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3 OFF-response of C. elegans ASK neurons

26Abstract
27

28BACKGROUND How neurons and neuronal circuits transform sensory input into behavior is not
29well understood. Because of its well-described, simple nervous system, Caenorhabditis elegans is an
30ideal model organism to study this issue. Transformation of sensory signals into neural activity is a
31crucial first step in the sensory-motor transformation pathway in an animal’s nervous system. We

32examined the properties of chemosensory ASK neurons of C. elegans during sensory stimulation.

33METHOD A genetically encoded calcium sensor protein, G-CaMP, was expressed in ASK neurons

34o0f C. elegans, and the intracellular calcium dynamics of the neurons were observed.

35RESULTS After application of the attractants L-lysine or food-related stimuli, the level of calcium
36in ASK neurons decreased. In contrast, responses increased upon stimulus removal. Opposite

37responses were observed after application and removal of a repellent.

38CONCLUSION The observed changes in response to external stimuli suggest that the activity of
39ASK neurons may impact stimulus-evoked worm behavior. The stimulus-ON/activity-OFF

40properties of ASK neurons are similar to those of vertebrate retinal photoreceptors.

41GENERAL SIGNIFICANCE Analysis of sensory-motor transformation pathways based on the
42activity and structure of neuronal circuits is an important goal in neurobiology and is practical in C.

43elegans. Our study provides insights into the mechanism of such transformation in the animal.

44

45Keywords: Caenorhabditis elegans; G-CaMP; calcium; imaging; sensory neuron; OFF-response
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461. Introduction

47 Neural circuits transform sensory input into behavior. During this process, sensory receptor cells
48convert stimuli in the environment into neuronal activity. Either via ionotropic or metabotropic
49pathways, sensory receptor cells depolarize (e.g. olfactory neurons, taste cells, nociceptors etc.) or
50hyperpolarize (e.g. photoreceptors) according to the sensory stimuli. The nematode Caenorhabditis
5lelegans has at least 12 chemosensory and/or thermosensory neurons in their head region [1-4].
52Understanding the physiological properties of these sensory receptor cells is an important step

53toward the understanding of the sensory-motor transformation pathway in this simple animal.

54 The C. elegans genome has no voltage-gated sodium channel [5, 6], yet C. elegans neurons have
55rapidly activating voltage-gated calcium channel. Thus, calcium transients in worm neurons are
S56thought to correlate with neuronal activities [7, 8]. The genetically encoded calcium probe proteins,
57cameleon and G-CaMP have been used for in vivo calcium imaging of worm sensory neurons. In
58chemosensory neurons called ASH and ASEL, intracellular calcium transiently increased upon
59presentation of sensory stimuli (stimulus-ON / neural activity-ON) [9-11]. Thermosensory AFD
60neurons respond to both upstep and downstep of ambient temperature by increasing and decreasing
6lintracellular calcium, respectively [12, 13]. More recently, olfactory AWC neurons and
62chemosensory ASER neurons show a transient increase of intracellular calcium upon removal of the
63sensory stimuli (stimulus-OFF / activity-ON) [11, 14, 15]. These neurons also show a stimulus-
64evoked decrease of calcium (stimulus-ON / activity-OFF), that resembled vertebrate photoreceptor
65cells [11, 15]. Analysis of a small subset of the C. elegans sensory neurons revealed a variety of
66physiological responses to sensory stimuli. Therefore, it is possible that other sensory neurons in the

67worm have different physiological properties yet undescribed.

68 Chemosensory ASK neurons of C. elegans are required for the chemotaxis toward L-lysine [1] and

69food-dependent stimulation of egg-laying [16], suggesting a role for these neurons in food detection.
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70Well-fed young adult C. elegans that have recently been removed from food sources exhibit frequent
71backward movements for 10 to 15min. The area explored within this period is restricted because of
72short forward movements and random reorientation (area-restricted search, pivoting, or local search
73behavior) [17-20]. Cell ablation studies demonstrated that loss of ASK neurons caused a decrease of
74backward movements during this period, suggesting that ASK neurons regulate a backward
75movement [19, 20]. In this study, we observed intracellular calcium transients in ASK neurons in
T6response to L-lysine or some other stimulus. ASK neurons showed OFF-responding properties
77similar to those reported for AWC and ASER neurons. The ASK neurons also showed opposite

77 8response to repulsive sensory cue.

