope data show that they make
symmetric connections to the pair of ATY neurons AIYL and AIYR. Additionally,
no asymmetry has been observed in behavioral or ablation studies. Hence, here we
adhere to established practice and refer to them collectively as AFD and AIY.
While our knowledge of the flow of information through the thermotactic cir-
cuit is significantly enhanced by these data, it would be useful to have a sensitive,
high-temporal resolution picture of the synaptic activity at the AFD-AIY synapse,
to begin to address questions of spatiotemporal integration, gain control, and trans-
fer characteristics. Electrophysiology has been established in C.elegans (reviewed in
(Francis et al., 2003)). We attempt to characterize transfer at the AFD-AIY synapse
using established whole-cell electrophysiological recordings (Goodman et al., 1998,
Hamill et al., 1981). Recording from both neurons simultaneously would be ideal but
is currently not possible, given the size of the neurons (2-4 pm) and the short aver-
age duration of recording (tens of minutes). We thus looked to a recently developed
technique of remote optical stimulation using channelrhodopsin-2 (chR2), a light ac-
tivated cation channel (Boyden et al., 2005, Nagel et al., 2005, 2003). We limited

expression of chR2, tagged with yellow fluorescent protein (YFP), to the presynaptic
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neuron AFD, and visually identified postsynaptic neuron AIY for recording by the
selective expression of green fluorescent protein (GFP) (Figure 2.1B). In addition to
tracking the flow of information in the thermosensory circuit, this study will describe

the basic features of synaptic transfer at a central chemical synapse in C.elegans.

2.2 Experimental Procedures

2.2.1 Strains

To identify AFD and AIY we used the strains PY1322 and OHO98 expressing gfp
in AFD and ALY respectively. We obtained the strain PY1322 oyls18 [gcy-8::9fp]
from the Caenorhabditis Genetics Center (CGC). OH98 (mgls32 [ttx-3::gfp, lin-
15(+));him-5) was a gift from Oliver Hobert; we outcrossed it to N2 (wildtype) to
eliminate the him-5 mutation. We obtained the strain OH3192 (ntls! [gcy-5::gfp])
from the CGC and used it to identify ASER. We performed recordings on synaptic
transmission mutants deficient in unc-13, a syntaxin binding protein, using the strain
BC168 unc-13(s69) which was a gift from Anne Hart. We constructed a strain ex-
pressing chR2 in AFD, PS5755 (syls218 [gcy-8::chR2::yfp, pax-2::gfp, lin-15(+)]), by
injecting gcy-8::chR2::yfp plasmid DNA into MT1642 lin-15(n765ts) worms with the
co-injection marker pHC294.1, a paz-2::gfp plasmid with GFP expression in the vulva
and tail (a gift from Helen Chamberlin). We integrated the line by subjecting it to

X-ray irradiation and out-crossing four times.
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2.2.2 Molecular Biology

PCR was used to amplify the 2.258 kb fragment upstream of the gcy-8 gene using the
primers 5’-TCCCCCGGGATCTTGAGGACCTCGTCTTTAAGG-3" and 5- CGCG-
GATCC TTTGATGTGGAAAAGGTAGAATCGAAAATCC-3’, and cloned into the
Pmll and BamH1 sites of the Pmyo-3::ChR2(H134R)::YFP plasmid (a gift from

Alexander Gottschalk).

2.2.3 Experimental Setup

Worms were maintained in well-fed conditions at 20°C. Adults were prepared for
experiments using established techniques (Goodman et al., 1998). Worms were pre-
pared for chR2 experiments by feeding them all-trans retinal using existing protocols
(Nagel et al., 2005).

Recipes for saline are as follows. Internal buffer: 143 mM KAsp, 0.1 mM CaCl2,
1.1 mM EGTA, 10 mM HEPES, 15 uM Sulforhodamine, 4 mM MgATP, 0.5 mM
Na3GTP, pH 7.2, osmolarity 310 mOsm. Cs?T and NMG™ solutions were made by
substituting those ions for K*. External buffer: 145 mM NaCl, 5 mM KCl, 5 mM
MgCl2, 1 mM CaCl2, 10 mM HEPES, pH 7.2, osmolarity ~ 320 mOsm.

Patch electrodes were pulled and pressure polished as described previously (Good-
man & Lockery, 2000), for a tip resistance of 5-15 M. Recordings were not corrected
for junction potential and series resistance.

A small amount of negative current (mean: -5.46 pA, median -4.86 pA, interquar-

tile distance -2.59 pA, n=66 cells) was injected into the neuron in current clamp to
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Figure 2.2: chR2 stimulation and recording setup. A 100W Mercury lamp provides
light. A computerized shutter controls the shape of the light pulse. A beamsplitter sends a
fraction of the light to a photodiode for real-time monitoring of the light stimulus, and the
bulk of the light through a gfp filter to excite the preparation with blue light.

achieve a holding potential of around -65 mV (mean: -67 mV, median -66.8 mV,
interquartile distance 3 mV, n=66 cells).

Light stimulus was provided using a 100W mercury lamp. A Sutter SmartShutter
was used to control timing. The opening and closing latencies of the shutter were
8-12 ms. A liquid light guide was used to make the field of view uniform. The light
was filtered using an Olympus gfp filter cube to provide blue light within the 450-
490nm wavelength range. A high-speed silicon photodetector (Det100A, Thor Labs)
was mounted on a beam splitter at the light source to continuously monitor the light
stimulus waveform. Figure 2.2 shows a schematic of the setup. The peak intensity of

light at the preparation was 348.5 yW/mm?.
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Data were acquired at 15 kHz using the Patchmaster program and a HEKA EPC-
10 patch clamp amplifier, and filtered at 3 kHz. Analysis was performed using MAT-

LAB.

2.3 Results

2.3.1 Light-evoked response in AFD

To depolarize AFD selectively and remotely, we expressed chR2 under the gcy-8
promoter, which is exclusively expressed in AFDL and AFDR (Figure 2.1B). Worms
were fed the co-factor all-trans retinal (ATR), necessary for functional chR2. To
assess light-evoked control of AFD membrane potential, we first patched onto AFD
and measured current and voltage changes evoked by light in that neuron. Doing
these experiments in current clamp allowed us to estimate the kinetics and amplitude
of a chR2-mediated potential in an unclamped neuron. In voltage clamp, we were able
to evaluate chR2-mediated currents independent of other voltage-dependent currents.
Using blue light, we could evoke inward currents of up to 10 pA and depolarizations
of up to 40 mV (Figure 2.1C-D, topmost traces). Control experiments with worms
fed no ATR (n=5) or using red light (n=7), showed no evoked potentials or currents
(Figure 2.1C-D, middle and bottom traces). We could control AFD membrane current
and potential reversibly for the duration of the light pulse (Figure 2.1E-F).

