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SUMMARY 17 

Insect larvae clearly react to visual stimuli, but the ability of any visual neuron in a newly 18 

hatched insect to respond  selectively to particular stimuli has not been directly tested. We 19 

characterised a pair of neurons in locust larvae that have been extensively studied in adults, 20 

where they are known to respond selectively to objects approaching on a collision course: the 21 

lobula giant motion detector (LGMD); and its postsynaptic partner, the descending 22 

contralateral motion detector (DCMD).  Our physiological recordings of DCMD axon spikes 23 

reveal that at the time of hatching the neurons  already respond selectively to objects 24 

approaching the locust and they  discriminate between stimulus approach speeds with 25 

differences in spike frequency. For a particular approaching stimulus, both the number and 26 

peak frequency  of  spikes increase with instar.  In contrast, the number of spikes in responses 27 

to receding stimuli decreases with instar, so performance in discriminating approaching from 28 

receding stimuli improves as the locust goes through successive moults. In all instars, visual 29 

movement over one part of the visual field suppresses a response to movement over another 30 

part.  Electron microscopy demonstrates that the anatomical substrate for the selective 31 

response to approaching stimuli is present in all larval instars: small neuronal processes 32 

carrying information from the eye make synapses both onto LGMD dendrites and with each 33 

other, providing pathways for lateral inhibition that shapes selectivity for approaching 34 

objects. 35 
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 36 

INTRODUCTION 37 

As with other hemi-metabolous insects, a newly hatched larval locust closely resembles the 38 

adult in form apart from the absence of wings, which grow gradually through the five larval 39 

instars (Sehnal, 1985). A first instar locust walks and hops, and can clearly use its eyes to 40 

detect and react to the approach of an experimenter’s hand.  The embryonic development of 41 

one identified visual neuron, the DCMD, has been studied and by the time of hatching from 42 

the egg its morphology is similar to that of the adult   (Bentley and Toroian-Raymond, 1981). 43 

However,  it is not known exactly how well a newly hatched locust larva can see, to what 44 

extent the synaptic circuitry of its optic lobes has developed, or whether its visual neurons 45 

have the same selectivity for cues as in the adult.  46 

The way responses of sensory interneurons develop through larval stages of hemi-47 

metabolous insects has  been studied most in wind-sensitive and auditory pathways of 48 

orthopteroids. In Locusta, the threshold wind stimulus for an identified interneuron, A4I1, 49 

decreases during successive instars, but the 1st instar interneuron has the same directional 50 

selectivity  as in the adult  (Bucher and Pflüger, 2000).  Similarly,  identified auditory 51 

interneurons show increased  sensitivity to sound stimuli with instar,  and several response 52 

properties are established in early instars (Boyan, 1983), although the 1st  instar auditory 53 

receptors are not yet functional so it is not known whether synaptic connections onto the 54 

interneurons are present before hatching. In wind-sensitive interneurons of both locusts and 55 

crickets, it is known that  the pattern and relative strengths of connections from sensory 56 

neurons onto interneurons changes during larval development. These changes in connectivity 57 

provide  a mechanism to maintain interneuron response properties through different instars, 58 

which is needed because the number of hair sensilla increases by as much as a factor of ten 59 

from  hatching to adulthood and because the  mechanical properties alter as the size of 60 

individual sensilla increases (Anderson and Bacon, 1979; Newland et al., 1995; Pflüger et al., 61 

1994). In contrast, the locust ear already has the adult complement of auditory receptors at 62 

hatching (Michel and Petersen, 1982).  63 

 As a locust’s eye grows, new ommatidia are formed at its anterior margin (Anderson, 64 

1978). In Schistocerca the number of ommatidial facets increases fairly regularly through 65 

larval stages from about 2,500 in the 1st instar to 9,000 - 9,500 in the adult, with the widths of 66 

individual facets increasing from just over 20 µm to about 40 µm (Bernard, 1937; Rafi and 67 

Burtt, 1974). An adult Locusta eye is slightly smaller than Schistocerca’s, with about 8,250 68 

facets (Wilson et al., 1978)  and an inter-ommatidial angle of 1° over most of the eye apart 69 
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from an anterior flattened region (Horridge, 1978; Krapp and Gabbiani, 2005). We would 70 

expect that a young locust’s visual capabilities will be inferior to those of the adult: a smaller 71 

number of ommatidia means that the image is sampled more coarsely, and the smaller 72 

diameter of lenses means that images are less sharply focused (Kirschfeld, 1976). Improved 73 

optical performance with increased eye size has been shown by comparing behaviour within 74 

different individuals of the same species for two species of hymenoptera (Spaethe and 75 