79

802. Materials and Method

81
822.1 Strain and culture.

83

84 Wild-type animals were Caenorhabditis elegans var. Bristol, strain N2. Worms were grown under

85 standard conditions at 20°C [21].
86

872.2 Molecular biology.

88

89 Details of plasmid constructions are available upon request. Promoters, coding sequences, and unc-

90 54 3° UTR were separately cloned into pDONR vectors and then combined into the pDEST
91 R4-R3 vector of MultiSite Gateway™ system (Invitrogen). srd-23p and srg-2p promoters
92 were used for ASK-selective expression of G-CaMP and DsRed, respectively [22, 23]. G-
93 CaMP cDNA was kindly provided by Dr. Junichi Nakai [24].

94
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952.3 Germline transformation.

96

97 A mixture of srd-23p::G-CaMP (45 ng / pl), srg-2p::DsRed (45 ng / ul) and transgenic marker

98 F28412.1p::GFP (10 ng / ul, expressed in a part of intestine; T.W. unpublished) plasmids
99 was introduced into wild-type gonads by microinjection. Two independent transgenic lines
100 for Ex [srd-23p::G-CaMP, srg-2::DsRed, F28A412.1p::GFP] were obtained, and the
101 consistent expression of G-CaMP and DsRed in ASK neuron pair was confirmed. One of the
102 resulting transgenic lines was used for in vivo imaging.
103

1042.4 Buffer and worm preparations.
105

106 In the imaging experiments, we used a polydimethylsiloxane (PDMS) microfluidic device known as

107 an olfactory chip [25]. Single, well-fed transgenic worm expressing G-CaMP and DsRed
108 in ASK neurons was injected into the worm inlet of the chip and restrained. Stimuli were
109 dissolved into the imaging buffer (5 mM KCI, 5 mM MgCl,, 1 mM CaCl,, 20 mM D-
110 glucose, 25 mM sucrose, 20 mM KH,PO,-KOH pH6.0) [9] and were delivered via
111 regulation of gatings of buffer inlet channels [25]. With this chamber system, dissolved
112 stimuli could be delivered or removed from the tip of worm’s nose within a second. For
113 the bacterial-conditioned media experiments, the medium was prepared by suspending
114 E. coli strain OP50 in imaging buffer. This suspension was incubated at room
115 temperature for 12 hrs, centrifuged, and the supernatant was recovered. In SDS (sodium
116 dodecyl sulfate, 0.1 %) application experiments, SDS buffer (20 mM D-glucose, 25 mM
117 sucrose, 10 mM Tris-HCI pH 7.5) was used instead of imaging buffer.

118
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1192.5 Calcium imaging
120
121 Optical recording and analysis were performed with LSM510 meta / ConfoCor2 system (ZEISS)

122under a 40X / 0.75 objective. Images were taken every 2s for 5-8min. The region of interest (ROI)
123was selected manually in the image stack, and fluorescence intensities of G-CaMP and DsRed were
124analyzed with LSM-FCS software. To minimize the effect of motion artifact, the simultaneously-
1250btained fluorescence intensities of G-CaMP and DsRed in each image were calculated into a ratio.
126The average of the 30s prestimulus baseline ratio was set as Ro. The percent change in ratio relative

127to R, were calculated and plotted for all image stacks [(Ri-Ro)/ Ro, where R, means a ratio at the time

128t].
129

1302.6 Behavioral analysis.

131

132 Chemotaxis behavior in wild-type and transgenic worms toward 2 M L-lysine (pH 6.0 adjusted with

133 acetic acid) were examined as described [26], except that worms were placed at the
134 center of the assay plate, 1.5 cm apart from the point source of the chemoattractant.
135

1363. Results

137
1383.1 Intracellular calcium in ASK neurons was decreased in response to L-lysine addition.
139