We computed rise and decay times and half widths for a dataset of 9 AFD cells

subjected to a 500 ms light pulse. Mean 10-90% rise time (time for membrane po-
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tential to go from 10% to 90% of steady state at maximal intensity) was 118.8 ms
(median 121.3 ms, interquartile distance, iqr, 56.2). The decay of both the evoked
current and potential could be fit with a single exponential function. The mean decay
time constant of a voltage response to a 500 ms light pulse was 186.8 ms (median
145.3 ms, iqr 121.6 ms). The half-width (width at % steady-state amplitude) of a
voltage response to a 500 ms light pulse was 572.1 ms (median 552.5 ms, iqr 45.4
ms). For a light pulse of constant intensity 348.5 yW/mm?, the amplitude at steady
state of the evoked depolarization varied from 20 to 40 mV, with an average value of
28.2 mV (median 28 mV, iqr 9.7 mV, n =24). A similar range was observed in the
evoked current (mean amplitude 11.35 pA, median 10.17 pA, interquartile range 8.1
pA, n = 21). This two-fold variability can probably be accounted for by the following
three observations. First, chR2 expression likely varied across animals. Although the
strain was constructed using an extra-chromosomal array integrated into the chromo-
some, we do not know the level of expression of the transgene in each animal. This
is partly reflected in the observed variation in intensity of the YFP tag on the chR2
protein. Second, slight differences in AFD input resistance (mean 3.99 G2, median
2.58 G, iqr 2.3 G2, n = 28), pipette resistance, and recording quality were unavoid-
able. Third, the amount of all-trans-retinal taken up by the worm likely varied across
individuals.

We varied the intensity of our light stimulation over five orders of magnitude and
measured the corresponding AFD depolarization. Figure 2.3A shows an example

recording from AFD, in response to 500 ms light pulses of varying light intensity.
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Figure 2.3: Calibrating AFD response to Blue Light. A. Depolarization evoked in
AFD in response to 5 orders of magnitude variation in light intensity, 10-trial averages from
example neuron. B. Average evoked depolarization in AFD as a function of normalized
light intensity (gray bars £SD, black bars =SEM). C. Depolarization evoked in AFD as
a function of holding potential, example recording. D. Evoked potential as a function of
holding potential, pooled data.
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Membrane potential varied log-linearly with light intensity (Figure 2.3B, n=7).

A variety of resting potentials, ranging from -30 mV to -70 mV, have been de-
scribed for non-spiking cells with graded synapses (reviewed in (Siegler, 1984)). Typ-
ically, these cells tend to be more depolarized than spiking neurons. It is important to
take this into account, since the value of resting potential that we attempt to mimic
with our holding potential will affect our transfer function, as the membrane may have
different regimes of behavior varying with potential. In the absence of true estimates
of resting potential, we attempted to assess the effect of holding potential by injecting
current to clamp AFD at different voltage values and assessing the evoked depolar-
ization. We clamped the cell from +40 mV to -100 mV and measured the response
to a fixed light pulse at each step. We note that the light evoked depolarization in
AFD varies as a function of holding potential (Figure 2.3C shows an example set of
traces from one neuron, the V-V curve in Figure 2.3D shows the variation of evoked
potential with holding potential, 7 trials from 6 neurons), and over the range of -30
to -70 mV, the evoked depolarization is in the range of 20-40 mV. This is comparable
to the depolarization we evoke in our experiments with a holding potential of ~-65

mV.

2.3.2 Depolarization of AIY by presynaptic, light-evoked de-
polarization

Having established a calibration of our presynaptic light-evoked depolarization, we

next stimulated AFD with light and recorded from AIY. Upon brief (20 ms, 348.5
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Figure 2.4: Synaptic Response in AIY is tonic. A 20 ms pulse of blue light is
sufficient to evoke synaptic response in AIY in A. Voltage clamp and B. Current clamp.
Controls show no response. Response of ALY is tonic (20, 100, 1000 ms light pulses) both
in C. Voltage clamp and D. Current clamp. 5-trial averages of individual neurons in gray,
average of all cells in black. E. AIY responses to long pulses of light. Four trials of AIY
response to 20 s blue light. FEach trial is preceded by a small hyperpolarizing pulse to
measure input resistance. F. Example traces of ATY response to 10 s of blue light (left, two
trials), 10 s of 100 fA current injection (middle) and 10 s of no stimulus (right). In all cases
the neurons were held ~ -65 mV.
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uW/mm2) light stimulation, we recorded postsynaptic currents and potentials (pscs
and psps) of 0.5 pA and 3-5 mV respectively (Figure 2.4A and B). The profiles of
these synaptic responses were reminiscent of classical, spike-mediated (Fatt & Katz,
1951) or epsp-mediated (Burrows, 1979) pscs and psps recorded in other systems.
Controls with worms fed no ATR (n=2) or with presynaptic stimulation with red
light (n=8) showed no evoked responses (Figure 2.4, middle and bottom traces).
Because each AFD neuron (L and R) contacts both AIY neurons (8-12 points of
synaptic contact (Chen et al., 2006), the current and voltage recorded in one AIY
neuron must have always been responses to the aggregate synaptic input from two
AFD neurons. The peak synaptic currents were small (mean -0.69 pA, median -0.60
pA, iqr 0.37 pA, n=28). This is consistent with the small depolarizations (mean 2.1
mV, median 2.3 m, iqr .82 mV, n= 17) we recorded in current-clamp (AIY mean input
resistance 5.9 G{2, median 5.47 G, iqr 1.25 GQ2, n=38). Other than the possibility
that the weight of this synapse is intrinsically low, such small size may result from
some other considerations. The first possibility is that much of the synaptic current
was shunted away from the recording site, the cell body, by the interposed neurite.
This view is consistent with Ca?" imaging results in which no significant changes in
Ca?* signal could be observed at the cell body of AIY. Instead, measurements were
made at a point along the neurite where it bends into the nerve ring (Chalasani et al.,
2007, Clark et al., 2006). The second possibility is that voltage-clamp was imperfect,
leading to unclamped outward conductances evoked by the psp’s depolarization. To

test this hypothesis, we substituted Cs™ for KT in our pipette (n=8; see Section 3.2).
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In half of the recordings, this abolished the synaptic response; in the other half, there
was no decrease in the evoked current. This result is perplexing, and there could be
several factors at work here. It is possible that the synapses were ruptured in some of
our recordings. However, since we visually ensure the integrity of the neurite before
commencing recording, this is unlikely, and certainly unusual if it were to be the case
in half of our recordings. Alternatively, while the profile of voltage-activated currents
were similar in neurons with and without synaptic responses, indicating that Cs* was
effective in the soma, it could be that in some recordings, Cs™ was not adequately
delivered to the synaptic site. Overall, we cannot conclude substantively whether Cs™
affected the synaptic response.