Chittka, 2003; Zollikofer et al., 1995) and during development of mantids (Kral and Poteser, 76 

2009), but not by measuring responses from individual neurons.   77 

Two large identified visual neurons in the adult locust’s visual system, the LGMD 78 

(lobula giant motion detector, O'Shea and Williams, 1974) and the DCMD (descending 79 

contralateral motion detector, Rowell, 1971), are motion-sensitive neurons that respond 80 

selectively to approaching (or looming) objects (Rind and Simmons, 1992; Schlotterer, 81 

1977). They play roles in triggering behavioural responses to approaching objects (Fotowat 82 

and Gabbiani, 2007; Santer et al., 2006; Santer et al., 2008). Individual neurons in other 83 

species  have also been shown to respond to and trigger responses to approaching  objects, 84 

but the way in which selectivity for approaching stimuli arises has been most thoroughly 85 

investigated in the locust LGMD (de Vries and Clandinin, 2012; Dewell and Gabbiani, 2012; 86 

Oliva et al., 2007; Preuss et al., 2006).  The LGMD has an extensive dendritic arbour in the 87 

lobula, through which it collects inputs from ommatidia over a wide area of the visual field 88 

(Krapp and Gabbiani, 2005). It is connected with the DCMD in the protocerebrum by a 89 

synapse that conveys spikes 1-for-1 (O'Shea and Rowell, 1975b; Rind, 1984), so the 90 

LGMD’s responses  can be recorded as DCMD spikes. The DCMD’s axon is the widest in 91 

the thoracic nerve cord and its relatively large spikes in extracellular recordings are readily 92 

distinguishable from those of other nerve cord interneurons. The LGMD and DCMD are 93 

briefly excited by many kinds of abrupt motion or luminance changes (Rowell, 1971), but 94 

generate their most vigorous and prolonged spike trains in response to images of approaching 95 

objects. Their  spike rate tracks object approach in a way that depends on the size and 96 

approach speed of the stimulus (Hatsopoulos et al., 1995; Rind and Simmons, 1992).  97 

The cues that enable the LGMD to discriminate approaching objects from those 98 

moving in other directions are increases in both the extent and the speed of movement of 99 

edges in the image (Simmons and Rind, 1992). An explanation for these characteristics is that 100 

LGMD excitation depends on a critical race in which the rate at which ommatidia are 101 

activated as the image grows over the eye surface must out-strip inhibition, which spreads 102 

between the visual afferent elements that excite the LGMD. Evidence for the existence of this 103 
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lateral inhibition is that:  stimulation of one part of the eye inhibits the LGMD’s response to 104 

subsequent stimulation of another part of the eye (O'Shea and Rowell, 1975a; Pinter, 1977; 105 

Rind and Simmons, 1998); electron microscopy shows the neuronal profiles which synapse 106 

onto LGMD dendrites also synapse with each other (Rind and Simmons, 1998); and model 107 

networks configured in this way respond selectively to approaching objects (Rind and 108 

Bramwell, 1996). Intrinsic membrane properties of the LGMD tune its responses to approach 109 

(Peron and Gabbiani, 2009; Peron et al., 2007).  110 

Physiological properties of these neurons can be altered by environmental conditions. 111 

In adult locusts that have been reared in darkness, responses by the DCMD are very greatly 112 

reduced and the responses habituate more rapidly and strongly compared with locusts reared 113 

under normal lighting conditions  (Bloom and Atwood, 1980). However, in blow flies, it has 114 

been shown that at least two lobula plate large tangential neurons do not require visual 115 

experience, after the adult hatches from the pupa,  to develop their normal selectivity for 116 

moving stimuli (Karmeier et al., 2001). Further indication of some plasticity in the input 117 

pathways to the LGMD and DCMD comes from observations of differences between 118 

solitarious and  gregarious phase locusts (Rogers et al., 2007).  119 

The major aims of this work were  to determine whether a 1st instar  locust’s DCMD 120 

responds to visual stimuli in the same way as that of the adult, and whether there are changes 121 

in responses to visual stimuli through successive instars.  In electrophysiological 122 

experiments, we found the larval DCMD does respond selectively to the images of 123 

approaching objects, and it can discriminate between objects approaching at different speeds. 124 

However,  its responses to approaching stimuli are neither as vigorous nor as selective as 125 

those in an adult DCMD. In both electrophysiological and ultrastructural studies, we found 126 

evidence for lateral interactions in all instars between optic lobe neurons that feed onto the 127 