140 Cell ablation of the ASK chemosensory neurons led to less frequent spontaneous backward
141movements, which suggests that the activation of ASK neurons stimulate backward movements [19,
14220]. In wild-type worms, frequent backward movements occur immediately after removal from a
143bacterial food, suggesting that the stimulation of backward movements is taken place upon removal

1440f sensory stimuli. Therefore, we hypothesized that ASK neurons are activated in the absence of the
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145sensory stimuli, and are suppressed in the presence of sensory stimuli. To examine whether it is the
146case, we constructed a transgenic strain expressing G-CaMP and DsRed in ASK neurons (Ex [srd-
14723p.::G-CaMP, srg-2p::DsRed], Fig. 1A). G-CaMP is a genetically encoded calcium sensor protein
148which elevates its fluorescence intensity upon binding calcium [24]. Bilateral ASK neurons were
149involved in chemotaxis behavior toward L-lysine [1]. Since the transgenic worm showed normal
150chemotaxis toward L-lysine, expression of these fluorescent proteins in ASK neurons did not disrupt

151the function of the neuron (Fig. 1B).

152 We diluted L-lysine in saline buffer and used it as-a chemosensory stimulus. After a 10 min
153prestimulus application of saline buffer without the amino acid, the stimulus was delivered to the
154transgenic worm. Upon exposure to 30 mM L-lysine, we observed reliable decreases in fluorescence
155intensity of G-CaMP and the ratio of G-CaMP to DsRed fluorescence (Fig. 2A, C, E, Supplementary
156Fig. S1A), which was not observed in the buffer exchange control experiments (Fig. 2B, D, E,
157Supplementary Fig. S1C), demonstrating the OFF-response of the ASK neuron (stimulus-ON,
158activity-OFF). The fluorescence ratio was decreased for 10 s and persisted at a low level during the
159stimulation (Fig. 2A, C and E). Previous studies of OFF-responding chemosensory neurons in C.
160elegans have shown that sustained stimulation causes a sustained calcium decrease [11, 15]. The
161persistent, non-recovering (or non-adapting) property observed in the ASK neurons might be similar
162to these OFF-responding sensory neurons. These results also suggest that the intracellular calcium
163level in the absence of sensory stimulus is above the lowest level that ASK neurons can achieve,

164similar to that shown in AFD, AWC and ASER neurons [11, 13, 15].

165 Two types of OFF-responding sensory neurons in C. elegans, chemosensory AWC and ASER
166neurons, exhibit a remarkable increase in the calcium transient upon removal of their specific
167stimuli, and decrease upon addition of the same stimuli [11, 15]. We next examined the effect of L-

168lysine removal on ASK neuron activity (Fig. 3A, C, Supplementary Fig. S1B). After 10 min pre-
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169exposure to 30 mM L-lysine, the stimulus was removed from the imaging chamber. The intracellular
170calcium level in ASK neurons was transiently increased. The highest ratio occurred about 10 s after
17 1stimulus removal, and decreased for 90 s thereafter (Fig. 3A, C). In many cases, gradual increases of
172fluorescence in oscillating intensities were observed after the first immediate response (Fig 3A).
173Precise oscillation dynamics were not observable with the low image acquisition rate used in our
174experiments. However, these variable fluorescence intensities and ratio values were a consistently
1750bserved in ASK neurons after stimulus removal. The onset of oscillation was apparently random,
176and begun between one and four (or more) minutes after stimulus removal (Fig. 3A, Supplementary
177Fig. S1B, E). Consistent with this notion, the fluorescence ratios in the ASK neurons immediately
178before stimulus addition (Fig. 2C, Supplementary Fig S1A, first 60s of the traces) were more
179variable than they were in the sustained presence of a stimulus. The fluorescence intensity of the
180ASK neurons were unaffected by the buffer exchange control experiments (Fig. 3B, C,
181Supplementary Fig. S1D). Therefore, chemosensory ASK neurons in C. elegans show OFF-
182responses to stimuli, 1) with a sustained decrease in fluorescence ratio upon L-lysine addition, and 2)
183a transient increase followed by a gradual oscillating increase in fluorescence ratio upon stimulus
184removal. The response of ASK neurons was similar to AWC and ASER neurons in their ON/OFF
185properties, but slightly different in their pattern of intensity, especially after prolonged stimulus

186removal.