As a point of comparison, we analyzed spontaneous events occurring in AFD
(see Figure 2.1C baseline for examples, also Figure 2.5C). The frequency of very
similar events (Figure 2.5A-B, rightmost four panels) in another amphid cell ASER
was dramatically reduced in an wunc-13 background (Figure 2.5B; wild type (wt),
740 events from 4 neurons; s69 (an allele of unc-13), 357 events from 3 neurons).
A mutation in unc-13, a syntaxin binding protein, reduces synaptic transmission
dramatically, and the fact that the spontaneous events were reduced in unc-13 animals
suggests that these events were synaptic in origin. The frequency of such events in
AFD itself was not reduced in an unc-18 background (Figure 2.5A; wt, 731 events
from 7 neurons; s69, 521 events from 3 neurons). In AFD, the spontaneous events
were around 2 mV in amplitude (mean 2.3 mV, median 2 mV, iqr 1.5 mV) with low

rise times (mean 5.6 ms, median 5.1 ms, iqr 4.4 ms) and slow decay times (mean 18.3
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Figure 2.5: Spontaneous events in AFD and ASER. A. Analysis of spontaneous
events in AFD. Histograms for wild type (wt), top row,and unc-13(s69), bottom row. B.
Spontaneous events in ASER. Histograms, top row -wt, bottom - unc-13(s69). C. Example
traces of spontaneous events in AFD (top left) and ASER (top right) and AIY (bottom).
The AFD examples are replotted on the same scale as the AIY traces for ease of comparison.
Scale bar, top: 1 mV, 10 ms. Scale bar, bottom: 1 mV, 200 ms. D. Scatter plots of rise
and decay times for AFD 500 ms depolarization (+), AFD spontaneous events (.), and AIY
synaptic response to 500 ms pulse (*).
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ms, median 17 ms, iqr 18.8 ms; Figure 2.5A). It could be that in AFD, the events

are non-synaptic in origin, although their kinetics are remarkably similar to those in
ASER (see Figure 2.5A-C).

The rise and decay times for the AIY synaptic response differed from those of the
events in AFD by more than an order of magnitude. In response to a 20 ms blue
light pulse, the mean 10-90% rise time was 131.6 ms, with median 104 ms and iqr
166.6 ms (n=9) and decay was 659.3 ms mean (median 638.0 ms, iqr 339.8 ms, n=9).
For a light pulse of 500 ms, the rise times were longer (mean 310 ms, median 304
ms, iqr 43.2 ms; n=6) although decay times were shorter (mean 384.2 ms, median
363.2 ms, iqr 160.4 ms; n=6). Since the overall depolarization resulting from a 500
ms pulse is larger, it could be that the membrane voltage takes longer to peak; the
recruitment of voltage dependent conductances could shorten the decay times. In
total, these data suggest that the mechanisms underlying the AIY response are very
different from those underlying the events in AFD and ASER.

The excitatory synaptic potentials (epsps) that we measured from AFD to AIY
must be multivesicular, since, as mentioned earlier, we measure aggregate synaptic
activity onto AIY from AFD. This usually implies larger epsps and a wide range of
decay times (if release is asynchronous). However, if the event underlying release is
a quick depolarization (say the rising phase of the presynaptic depolarization event)
then release need not be asynchronous. We see a wide distribution of decay times,
consistent with asynchronous release, albeit a fairly narrow range of sizes (Figure

2.5D).
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2.3.3 Release at the AFD-ALIY synapse is tonic

We stimulated AFD with light pulses of varying duration. Figure 2.4 C-D show
evoked currents and potentials in AIY for three different pulse durations: 20 ms,
100 ms, and 1 s. Longer pulses (10 s; Figure 2.4F, leftmost two traces) and up to
20 s (Figure 2.4E) indicated a sustained component to the response lasting as long
as the presynaptic depolarization. In addition, the membrane of AIY displayed rich
dynamics: we observed both depolarizing and repolarizing transients ranging in size
from 5-25 mV. These transients were observable in the presence of blue light, with a

100 fA current injection, and while holding the neuron close to presumed rest (Figure

2.4F).

2.3.4 Release at the AFD-ATIY synapse is graded

We varied the intensity of our light stimulation over five orders of magnitude and
measured the AIY synaptic response. We found that release at the AFD-AIY synapse
is graded over the range sampled. Figure 2.6A shows an example recording from ATY.
Each trace is a ten-trial average of membrane voltage in response to a 500 ms light
pulse of varying light intensity. Membrane potential varied log-linearly with light
intensity (Figure 2.6B, top; n=4). Having performed similar recordings from AFD
(see Figure2.3), we could extract an estimate of the synaptic transfer function between
AFD and ATY. This function is plotted in Figure 2.6B (bottom), with linear regression
fit (regression coefficient=0.056, R2 = 0.69). This suggests an apparent gain of less

than 0.1 mV of postsynaptic response for each mV of presynaptic depolarization
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Figure 2.6: ALY synaptic response is graded and reverses between -20 mV and 0
mV. A. Depolarization evoked in ATY in response to 5 orders of magnitude variation in light
intensity, 10-trial averages from example neuron. B. Top: Average evoked depolarization in
ALY as a function of normalized light intensity (gray bars SD, black bars SEM). Bottom:
Transfer function of the AFD-AIY synapse. Average evoked depolarization in AIY as a
function of average evoked depolarization in AFD. (gray bars SD, R2 = 0.69). C. Reversing
the ATY synaptic potential. Example recording, with ATY held at different potentials. D.
Evoked synaptic depolarization as a function of holding potential, pooled data.
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within the range explored.

2.3.5 The synaptic potential reverses between -20 and 0 mV

If the synapse between AFD and AIY is chemical, it must have an associated ionic
conductance and thus, reversal potential. To assess the value of this putative rever-
sal potential, we imposed a presynaptic light-evoked depolarization while AIY was
held at holding potentials between -100 and +40 mV (Figure 2.6C; 7 trials from 4
neurons). The synaptic potential appears to reverse between -20 mV and 0 mV (Fig-
ure 2.6D). The synaptic depolarization becomes more pronounced at hyperpolarized
potentials, although the amplitude variation was less dramatic. At more depolarized
holding potentials, the membrane response became noisier. This is probably due to
the opening of other voltage-activated conductances, which might explain the greater
variability in evoked response size.

We attempted the same experiment in voltage clamp; however due to the small
size of evoked currents it was difficult to resolve changes with holding potential. Data

from those experiments are presented and discussed in Chapter 3.1.

2.3.6 No evidence of facilitation or depression at the AFD-
ATY synapse: frequency independent

We stimulated the synapse with trains of pulses ranging in width and intervals from
20 ms to 1 s. We observed no significant change in the size of the synaptic response.