LGMD.   128 

METHODS 129 

Animals 130 

We took individual Locusta migratoria (Linn.) from our gregarious breeding colony. Locusts 131 

were kept at 30 °C, with a 12:12 hour light-dark cycle. Eggs  were laid in sand-filled pots.  132 

Instar was determined by comparing  the size of the body and wings and the shape of the 133 

pronotum with reference measurements we made in carefully staged locusts. Usually, first 134 

instar hoppers were taken within four hours of hatching from the egg. We did not establish 135 

time from last moulting for other instars, other than that the adults were taken at least a week 136 

after the final moult.  137 
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 138 

Electrophysiology and visual stimulation  139 

We made recordings from all 6 instars, but concentrated on the 1st, 3rd, 4th and adult. A locust 140 

was first cooled to 4 °C for 30 min. It was  then placed upside down in a bed of plasticine 141 

shaped according to the locust’s size and  was secured using wire loops over limbs. The head 142 

was gently pulled forwards and stabilised with a pin behind each gena. During an experiment 143 

room temperature was 26-28 °C. 144 

The recording electrode was a sharpened ‘Minuten’ pin, 0.25 mm width, held in a 145 

holder attached to a micromanipulator, and the indifferent electrode was a stainless steel wire 146 

inserted into the anterior of the abdomen. These electrodes were connected to an AC 147 

amplifier (Harvard Apparatus), gain 1,000. The recording electrode was inserted through a 148 

small hole through the cuticle made just ventral and medial to the right meso-metathoracic 149 

connective nerve and was lowered until distinct spikes in response to movements of the 150 

experimenter’s hand  could be seen on an oscilloscope screen. The recorded waveform was 151 

sampled at 10 kHz and stored to disk using a 1401 interface and Spike2 Software (Cambridge 152 

Electronic Design).  DCMD spikes were converted afterwards to events by the time at which 153 

a horizontal cursor level was crossed. The locust was left for 10 min before any records of 154 

responses to visual stimuli were made.  155 

 The locust viewed the screen of a green electrostatic monitor (Kikusui COS1611)  156 

placed parallel to the locust’s long axis with its centre aligned with the left eye and 80 mm  157 

from it, subtending 64° X 59°. Images were controlled by a microcomputer fitted with a 158 

visual stimulus card and raster generator (VSG2/1 and RG2, Cambridge Research Systems). 159 

The screen was refreshed at 200 Hz and had a resolution of 437 lines by 438 pixels. In most 160 

experiments with approaching stimuli, the image was of a 60 mm diameter dark disk 161 

approaching the locust. In experiments with receding stimuli or stimuli that changed in 162 

intensity, rectangles were used instead of disk as the visual stimulator we used did not 163 

generate smoothly-changing  images of receding circular objects. The mean irradiances of the 164 

background and stimulus shape  were 4.5 and 1.0 µWcm-2, measured with a radiometer at the 165 

position of the eye (SL021 Photodetector, Ealing). A  disk or rectangle started its simulated 166 

approach 2 m from the locust and stopped at the location of the screen, remaining stationary 167 

for 2 s. Two minutes separated one stimulus from the next other than in studying habituation.  168 

 Data was plotted and statistical tests performed using SigmaPlot 11.0 (Systat Software 169 

Inc.). In most cases, non-parametric analysis was performed because in some tests variance 170 

was not sufficiently similar between samples or  values were not distributed normally.   171 
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 172 

Electron microscopy  173 

Opened locust heads were fixed in 2.5% glutaraldehyde in 0.1M phosphate buffer overnight. 174 

After washing and removal from the head capsule, the brain was placed in phosphate-175 

buffered 1% osmium tetroxide for 1 h. It was dehydrated in an acetone series before 176 

impregnation with and embedding in Araldite (TAAB epoxy resin kit) at 60°C for 24 h. To 177 

locate the part of the optic lobe containing LGMD dendrites, 1 μm survey sections were cut, 178 

stained with 1% toluidine blue in 1% borax and examined with a light microscope. Ultrathin 179 

sections, approximately 80 nm thick, were cut using a diamond knife on a Reichert-Jung 180 

Ultracut E ultramicrotome, then stretched with chloroform and mounted on Pioloform film 181 

copper grids. Sections on grids were stained with 2% aqueous uranyl acetate and lead citrate 182 

(Leica). Grids were examined using a Philips CM 100 Compustage (FEI) Transmission 183 