187
1883.2 ASK neurons were activated by the second stimulus removal after brief stimulus delivery and

189inactivated by the second stimulus addition after brief stimulus removal.

190
191 ASK neurons were activated by stimulus removal and inactivated by stimulus addition. To further

1920bserve these opposing forces, we re-applied the stimulus 15 s after the initial removal. The
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193activation response of ASK neurons was suppressed by the second stimulus addition (Fig. 4A,
194Supplementary Fig. S2B). Furthermore, the inactivation response was suppressed by the second
195stimulus removal (Fig. 4B, Supplementary Fig. S2A). After the second stimulus removal following a
196brief stimulus addition, the fluorescence ratio was increased above the pre-stimulus level. ASK
197neuron responses to brief stimulus additions were dose-dependent, and increased in the 10 to 100

198mM range (Fig. 4C, Supplementary Fig. S2C).

199

2003.3 Responses of ASK neurons to bacterial-conditioned medium.

201

202 The ASK neurons of C. elegans are necessary for the detection of L-lysine, a chemosensory cue
203related to the environmental food source [1], and for the food-dependent stimulation of egg-laying
204[16]. Therefore, we examined the responses of ASK neurons to food-derived stimulus. Consistent
205with their role in food detection, ASK neurons showed responses to bacterial-conditioned medium
206that were similar to responses following L-lysine addition and removal (Fig. 5 A, B, Supplementary

207Fig. S3A, B). ASK neurons might respond similarly to the attractive sensory cues. .

208

2093.4 Responses of ASK neurons to SDS, a repulsive sensory stimulus.

210

211 Previous work has shown that ASK neurons are also involved in avoidance behavior, prompted by
212repulsive sensory cues, such as SDS [27]. It became of particular interest to see how the neurons
213respond to the chemosensory cues causing opposite behavioral outputs (i. e. avoidance instead of
2 14attraction). In contrast to L-lysine responses, ASK neurons were activated by SDS addition and
215inactivated by SDS removal (Fig. 6). The responses of ASK neurons to SDS were slower than those

216to L-lysine, with a 4-6 s delay (see also Supplementary Fig. S4A, B). One possible explanation for
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217this result is that ASK neurons are not primary sensory neurons for SDS, so they are not respond
218quickly. Possibly, ASK response was evoked indirectly by the other neurons which have neuronal
219connections with ASK. Alternatively, ASK neurons may have sensory receptor molecule for SDS
220having slow activation kinetics. Overall, this result suggests that ASK neurons contribute to
22 1avoidance behavior prompted by SDS, either directly or indirectly, by responding oppositely upon

222addition and removal of the repellent compare to the case for chemoattractants.

223

2244. Discussion

225 Transformation of the chemical (e.g. odor, taste) and physical (e.g. temperature, light etc.) sensory
226information into neural activity is a crucial first step of the sensory-motor transformation pathway in
227the animal’s nervous system. In this study, we analyzed the intracellular calcium dynamics in C.
228elegans chemosensory ASK neurons with a genetically encoded calcium probe protein, and found
229that these neurons are more active in the absence of chemosensory stimuli than they are in the
230presence of such stimuli. The OFF-response (i.e. stimulus-ON / activity-OFF and stimulus-OFF /
231activity-ON) of ASK neurons resembled responses in vertebrate photoreceptor cells, which
232hyperpolarize upon illumination. Vertebrate photoreceptor cells control their activity by regulating
233cytoplasmic cGMP levels as well as the target molecules of cGMP [28]. Worm ASK neurons express
234genes required for these processes, including guanylate cyclase (odr-1, daf~11) [29, 30],
23 5Sheterotrimeric G-proteins (gpa-2, gpa-3, gpa-14, gpa-15) [31], cyclic nucleotide-gated channel (zax-
2362, tax-4) [32, 33], and cGMP-dependent protein kinase (eg/-4) [34]. The presence of this analogous
237repertoire of molecules in C. elegans suggests that the OFF-response of ASK neurons may be

238mediated by cGMP.