Figure 2.7A shows an example trial each for AFD and AIY stimulated at 500 ms
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Figure 2.7: AFD and AIY response to different pulse stimulation protocols: no
evidence for facilitation and depression. A. Example traces of AFD (left) and AIY
(right) responses to light pulse trains (2s). Inset: entire sequence of pulses. [pulse width,
interval] values: [100ms, 500ms]. B. More examples. AFD [pulse width, interval] values:
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ms, 20 ms]|, right [1000ms, 500 ms|. C. Frequency dependence of the ratio of the size of the
first pulse to subsequent pulses in the train. Top, Variation in slope with pulse width and
interval in AFD; Bottom, in ATY. Bars +SEM.
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intervals with a pulse of length 100 ms. Figure 2.7B shows more examples. We
calculated the ratio of the amplitude of the first evoked response to the average of
the succeeding responses and compared these across different interpulse intensities;
we found no clear trend. We also computed a similar metric: ratio of the slope of the
rising phase of the first pulse to the average of the succeeding ones; here, we found
a decreasing trend that was mirrored both pre and post-synaptically (Figure 2.7C).
We conclude that there is no frequency dependence in the evoked potential, and no

obvious facilitation or depression, at least within this range.

2.4 Discussion

Previous ablation and imaging studies show that the neuron AFD responds to warm-
ing (Kimura et al., 2004) and that it senses temperature at the distal end of its den-
drite (Chung et al., 2006). Our stimulation of this synapse substitutes light-mediated
ChR2 activity for temperature and, indeed, is the first study to do so. How relevant
are our stimulation levels to those that AFD experiences in vivo? Electrophysiolog-
ical data (Ramot et al., 2008) indicate that AFD responds to changes in ambient
temperature with inward currents of ~10 pA and depolarizations of ~40 mV when
T>T.u:. These values are comparable to our ChR2 mediated currents and voltages
in AFD. With stimulation in this range, the present study shows that the AFD-ATY
synapse is graded and tonic, with a faithful rendering of AT’ from AFD to AIY.
The first graded central synapses to be characterized were in the metathoracic gan-

glion of the locust, between nonspiking local interneurons and motorneurons (Burrows
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& Siegler, 1976, 1978); release at these synapses is tonic, and is generally hyperpo-
larizing. Central graded and tonic synapses have been described in other arthropod
systems as well, such as in the insect retina (Juusola et al., 1996) and the crustacean
stomatogastric ganglion (Graubard, 1978).

The characteristic feature of a graded synapse is that release is sustained and has
low threshold. The input output curve for a spiking synapse is shifted to the right
relative to that for a graded synapse (and requires abolishing spikes using TTX to
reveal it). At a spiking synapse release is not a continuous function of membrane
voltage - an action potential is required to trigger release. However, a lack of action
potentials is not necessary for a neuron to possess a graded synapse. A spiking neuron
can have both spike dependent and independent synapses - for example the L neuron
in the locust ocellar visual system (Simmons, 1982) and spiking motor neurons in the
stomatogastric ganglion of the lobster (Graubard et al., 1980).

In vertebrate graded synapses such as those in the retina and the cochlea, sustained
release is typically correlated with the presence of organelles called ribbons (Sterling &
Matthews, 2005), and fast replenishment of a large pool of vesicles (Griesinger et al.,
2005). Spiking neurons do not appear to possess ribbons, yet fast reloading from
a large releasable pool can sustain tonic release (Saviane & Silver, 2006). Central
nonspiking synapses in the locust also do not posses ribbons (Watson & Burrows,
1988). Release at the AFD-ATY synaptic was frequency independent, showed no
sign of short-term facilitation and depression in the range explored, and could be

sustained for as long as 20 seconds (Figure 2.4E-F). Electron microscope data (White
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et al., 1986) do not show evidence of the existence of ribbon synapses in C. elegans,
but do indicate that there are multiple release sites between AFD and AIY (Chen
et al., 2006). Multiple release sites might be a partial explanation; in addition, the
sustained release could imply the existence of large presynaptic vesicle reserves or fast
replenishment mechanisms.

The identity of the neurotransmitter at the AFD-ATY synapse is unknown. AFD
is known to produce several neuropeptides (Colosimo et al., 2004), and thermotaxis
is known to have a glutamate- mediated component: worms carrying a mutation in
the vesicular glutamate transporter eat-4 show a weakened cryophilic response above
T.ut (Clark et al., 2007). AIY expresses a putative metabotropic glutamate receptor
(Wenick & Hobert, 2004); and RIA, an interneuron downstream of AIY, exclusively
expresses the glr-3 encoded kainate receptor (Brockie et al., 2001). There has also
been speculation on the sign of the signal transmitted from AFD to AIY (Chung
et al., 2006, Mori & Ohshima, 1995). Our experiments establish that the transfer
between AFD and ALY is excitatory, with an apparent reversal potential between
-20 mV and 0 mV, consistent with a mixed cationic conductance. A characterization
of the neurotransmitter(s) and receptor(s) mediating the response will have to await
detailed pharmacological tests.

Do our results exclude the possibility that there exists an electrical synapse be-
tween AFD and AIY? Existing electron microscope data provide evidence for chemical
synapses and not gap junctions between AFD and AIY, although the latter could well

still exist and have been missed. The fact that the AIY response depends on holding
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potential implies that it is, at least in part, a conductance mediated synapse.
Transmitter release at graded synapses is usually not only sustained, but also
activated at low presynaptic voltages. Consequently, depolarization as well as hyper-
polarization of the presynaptic neuron can cause modulations of transmitter release
and thus, postsynaptic responses (Burrows & Siegler, 1976). Previous work suggests
that AFD is capable of resetting its membrane voltage based on temperature changes
in either direction (Ramot et al., 2008). Whether this modulates neurotransmitter
release in vivo depends on the overlap between the normal dynamic range of the
presynaptic voltage and that of release at the synapse. If AFD spends significant
amounts of time in the voltage range where release occurs, then AIY would experi-
ence variations of potentials in both polarities following AFDs voltage fluctuations.
In C. elegans, we do not yet know the true resting potential and range of voltage
variations of AFD in vivo. Our estimates of true pre- and postsynaptic membrane
potentials were also likely inaccurate, for our recordings were always made from the
soma, electrotonically distant from the presumed sites of release. Multiple research
groups have been unable to record significant Ca?* transients at the AIY cell body,
monitoring instead a spot further along the neurite where stimulus-evoked changes in
Ca?* can be measured (Chalasani et al., 2007, Clark et al., 2006). This observation,
along with the small size of our evoked current and filtered shape of our recorded
potential suggests that the electrical signal may be shunted away from the cell body
by the neurite. The fact that we were unable to completely reverse the synaptic

potential in AIY even though we subjected the neuron to a wide range of holding
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potentials, lends credence to this hypothesis. Of course, there are a number of other
possible reasons for incomplete reversal: first, we could be activating large outward
conductances by clamping the cell at large positive values of membrane potentials.
Similar experiments in voltage clamp show a variety of inward and outward currents
that activate at depolarized values (data not shown). Second, the response at AIY
could be due to a highly rectifying channel. Strongly rectifying synapses exist; for
example, the graded synapse between rod-horizontal cells in tiger salamander retina
clips the signal above a certain amplitude (Attwell et al., 1987). Third, we could
be inadequately clamping the synapse due to improper space clamp, in which case
our clamp voltage would have limited effect. Much thus remains to be done to fully
understand transfer at this synapse.