Electron Microscope fitted with an AMT CCD camera (Deben).  184 

RESULTS 185 

Eye development 186 

The compound eye grows from 0.75 mm wide in a newly hatched 1st instar to 1.1 mm wide in 187 

a 4th instar and 2.0 mm wide in an adult (Figs. 1A-C). The width of the eye is about 10% of 188 

the body length in a newly hatched locust, declining to half this proportion in the adult. Facet 189 

width is similar over most of the eye, except for a flat, forward-facing part that has larger 190 

facets than elsewhere (Horridge, 1978; Krapp and Gabbiani, 2005). In 4 live locusts of each 191 

instar, we viewed the eye through a dissecting microscope (Wild, with 20X eye-pieces). We 192 

counted the number of ommatidia along a light band that runs across the eye, which provides 193 

a consistent location in different instars (Figs. 1A-C). A newly hatched locust has 35 facets 194 

across this part of its eye (range 33-36), from the posterior to the border of the flattened 195 

anterior part. This number of facets increases steeply to the 2nd instar, rises more gradually to 196 

the 4th instar, and then more steeply again to the adult, which has 80 (range 76-84) facets (Fig 197 

1D). By counting facets across the eye at different locations, we estimate that the total 198 

number in the adult is 8,134 (similar to a previous estimate, Wilson et al., 1978), compared 199 

with 2,200 in the 1st instar and 4,280 in the 4th instar. This rate of increase is similar to 200 

previous estimates for Schistocerca (Bernard, 1937; Rafi and Burtt, 1974), which has slightly 201 

more facets and a larger eye than Locusta. Facet width  also increases with age, from 17 µm 202 

in 1st instar to 33 µm in the adult (Fig. 1D; measured in fresh exoskeleton with transmitted 203 

light; calculated from width across 10 facets in 3 locusts of each instar). Consequently 204 
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compared with an adult, a 1st instar locust views images with about a quarter the number of 205 

ommatidia and smaller facets so a poorer resolution.  206 

Responses by the DCMD to images of approaching objects  207 

To investigate whether the DCMD in different instars responds to images of approaching 208 

objects, we recorded responses to images of 60 mm diameter dark discs approaching at 209 

various speeds between 0.5 and 10 ms-1, or l /|v| values (radius divided by approach velocity) 210 

between 3 and 60 ms (Fig. 2). The amplitude of DCMD spikes in our extracellular nerve cord 211 

recordings generally increased with instar number (Fig. 2 A), and we analysed results only 212 

when we could clearly distinguish DCMD spikes from those of other axons by their large 213 

amplitude (almost all recordings from adults and just under half from 1st instar locusts). Raw 214 

recordings (Fig. 2A), raster plots (Fig. 2B) and spike rate histograms (Fig. 2C)  show that,  in 215 

all larval instars as well as the adult,  DCMD spike rate consistently increases during an 216 

approaching stimulus. For approach speeds of 1 m s-1 or more, the 20 ms bin with the highest 217 

mean spike frequency was consistently the bin immediately following the end of stimulus 218 

movement (Fig. 2C). For an approach speed of 0.5 m s-1, in all instars spike frequency started 219 

to decline about 40 ms before the end of stimulus movement. We found no significant 220 

difference between 1st  instars and adults  in the time of the peak instantaneous spike 221 

frequency for any of the approach speeds we used (Mann-Whitney test, p<0.02 in all cases, 6 222 

repetitions in five individuals of each instar).   DCMDs in 1st  instars responded less 223 

vigorously than in older instars, and the adult DCMD response started earlier during each 224 

approach. Differences between instars were more marked as stimulus speeds increased.  225 

From soon after hatching, the DCMD can distinguish different speeds of approach. To 226 

show this discrimination within a particular instar, results were collected in 5 different 227 

animals from 6 repetitions of each stimulus, giving 30 stimulus repetitions in total (Figs. 3, 228 

4). The mean rate of DCMD spikes during each stimulus is plotted in Fig. 3, calculated as  229 

number of spikes during the stimulus divided by its duration (stimulus duration at  each speed 230 

was: 5 s at 0.5 ms-1; 2.5 s at 1 ms-1; 1.25 s at 2 ms-1; 0.5 s at 5 ms-1; and 0.25 s at 10 ms-1). 231 

Within each instar, the response to each stimulus speed differed from responses to other 232 

speeds (Fig. 3A). We showed within each instar that differences between responses to 233 

different stimulus speeds were significant by performing  a Friedman repeated measures 234 

ANOVA, df 4 and p<0.001 in each case. The Χ2 values from this analysis were : 1st instar 235 

112.0; 3rd instar 111.1; 4th instar 113.0; adult 119.23; and each pairwise comparison within 236 

each instar was shown to be significantly different  post-hoc by Student-Newman-Keuls 237 