239  Our imaging study revealed several remarkable features of the ASK neuron response; a long-

240lasting inhibitory response upon stimulus, and a transient activation followed by gradual increase of
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24 1the activity upon removal of the stimulus. Previous works have shown that backward movements are
242enhanced immediately after worms are removed from food and these backward movements are
243 greatly reduced by ASK ablation [17-20]. How can these calcium dynamics in ASK neurons relate to
244regulation of the backward movements in this period? The present study suggests that ASK neurons
245stay in a state of low activity during the presence of food stimuli, yet upon removal from food, these
246neurons show an immediate increase of activity. Therefore, activation in ASK neurons may be
247responsible for the facilitation of frequent backward movements during the local search. In the
248sustained absence of food for about 10 tol15 min, ASK neuron activity may increase gradually with
249the fluctuation, and during this gradual activation period, backward movements are kept at a high
250frequency. After prolonged starvation, when ASK activity is saturated, ASK neurons may acquire an
251alternative high activity state. During this state, backward movements are no longer enhanced
252(traveling or long range dispersal) [19, 20], possibly because there are no activity dynamics or the
253adaptation of downstream pathway to sustained ASK activity. Thus, ASK neurons may have multiple

254basal states reminiscent of dark-adapted or light-adapted states of retinal photoreceptor cells [28].

255 C. elegans is capable of detecting millimolar or submillimolar difference in L-lysine concentration
256in a gradient [26], and can reorient themselves toward an attractant within several seconds. The
257observed stimulus-ON/activity-OFF and stimulus-OFF/activity-ON responses in ASK neurons allow
258worms to detect both increases and decreases in chemoattractant levels. As ASK neurons have a
259function promoting backward movements [19, 20], suppression of these neurons in the presence of
260chemoattractant is logically linked to behavioral strategies of the worm to reach the point source of
261chemoattractant. Similarly, activation (suppression) of the neurons upon addition (removal) of
262repellent is also logically linked to avoidance behavior. Thus, ASK neurons may serve as
263bidirectional sensory detectors that transform bidirectional changes in environmental sensory cues

264into backward movements.



23 OFF-response of C. elegans ASK neurons
24

265

266Acknowledgements

267 The C. elegans wild-type strain used in this study was kindly provided by the Caenorhabditis
268Genetics Center, which is funded by National Institute of Health, National Center for Research
269Resources. We thank Drs. Hitomi Akutsu, Masamitsu Futai and Mayumi Nakanishi-Matsui of Iwate
270Medical University for their support in microscopy, Dr Junichi Nakai of RIKEN BSI for pN1-G-
271CaMP plasmids, and Dr. Cornelia I. Bargmann for the sra-6p::G-CaMP transgenic C. elegans that
272served as a positive control for our imaging system. We also thank Drs. Nikos Chronis and Yuichi
273lino for their help in preparing the imaging chamber. This work was supported in part by a Grant-in-
274Aid for Scientific Research on Innovative Areas (20115004) and by a Grant-in-Aid for the 21

275century COE program from the Ministry of Education, Culture, Sports, Science and Technology of

276Japan.

277

278References

279[1] C.I. Bargmann, H.R. Horvitz, Chemosensory neurons with overlapping functions direct
280 chemotaxis to multiple chemicals in C. elegans. Neuron 7 (1991) 729-742.

281

282[2] C.I. Bargmann, E. Hartwieg, H.R. Horvitz, Odorant-selective genes and neurons mediate
283 olfaction in C. elegans. Cell 74 (1993) 515-527.

284

285[3] I. Mori, Y. Ohshima, Neural regulation of thermotaxis in Caenorhabditis elegans. Nature
286 376 (1995) 344-348.

287

288[4] A. Kuhara, M. Okumura, T. Kimata, Y. Tanizawa, R. Takano, K.D. Kimura, H. Inada, K.
289 Matsumoto, 1. Mori, Temperature sensing by an olfactory neuron in a circuit controlling
290 behavior of C. elegans. Science 320 (2008) 803-807.