Sustained release can last for several minutes - at least 5 minutes between lo-
cust ocellar L neurons and third order neurons (Simmons, 1981), or, in cases where
the resting membrane potential is depolarized above neurotransmitter release thresh-
old, possibly indefinitely: for example, the locust L neurons (Simmons, 1981), and
non spiking neurons in locust thoracic ganglia (Burrows & Siegler, 1978). Other
graded synapses such as the EX1-GM synapse in the lobsters stomatogastric gan-
glion (Graubard, 1978) show evidence of multicomponent (early peak followed by
lower plateau) postsynaptic responses, which might involve presynaptic conductance
changes and/or postsynaptic desensitization. We observed no such multicomponent
responses at the AFD-ATY synapse. We observed, however, declining postsynaptic re-

sponses with long (>=10s) light-induced presynaptic depolarization, consistent with
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desensitization.

We could characterize transfer at the AFD-AIY synapse only in its linear range;
technical and biophysical constraints prevented us from measuring threshold and
saturation. As in other synapses (lobster stomatogastric ganglion (Graubard, 1978),
lamprey (Martin & Ringham, 1975) and the squid (Kusano, 1968)) this range of
the input-output curve allowed us to estimate its peak (apparent) gain: gain at the
AFD-AIY synapse was low (around 0.1). Gain factors of <1 are not uncommon: at
locust nonspiking synapses, such as that between the ocellar L neuron and a 3rd order
neuron, transfer gain is 0.5 (Simmons, 1981), or 1 (Simmons, 1993). This low gain
seems consistent with the fact that the L neuron integrates information from multiple
sources (Simmons, 1999). High-gain synapses imply high sensitivity and high signal-
to-noise ratio; they must, however, be paired with some form of adaptation so as
to maintain a large operating range. Synapses from photoreceptors typically fall
into this category: for example, the blowfly photoreceptor synapses have a gain of
6 (Laughlin et al., 1987), while locust ocellar synapses have a gain of 20 (Simmons,
1995). Compressing a highly dynamical signal into a smaller range would ensure
that ALY, receiving input from multiple channels, is not saturated by any one input
stream.

At spiking synapses, presynaptic Ca?tentry is maximum during the tail current
(during the repolarizing phase of the spike), where the driving force on Ca?" is great-
est (Llinas et al., 1981). If the presynaptic depolarization in AFD was faster and

transient, the tail current would be larger, and the gain of the synapse could be
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higher. In general, non spiking synapses tend to be slower, and presynaptic Ca cur-
rents typically tend to be carried by L type Ca?" channels at graded synapses, as
opposed to P- and N-type channels at spiking synapses (Juusola et al., 1996). Such
channels exist in the C. elegans genome, and at least one of them, egl-19, is expressed
in AFD (Erich Schwarz, personal communication).

What do our results imply for the functional and computational role of this
synapse? The fact that the AIY response is tonic, shows no adaptation and is fre-
quency independent over the range of inputs explored would suggest that the role of
this synapse is to provide AIY with a faithful scaled- down version of temperature
changes tracked by AFD. The low gain at this synapse is also consistent with the
presumed integrative role AIY plays as it processes multiple streams of sensory infor-
mation. In our results, AIY responses are graded, but the range is fairly compressed.
This implies that AIY may not make the most of the analog information encoded
in the amplitude of the synaptic input from AFD. In principle, graded synapses can
encode information using both timing and amplitude variables. Amplitude coding
is used to limited effect in some cases, however. One such example is the synapse
between nonspiking neurons 151 and mechanosensory P neurons in the leech (Marin-
Burgin & Szczupak, 2000) where the maximum amplitude of the synaptic potential
is similar over the range of behaviorally relevant input frequencies, and the informa-
tion appears to be coded primarily using the duration of the depolarization and the
time to reach the maximum amplitude. Nonspiking local interneurons in the locust

implement an adaptive gain control mechanism through the matching of synaptic and
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membrane nonlinearities (Laurent, 1993). This gain control has the effect of lineariz-
ing polysynaptic pathways, and presenting information to downstream neurons in a
context-independent way. Such mechanisms, if employed at the AFD- AIY synapse,
would allow it to isolate and process thermosensory information in a separate channel,
ensuring a reliable and accurate representation of the thermal environment.

ChR2 has been used as a tool to study synaptic transfer at the C. elegans neu-
romuscular junction (Liewald et al., 2008, Liu et al., 2009). Our study is the first
characterization of a central synapse in C. elegans using this method. Taken together,
these studies establish the use of ChR2 as an effective tool in the analysis of the neural
circuitry of the worm.

Our ChR2-mediated presynaptic stimulus (ranging from 20-40 mV at the soma)
evoked, at most, a response of 2-4 mV in AIY. In the absence of obvious integration
of AFD input over time, does this represent an upper bound on the input that AIY
receives from AFD? It is not known if depolarizing psps from AFD to AIY alone are
adequate to trigger thermotaxis. We sometimes observed large depolarizing transients
(20-30 mV in amplitude) at the ATY soma (see Figure 2.4E-F). This observation raises
several interesting questions regarding the processing further downstream, such as
what causes ALY to release neurotransmitter in turn, how it integrates information
from AFD with signals coming in from other chemosensory neurons, and whether it
needs conjunctive input from other neurons or long range neuromodulatory influences
to be activated.

The present study employs remote optical stimulation of a targeted central synapse
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in C. elegans and shows that the transfer at the AFD-AIY synapse is excitatory,
graded, tonic, and reliable over tens of seconds. This synapse appears to be well
suited to transmitting temperature difference information encoded in AFD to ALY,
showing a response that is time- and frequency- invariant; the low (<0.1) gain may
facilitate processing in AIY by rescaling its input to stay within its dynamic range.
The use of optical stimulation techniques in combination with physiology can serve
as a powerful tool in our efforts to understand how this compact nervous system

processes information to shape a worm’s response to its environment.
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Chapter 3

Further characterization of
synaptic and native currents in

AFD, ATY and ASER

In the previous chapter, we characterized the first synapse in the thermosensory
pathway in C. elegans. The synapse was graded and tonic with low gain. The evoked
currents and potentials were small ( <0.5 pA and ~2-4 mV). In this chapter, we
describe additional features of the synaptic response, and provide a preliminary char-
acterization of the native voltage-dependent currents exhibited in ATY. In addition,

we document the spontaneous psps we recorded from a variety of neurons.

3.1 Reversal of the AFD-mediated synaptic cur-

rent in AIY

We previously characterized the synaptic potential evoked in AIY in response to stim-
ulating the presynaptic neuron AFD with blue light (see Figure 2.6C). Additionally,

we attempted to reverse the synaptic current (Figure 3.1A). We explored a wide range
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Figure 3.1: Reversing the AFD-mediated synaptic current in ATY. A. Synaptic
current evoked in AIY in response to a 500 ms pulse of blue light while holding the neuron
at potentials ranging from +55 mV to -115 mV. B. A closer look at the small but distinct
currents evoked at potentials ranging from -5 mV to -105 mV
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of holding potentials. As the potential became more depolarized, the synaptic current
grew smaller in size (Figure 3.1B). As the membrane was depolarized beyond zero,
other voltage activated currents came into play (described in more detail in Section
3.3), and it was difficult to isolate the synaptic current. On average, the evoked
synaptic current was very small, on the order of 0.5 pA, and it is not surprising that
it is masked by other larger voltage activated currents. An estimate of the reversal
potential can be obtained from the I-V curve (Figure 3.2). The current appears to
reverse in the neighborhood of -20 mV to 0 mV, which is consisted with a mixed-
cationic current. The data are also in agreement with current clamp data estimating

the reversal of the synaptic potential in the same neighborhood (see Figure 2.6D).

3.2 Effect of Cs™ on the AFD-mediated synaptic

current

As noted earlier, our observed synaptic responses were distinct, yet small. There
could be a variety of reasons for this, as discussed in the preceding chapter (see
Section 2.3.2 and Section 2.4 ). In order to eliminate unclamped or unrelated out-
ward conductances, we substituted Cs* for K* in our pipette (n=8, Figure 3.3A). In
half of the recordings, this abolished the synaptic response; in the other half, there
was no decrease in the evoked current (Figure 3.3B). As discussed in the preced-
ing chapter, there are at least two possible explanations. One, rupture of synapses

is possible, although unlikely, since we visually ensure the integrity of the neurite
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Figure 3.2: Effect of holding potential on the AFD-mediated synaptic current
in ATY. Evoked synaptic current, Ly, as a function of holding potential, V4. I-V curves
for two neurons. The synaptic current appears to reverse in the range of -20 mV to 0 mV
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before commencing recording. Alternatively, it is possible that in some recordings,
Cs™ was not adequately delivered to the synaptic site, although the similar profile of
voltage-activated currents in neurons with and without synaptic responses (described
further in the following section) indicate that Cs™ was effective in the soma in both
cases. Overall, we cannot conclude substantively whether Cs™ affected the synaptic

response.

3.3 Native voltage activated currents in AIY

The membrane of ATY displayed rich dynamics, showing transients varying in size
from a few to tens of millivolts which both depolarized and repolarized the neuron
(see Figure 2.4 for examples). We investigated the native voltage-dependent currents
exhibited in ATY, by systematically clamping the ATY membrane at different holding
potentials and measuring evoked currents (Figure 3.4).

Qualitatively, it would appear that there is at least one inward current and two
outward currents activated by depolarization. The inward current is especially promi-
nent at +115 mV, within the first 200 ms of the voltage pulse (also observable by
the dip in the I-V curve at +115 mV for 4 out of 5 neurons, Figure 3.4B). The peak
evoked current varied four-fold across five cells (Figure 3.4B) as did the steady state
current (Figure 3.4C).

We substituted Cs* for KT in our pipette, to block voltage gated K™ channels.
As mentioned earlier, the synaptic response was abolished in about half the neurons

undergoing this substitution. Figure 3.5A shows example traces in voltage clamp
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Figure 3.3: No observable effect of Cs' on synaptic current. A. Evoked current in
ATY in response to 20 ms (top), 100 ms (middle) and 1 s (bottom) blue light stimulation,
with Cs™ substituting for KT in the pipette. Gray, 10-trial averages of individual cells,
red, average evoked current over all cells. B. No noticeable difference in response with Cs™
(in red) compared to recordings made with K internal (in black, reproduced from Figure
2.4C).
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Figure 3.4: Native currents in the ATY membrane A. Response of ATY membrane
to 1 second long voltage steps from a holding potential of -60 mV up to +115mV and
down to -115 mV. Current responses to each step shown for two cells (top and bottom).
B. Individual I-V curves plotted for evoked current within the first 50-150ms of the voltage
step and C. the last 100 ms of the voltage step for 5 neurons.
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Figure 3.5: Effect of substituting Cs* for K™ on the IV curve A. Response of ATY
membrane to 1 second long voltage steps from a holding potential of -60 mV up to +115mV
and down to -115 mV. Current responses to each step shown for a neuron exhibiting no
synaptic response (top) and a neuron exhibiting synaptic response (bottom). B. Individual
I-V curves plotted for evoked current within the first 50-150ms of the voltage step and

C. the last 100 ms of the voltage step for 5 neurons exhibiting synaptic responses in the
presence of Cs™ internal.
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from a neuron exhibiting no synaptic response (top) and a neuron exhibiting synap-
tic response (bottom) in response to a series of voltage steps. Figure 3.5B shows
evoked current in the first 50-150 ms of the voltage step, versus voltage for 5 neurons
exhibiting a synaptic response in the presence of Cs™ internal. Figure 3.5C shows the
evoked current in the last 100 ms of the voltage step for the same 5 neurons. In both
cases, the range of the evoked current was reduced by a quarter compared to the K™
case in Figure 3.4, indicating that a substantial fraction of the outward current is
carried by K*.

In all cases, current responses were P/N subtracted to remove leak and capacitive

currents.

3.4 Spontaneous events in AFD, AIY and ASER

We also assessed the effect of current injections of varying magnitude on the mem-
brane of different cells - AFD, ASER, and AIY. Figure 3.6 shows one example of the
membrane of ASER to current injections of varying amplitude. As the membrane was
more depolarized, voltage activated non-linearities were exhibited by the membrane,
and the sharp individual psps seen at more hyperpolarized membrane potential val-
ues gradually reduced in number. There are at least two possible explanations. It
is possible that these events represent the opening and closing of single ion channels
which are activated by hyperpolarizing membrane potentials. In that case, as the
membrane is depolarized, the frequency of such events goes down. Another possi-

bility is that these events are synaptic potentials. Hyperpolarizing the membrane
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Figure 3.6: Spontaneous events in ASER The ASER membrane exhibits a range of
voltage dependent behavior in response to current injections ranging from +5 pA to -5 pA
from holding current (the current needed to keep the cell at -74 mV.) The presence of small
psp-like events is notable.

Figure 3.7: Spontaneous events in AFD
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Figure 3.8: Spontaneous events in AIY in response to current injections ranging from
+5 pA to -5 pA from holding current

reduces other voltage-activated currents, revealing these events. As the membrane is
depolarized, the synaptic potentials should start to reverse. We cannot discern clear
reversals. One possible explanation could be the fact that at depolarizing potentials
other voltage gated currents are activated, making it challenging to isolate individual
synaptic events. To test if these events are synaptic in origin, we recorded from the
same neurons in an unc-13 (s69) mutant background. Unc-13 is a syntaxin-binding
protein and unc-13 mutants have significantly reduced synaptic transmission (Rich-
mond et al., 1999). We found significant reduction in frequency of such events (see
Figure 2.5) in ASER. We conclude that at least a fraction of these psp-like events are
synaptic in origin.