2901

292[5] C.I. Bargmann, Neurobiology of the Caenorhabditis elegans genome. Science 282 (1998)

293 2028-2033.



25
26

294
295[6]
296
297
298[7]
299
300
301
302[8]
303
304
305[9]
306
307
308
309[10]
310
311
312
313[11]
314
315
316
317[12]
318
319
320[13]
321
322
323
324[14]
325
326
327
328[15]
329

OFF-response of C. elegans ASK neurons

C. elegans Sequencing Consortium, Genome sequence of the nematode C. elegans: a

platform for investigating biology. Science 282 (1998) 2012-2018.

R. Kerr, V. Lev-Ram, G. Baired, P. Vincent, R.Y. Tsien, W.R. Schafer, Optical imaging of
calcium transients in neurons and pharyngeal muscle of C. elegans. Neuron 26 (2000) 583-

594.

C.I. Bargmann, Chemosensation in C. elegans, In: The C. elegans Research Community

(eds.) Wormbook. 2006 (http://www.wormbook.org.)

A.H. Kahn-Kirby, J.L.M. Dantzker, A.J. Apicella, W.R. Schafer, J. Browse, C.I. Bargmann,
Specific polyunsaturated fatty acids drive TRPV-dependent sensory signaling in vivo. Cell
119 (2004) 889-900.

M.A. Hilliard, A.J. Apicella, R. Kerr, H. Suzuki, P. Bazzicalupo, W.R. Schafer, In vivo
imaging of C. elegans ASH neurons: cellular response and adaptation to chemical

repellents. EMBO J. 12 (2005) 63-72.

H. Suzuki, T.R. Thiele, S. Faumont, M. Ezcurra, S.R. Lockery, W.R. Schafer, Functional
asymmetry in Caenorhabditis elegans taste neurons and its computational role in

chemotaxis. Nature 454 (2008) 114-117.

K.D. Kimura, A. Miyawaki, K. Matsumoto, 1. Mori, The C. elegans thermosensory neuron
AFD respond to warming, Curr. Biol. 14 (2004) 1291-1295.

D.A. Clark, D. Biron, P. Sengupta, A.D.T. Samuel, The AFD sensory neurons encode
multiple functions underlying thermotactic behavior in Caenorhabditis elegans, J.

Neurosci. 26 (2006) 7444-7451.

M. Tomioka, T. Adachi, H. Suzuki, H. Kunitomo, W.R. Schafer, Y. Iino, The insulin/PI 3-
kinase pathway regulates salt chemotaxis learning in Caenorhabditis elegans. Neuron 51

(2006) 613-625.

S.H. Chalasani, N. Chronis, M. Tsunozaki, J.M. Gray, D. Ramot, M.B. Goodman, C.I.

Bargmann, Dissecting a circuit for olfactory behaviour in Caenorhabditis elegans. Nature


http://www.wormbook.org/

27
28

330
331
332[16]
333
334
335
336[17]
337
338
339[18]
340
341
342[19]
343
344
345[20]
346
347
348[21]
349
350[22]
351
352
353
354[23]
355
356
357
358[24]
359
360
361[25]
362
363
364[26]
365

OFF-response of C. elegans ASK neurons

450 (2007) 63-70.

E.R. Sawin, Genetic and cellular analysis of modulated behaviors in Caenorhabditis
elegans. In: Department of Biology, MA: Massachusetts Institute of Technology (1996)
pp316.

E.L. Tsalik, O. Hobert, Functional mapping of neurons that control locomotory behavior in

Caenorhabditis elegans. J. Neurobiol 56 (2003) 178-197.

T. Hills, P.J. Brockie, A.V. Maricq, Dopamine and glutamate control area-restricted search

behavior in Caenorhabditis elegans. J. Neurosci. 24 (2004)1217-1225.

T. Wakabayashi, 1. Kitagawa, R. Shingai, Neurons regulating the duration of forward
locomotion in Caenorhabditis elegans. Neurosci. Res. 50 (2004) 103-111.

J.M. Gray, J.J. Hill, C.I. Bargmann, A circuit for navigation in Caenorhabditis elegans.

Proc. Natl. Acad. Sci. 102 (2005) 3184-3191.