Such events were seen in AFD as well (see Figure 3.7) , and the AFD membrane

exhibited sharp active charging curves at more depolarized membrane. The same
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held true for ATY (Figure 3.8). In addition, AIY appeared to exhibit a wider range

of sizes and kinetics for the evoked psps, suggesting a greater diversity of sources of

synaptic input.

3.5 Discussion

The synaptic current evoked in AIY through light-evoked depolarization of AFD was
small and appeared to reverse in the range of -20 mV to 0 mV; this is consistent
with a current carried by a mixed-cationic conductance. The synaptic current was
either abolished or unchanged when Cs™ was substituted for K* in the patch pipette,
leaving the effect of Cs™ upon the synaptic current unresolved. However, voltage
dependent outward currents in AIY were reduced fourfold when Cs™ was substituted
for KT, indicating that a large fraction of the voltage activated outward current
appears to be K mediated. The membrane of AFD, AIY and ASER all exhibit a
variety of voltage dependent potentials, and a high incidence of psp like events, at
least a fraction of which are synaptic in origin. We conclude that the membrane of
these neurons in C. elegans exhibit rich dynamics that help shape their response to

input.
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Chapter 4

Transfer at a chemosensory
synapse in C. elegans

The worm is known to navigate towards certain cues and away from others; this
behavior presumably allows it to find food and mates. Sensory information from
the external environment is transduced through a set of sensory neurons, processed
through layers of interneurons, and finally affect the behavior of the worm by directing
movement toward or away from the stimulus. In Chapter 2 we described one form
of sensory response exhibited by the worm, thermotaxis; in this chapter we discuss

another: the ability to navigate chemical gradients, chemotaxis.

4.1 The circuit for chemotaxis and the ASER-ATY
synapse

Chemical sensation is an important mechanism by which C. elegans explores and
navigates its environment. Worms can chemotax towards peak of gradients of ions

and molecules such as Na®, and K™, cAmp and lyseine (Ward, 1973). This ability
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allows the worm to position itself in a more favorable environment, and represents
the culmination of a sequence of neural transformations to motor output, starting
with the representation of the chemical environment in the sensory neuron layer.
There are 11 classes of chemosensory neurons in C. elegans. Laser ablation stud-
ies have shown that their tuning curves overlap redundantly to a variety of small
molecules both organic and inorganic (Bargmann & Horvitz, 1991). The class ASE
belongs to this group, and ablation of these neurons reduced the animals ability to
chemotax towards salts to a much higher degree than ablations of other neurons.
Studies have shown that the anatomically homologous pair ASER and ASEL
exhibit striking asymmetries in gene expression (Yu et al., 1997)and ion sensitivities
(Pierce-Shimomura et al., 2001). ASEL is primarily sensitive to sodium, while ASER
to potassium and chloride ions. Focal laser ablations of ASER disrupts chloride
chemotaxis, while ablating ASEL reduces sodium chemotaxis. Additionally, calcium
imaging experiments show that ASEL is an ON-cell: increases in sodium chloride
concentrations stimulate it; while ASER, stimulated by decreases in sodium chloride
concentrations, is an OFF-cell (Suzuki et al., 2008). This difference in sensitivities has
an expected effect on behavior: Activation of ASEL promotes runs (bouts of forward
locomotion) while activation of ASER promotes turns (implying direction changes).
It appears, therefore, that these neurons compute a time derivative of concentra-
tion changes, which is then processed by downstream interneurons, and ultimately
signals the motor command interneurons to directs movement towards or away from

the stimulus.
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ASER has several post-synaptic partners, the most prominent of which are the
interneurons AIB and AIY (as described in (Chen et al., 2006), from electron mi-
croscope data in (White et al., 1986)). Genetic ablation of ATY reduces the reversal
frequency upon exposure to cAMP (sensed through ASE), which suggests that ATY
is involved in mediating the response to input transduced through ASE (Tsalik &
Hobert, 2003). We began our attempt to track the flow of chemosensory information
originating from a single neuron, ASER, by focusing on the synapse between ASER
and AIY. In this, we were aided by the fact that cell-specific promoters for both
ASER and ATY exist (gcy-5 and ttz-8 respectively). Our methods were similar to
those described in Chapter 2. We stimulated ASER by the selective expression of
channelrhodopsin-2 in that cell, visualized ASER and AIY by the selective expression
of gfp, and recorded currents and potentials in ASER and AIY using whole-cell patch

clamp.

4.2 Results

4.2.1 Activation of ASER using ChR2

We depolarized ASER remotely and selectively by expressing chR2 under the gcy-5
promoter, which is exclusively expressed in ASER (Yu et al., 1997). Worms were fed
the necessary co-factor all-trans retinal (ATR). To ensure that ASER was depolarized
by our remote light stimulation, we first patched onto ASER and recorded light-

evoked whole-cell currents and voltage changes. With blue light, we were able to
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Figure 4.1: Activating ASER using ChR2.Voltage clamp recordings from ASER. A
500 ms pulse of blue light, and not red, causes inward current in ASER expressing functional
chR2. All-trans retinal is required. 10 trials from a single neuron in gray, average in black.
Vioia = -65 mV. D. Current Clamp recordings from AFD in situations identical to (C).
Viod = ~-70 mV
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Figure 4.2: ATY voltage response to ASER stimulation A. Current clamp recordings
from AIY in response to a 1 second long pulse of blue light. 5 example trials from one
neuron, top (black), overlay of 10 trials from same neuron (gray) with average (black),
bottom. Vgoq = ~-70 mV. B. Current clamp recordings from AIY in response to red light,
5 individual trials, top, 7 trials (gray) overlaid with average (black), bottom. Vg = ~
-65 mV.

evoke currents up to 10 pA and depolarizations up to 40 mV (Figure 4.1A). Control
experiments with red light or using worms fed no ATR showed no response (Figure

4.1B). The response was reliable and reversible.

4.2.2 Response in AIY to ASER activation

Having ensured that our light stimulation does indeed depolarize ASER, we next
recorded responses from AIY to blue light stimulation. With 1 s pulses of blue light,
we occasionally saw a small depolarization in AIY. Figure 4.2A shows example traces

from one neuron in which we saw a slight response. Figure 4.2B shows the response
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Figure 4.3: AIY current response to ASER stimulation. A. Voltage clamp record-
ings from ALY in response to a 200 ms long pulse of blue light. 5 example trials from one
neuron, top (black), overlay of 20 trials from same neuron, bottom (gray), average of 20
trials, bottom (black). Vg = -65 mV. B. Voltage clamp recordings from AIY in response
to red light, 5 individual trials, top, 5 trials (gray) overlaid with average (black), bottom.
Vioig = -65 mV.
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Figure 4.4: ATY response to ASER stimulation is not consistent. Voltage clamp
recordings from AIY in response to 200 ms pulse of blue light. 20-trial averages from 3
different cells. Vgoq = -65 mV.

of the same neuron to red light pulses, which produce no depolarization. We repeated
the experiment in voltage clamp with 200 ms light pulses, to similar effect (Figure
4.3). A small current of < 0.1 pA was occasionally observed. This response was
very variable, however, and in most of our recordings, we were not able to identify it
clearly. Figure 4.4 shows the average current evoked by a 200 ms blue light pulse in
three different cells, with the time courses and amplitudes of evoked current varying

widely. Most of our recordings showed no response.