S. Brenner, The genetics of Caenorhabditis elegans. Genetics 77 (1974) 71-94.

E.R. Troemel, J.H. Chou, N.D. Dwyer, H.A. Colbert, C.I. Bargmann, Divergent seven
transmembrane receptors are candidate chemosensory receptors in C. elegans. Cell 83

(1995) 207-218.

M.E. Colosimo, A. Brown, S. Mukhopadhyay, C. Gabel, A.E. Lanjuin, A.D.T. Samuel, P.
Sengupta, Identification of thermosensory and olfactory neuron-specific genes via

expression profiling of single neuron types. Curr. Biol. 14 (2004) 2245-2251.

J. Nakai, M. Ohkura, K. Imoto, A high signal-to-noise Ca?" probe composed of a single
green fluorescent protein. Nat. Biotech. 19 (2001) 137-141.

N. Chronis, M. Zimmer, C. I. Bargmann, Microfluidics for in vivo imaging of neuronal and

behavioral activity in Caenorhabditis elegans. Nat. Meth. 4 (2007) 727-731.

R. Shingai, T. Wakabayashi, K. Sakata, T. Matsuura, Chemotaxis of Caenorhabditis elegans

during simultaneous presentation of two water-soluble attractants, L-lysine and chloride



29
30

366
367
368[27]
369
370
371[28]
372
373
374[29]
375
376
377[30]
378
379
380
381[31]
382
383
384
385[32]
386
387
388[33]
389
390
391
392[34]
393
394
395

OFF-response of C. elegans ASK neurons

ions. Comp. Biochem. Physiol. 142 (2005) 308-317.

M. A. Hilliard, C. 1. Bargmann, P. Bazzicalupo, C. elegans responds to chemical repellents

by integrating sensory input from the head and the tail. Curr. Biol. 12 (2002) 730-734.

X. Zhang, R.H. Cote, cGMP signaling in vertebrate retinal photoreceptor cells. Front.
Biosci. 10 (2005) 1191-1204.

N.D. L'Etoile, C.I. Bargmann, Olfaction and odor discrimination are mediated by the C.
elegans guanylyl cyclase ODR-1. Neuron 25 (2000) 575-586.

D.A. Birnby, E.M. Link, J.G. Vowels, H. Tiana, PL. Colacurcioa, J.H. Thomas,
Transmembrane guanylyl cyclase (DAF-11) and Hsp90 (DAF-21) regulate a common set
of chemosensory behaviors in Caenorhabditis elegans. Genetics, 155 (2000) 85-104.

G. Jansen, K.L. Thijssen, P. Werner, M. van der Horst, E. Hazendonk, R.H. Plasterk, The
complete family of genes encoding G proteins of Caenorhabditis elegans. Nat Genet. 21

(1999) 414-419.

C.M. Coburn, C.I. Bargmann, A putative cyclic nucleotide-gated channel is required for

sensory development and function in C. elegans. Neuron 17 (1996) 695-706.

H. Komatsu, 1. Mori, J.S. Rhee, N. Akaike, Y. Ohshima, Mutations in a cyclic nucleotide-
gated channel lead to abnormal thermosensation and chemosensation in C. elegans. Neuron

17 (1996) 707-718.

T. Hirose, Y. Nakano, Y. Nagamatsu, T. Misumi, H. Ohta, Y. Ohshima, Cyclic GMP-
dependent protein kinase EGL-4 controls body size and lifespan in C elegans.

Development. 30 (2003) 1089-1099.



31 OFF-response of C. elegans ASK neurons
32

396Figure legends
397

398Figure 1. A transgenic strain expressing G-CaMP and DsRed in ASK neurons. (A) Expression of G-
399CaMP and DsRed in ASK neurons (arrow head) of Ex [srd-2p.::G-CaMP; srg-2p::DsRed] transgenic
400worm. G-CaMP was also expressed in AWB but DsRed was not (arrow). Asterisk indicates the
401expression of transgenic marker gene at the most anterior position of the intestine. (B) Chemotaxis
402behavior of wild-type (W.T.) and the transgenic worm (Ex) toward 2M L-lysine. A layout of the assay
403plate is indicated at left. 2M L-lysine was spotted at the center of region A. Chemotaxis index at
40490min was calculated by (Na-Ng)/Niow, where Na, Np and Ny indicate the number of worms in
405region A, B and the total number of worms on the assay plate. Worms harboring extrachromosomal
406array were selected under fluorescence microscope and assayed by placing at the center of the assay
407plate (six assays, about 30 worms/assay). The difference between the wild-type and the transgenic

408worm was examined by Students #-test. N.S. not significant.

409

410Figure 2. Responses of ASK neurons upon stimulus addition. In this and subsequent figures,
411stimulus conditions are indicated by horizontal bars at the top or bottom of each panel; light bar
412indicates saline only, and a dark bar indicates the addition of 30 mM L-lysine in saline. (A)(B)
413Changes in G-CaMP and DsRed fluorescence are shown alongside the ratio of these two
414fluorescence signals. Scale bars represent fluorescence magnitude in the vertical axis (% change),
415and time in the horizontal axis (s). (A) Representative fluorescence responses in ASK neurons after
416addition of L-lysine. The time interval of only saline at the tip of worm’s nose is followed by the
417addition of 30 mM L-lysine. (B) Representative fluorescence responses in ASK neurons during
418buffer exchange control experiments. The same procedures were followed as in (A), but saline was

419continued in the second interval. (C) Three example traces of fluorescence ratio change in ASK
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420neurons during 30 mM L-lysine addition. Stimulation procedure is the same as in (A). (D) Three
421example traces of fluorescence ratio change in ASK neurons during buffer exchange control
422experiments. Stimulation procedure is the same as in (B). (E) Average fluorescence ratio changes
4230bserved under two conditions. Bottom trace, before and after addition of 30 mM L-lysine. Top trace,
424the equivalent time period in only saline, the buffer exchange control experiments (12 recordings in

4256 worms for each condition). Gray shadings indicate S.E.M. in this and subsequent figures.

426

427Figure 3. Responses of ASK neurons upon stimulus removal. (A) Four representative traces of ASK
428neuron responses to the removal of 30 mM L-lysine. (B) Three representative traces of ASK neuron
429responses during buffer exchange control experiments. (C) Average fluorescence ratio change under
430the two experimental conditions. Top trace, after removal of 30 mM L-lysine (14 recordings from 8

431worms). Bottom trace, buffer exchange control experiments (9 recordings from 7 worms).

432

433Figure 4. Responses of ASK neurons upon brief stimulus addition or removal. (A) Average
434fluorescence ratio change upon brief (15 s) removal of 30 mM L-lysine (7 recordings from 4 worms).
435(B) Average fluorescence ratio change upon brief (15 s) addition of 30 mM L-lysine (10 recordings
436from 4 worms). (C) Dose-dependence of ASK neuron responses upon brief (15 s) addition of 10 -
437100 mM L-lysine. Lines and shadings are as in (A), (15-17 recordings from 8-10 worms). The L-

438lysine concentrations (mM) are indicated above the stimulus bars.

439

440Figure. 5 Responses of ASK neurons upon addition or removal of bacterial-conditioned medium. In
44 1these experiments, bacterial-conditioned medium (dark bar) was followed by saline (light bar), or
442vice versa. (A) Average fluorescence ratio change upon removal of bacterial-conditioned medium (9

443recordings from 4 worms). (B) Average fluorescence ratio change upon addition of bacterial-
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444conditioned medium (9 recordings from 6 worms).

445

446Figure 6. Responses of ASK neurons upon addition and removal of 0.1 % SDS. After a period of
447 exposure to buffer (light bar), 0.1 % SDS was delivered (dark bar). (A) Average fluorescence ratio
448change upon addition of 0.1% SDS, followed by removal (9 recordings from 4 worms). (B) Average

4491fluorescence ratio change during buffer exchange control experiments (9 recordings from 6 worms).
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	Details of plasmid constructions are available upon request. Promoters, coding sequences, and unc-54 3’ UTR were separately cloned into pDONR vectors and then combined into the pDEST