4.3 Discussion

The ASER-AIY synapse is a prominent one: both behaviorally, given its role in the
chemotaxis circuit, and structurally, given the large number of points of synaptic
contact (determined by electron microscope studies by White et al. (1986)) between

ASER and ATY. It is therefore puzzling that the recorded physiological response in
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ATY to ASER stimulation should be so small, and in most cases, absent. There could
be several reasons for this. First, we must consider whether a 30-40 mV depolarization
in ASER from -65 mV (presumed resting potential of the cell) is adequate to trigger
neurotransmitter release. This might not be the case: ASER might have a different
resting potential (higher or lower than -65 mV) in which case the evoked depolariza-
tion could be significantly different; the evoked depolarization, which is limited by the
expression and conductance of the chR2 channel, might not be sufficient to trigger
release; and the time course and kinetics of the presynaptic chR2-evoked depolar-
ization might not mimic those required for neurotransmitter release at this synapse.
Second, it is possible that synapses are ruptured in our preparation. However, we
know that at least some synaptic input is retained in our recordings (psp-like events
in ASER are significantly diminished in an unc-13(s69) synaptic mutant background
- see Figure 2.5 and also Figure 3.6). Also similar recordings performed from AIY
in response to chR2 stimulation of AFD showed consistent, albeit small, synaptic
currents and potentials (see Chapter 2 and 3). Third, ASER is known to be sensi-
tive to the concentration of Cl™ ions, with chemotaxis behavior saturating at ~100
mM concentrations. Since the animal is bathed in extracellular saline with Cl~ con-
centrations on the order of 150 mM, it is possible that in our recordings ASER is
already saturated in its response. Recordings from ciliary mutants that render ASER
insensitive to external salt concentrations might be one possible workaround to this
problem. Fourth, it is known that worms have an aversive response to long (>1s)

pulses of blue light mediated through the lite-1 Ca™ channel. Since we use blue light
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to both stimulate the synapse and to visualize gfp for our recordings, we might be un-
intentionally triggering other pathways that affect our measurements. We performed
recordings from AIY expressing a red fluorescent protein, ds-red instead of gfp, with
short light pulses, we did not see any significant change in our responses. Fifthly,
the synaptic current might be shunted away from the AIY cell body and hence not
visible at our pipette (as discussed earlier in Chapter 2). Sixth, it is possible that the
synaptic response at AIY requires neuromodulators that are not circulating in our
semi-intact preparation.

It will be intriguing to explore these issues further, either using ciliary mutants
to prevent saturation of ASER, or by hyperpolarizing ASER to see if AIY is affected
(using, possibly, halorhodopsin). It will also be interesting to follow the circuit down-
stream of ALY, to see if synaptic responses not visible at our pipette are in fact
capable of eliciting transmitter release from AIY in its turn. Although we were un-
able to evoke a clear and consistent synaptic response in AIY to ASER stimulation
using chR2, we find that the use of remote optical stimulation techniques can effec-
tively replace the need for multiple simultaneous recordings in many cases, making

experiments such as ours possible in the first place.

4.4 Contributions

This project was undertaken as a collaboration with Tod Thiele and Shawn Lockery
of the University of Oregon, Eugene. The strain XL103 ntls8/gcy-5::ChR2, elt-2::gfp]

was constructed by Tod Thiele. Anusha Narayan performed the electrophysiological
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Chapter 5

Conclusions and future directions

Armed with a static wiring diagram, genetic and laser ablation tools and multiple
ways to stimulate and read out neural activity including electrophysiology, and optical
imaging, the C. elegans nervous system is an attractive one for the study of neuronal
communication. To truly understand the neural processing and control of behavior
we need a functional wiring diagram. Characterizing transfer at individual synapses
is a necessary first step before understanding functional transformation in C. elegans
neural circuits. We attempted to characterize transfer at two sensory synapses in the
worm, and found a combination of optogenetic stimulation techniques with physiolog-
ical recordings a useful technique, allowing us to control individual neurons with high
specificity. Our study was the first of its kind in attempting to characterize transfer

at central synapses in C.elegans.

5.1 Characteristics of transfer at worm synapses

We found that the thermosensory synapse between AFD-AIY exhibits excitatory,

graded and tonic release. It has low gain (< 0.1). This protects AIY from saturation
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by a single input channel and and allows it to monitor and integrate multiple input
streams, which is consistent with the current picture of the integrative role of AlY,
which receives input from a variety of sensory neurons. Release can be maintained for
several tens of seconds, making it a highly reliable mechanism for conveying temper-
ature difference information from AFD to AIY. We expect each C. elegans synapse
to be different; in addition to characterizing a thermosensory synapse we also investi-
gated the chemosensory synapse from ASER to ATY. We found it difficult to reliably
evoke a synaptic response in AIY by ASER stimulation. The response, when it did
occur, was variable and small, despite the fact that the wiring diagram suggests a
high degree of connectivity between ASER and AIY. It is possible that release at
the ASER-ATY synapse is more stochastic; it is possible that neuromodulatory or
conjunctive sensory input is necessary for AIY to respond to ASER. Much therefore
remains to be done to understand the functional activation of neural pathways in

C.elegans.

5.2 Future directions

Our results from the study of the AFD-AIY synapse suggest some intriguing questions
regarding the mechanisms of information integration at AIY. It will be interesting to
track the flow of thermosensory information downstream, to other neurons in the
circuit such as AIZ and RIA. Additionally, the role of neuromodulation and concomi-
tant synaptic input in causing neurotransmitter release in AIY bears investigation.

Behavioral assays using optical stimulation techniques might shed light on some of
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these questions, as might taking neurons out of the circuit using halorhodopsin.

Our study is the first that combines optogenetic stimulation with electrophysi-
ology to analyse real-time functioning of neural circuits in C. elegans. Some of our
results - the absence of a consistent response at the ASER-AIY synapse, and the
weakness of the response at the AFD-AIY, run counter to what one might expect by
estimating synaptic weights from an inspection of the static connectivity maps. We
think therefore that this approach is very promising, and that the analyses of other
synapses in the worm using similar techniques will help illuminate the general prin-
ciples by which this small neural system encodes information and shapes a worm’s

response to its environment.
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