Method,  p <0.05.  We also showed that, for each stimulus speed mean spike frequency varies 238 
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significantly between instars (Fig. 3B). Friedman ANOVAs, df 3 and p<0.001, gave Χ2 239 

values for different approach speeds:  0.5 ms-1, 46.2; 1 ms-1, 46.2; 2 ms-1, 58.3; 5 ms-1, 71.1; 240 

10 ms-1, 47.4.  At the slowest stimulus  speeds  (0.5 and 1 ms-1)  responses by 3rd, 4th and 241 

adult instars did not differ significantly from each other ( ‘a’ in Fig. 3B).  For faster stimulus 242 

speeds (2 ms-1 and greater) responses by 1st, 3rd and adult instars did differ significantly from 243 

each other (Student-Newman-Keuls Method, p<0.05).  We found no significant differences 244 

between 3rd and 4th instar locusts for any stimulus speed 245 

Within each instar, there were significant differences between peak spike frequency at 246 

different stimulus speeds, measured as mean spike frequency during the 20 ms bin with the 247 

greatest number of spikes (Fig. 4A). We showed that the effect of approach speed was 248 

significant by performing Friedman ANOVAs, df 4 and p<0.001, which gave Χ2 values: 1st 249 

instar, 88.9; 3rd instar 102.0; 4th instar, 82.7; and adult 89.9. Pairwise comparison within each 250 

instar no significant differences in peak spike frequency for stimuli at  2 and 5 ms-1   in either 251 

1st  instars or adults (‘a’ in Fig. 4A), but in other cases peak spike frequency did differ 252 

significantly between stimulus speeds within each (Student-Newman-Keuls post-hoc 253 

analysis, p<0.05). For each stimulus speed,  spike frequency differed between instars (Fig. 254 

4B). We showed this was significant with Friedman ANOVAs, df 3 and p< or = 0.001, which  255 

gave Χ2 values for different approach speeds:  0.5 ms-1, 16.2; 1 ms-1, 33.7; 2 ms-1, 35.0;         256 

5 ms-1, 38.3; 10 ms-1, 38.7.  For the slowest stimulus speed, 0.5 ms-1, responses during the bin 257 

with the greatest number of spikes did  not differ significantly between 1st and adult instars,  258 

but was less than those by 3rd and 4th instars (Fig. 4B, 0.5 ms-1). This contrasts with the mean  259 

spike frequency  throughout the stimulus at 0.5 ms-1 (Fig. 3B), reflecting a slower rate of 260 

spike frequency increase at slow stimulus speeds in adults compared with younger  instars.   261 

For faster approach speeds, the relative vigour of the peak response  by adults increased, so it 262 

was significantly greater than the response by the 1st instar, but not significantly different 263 

from responses by 3rd or 4th instars (Fig. 4B, lower case letters at 2.0 and 10 ms-1). 264 

Significances  of differences between pairs of instars was shown by Student-Newman-Keuls 265 

Method, p<0.05.  266 

Stimulus Cues  267 

The DCMD responds to many types of movement, including objects receding from the 268 

locust.  In all instars, the number of spikes in response to a receding rectangle (Fig. 5A) was 269 

less than the number in response to the same rectangle approaching at the same speed (Fig. 270 

5B). We tested two different speeds of movement, 2 and 5 ms-1, and found that for each speed 271 

and instar  there was a significant difference between responses to receding and approaching 272 
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rectangle (Mann-Whitney Test, p<0.001 in each case; six stimulus repetitions in each of five 273 

locusts).  In the 1st and 4th instars, all 30 receding stimuli generated at least one spike, 274 

whereas in the adults 11 out of the 30 receding stimuli generated no spikes (Figs. 5A,C). 275 

Although responses to receding stimuli  were often initially vigorous in larval locusts, they 276 

never lasted longer than 15-20 ms. Differences in numbers of spikes produced by receding 277 

objects differed significantly between instars, shown by a Friedman repeated measures 278 

ANOVA, df 2 and p<0.001, Χ2 34.5, followed by the Student-Newman-Keuls Method with  279 

p<0.05 for each pairwise comparison.  The number of DCMD spikes in response  to  receding 280 

objects decreased with instar, the opposite effect to that found for approaching stimuli. The 281 

latency to the first DCMD spike following start of rectangle recession decreased with instar 282 

(Fig. 5C;  median ± 95% ci: 1st instar, 64.6  ±2.62 ms; 4th instar 55.5 ±2.38 ms; and adult 283 

52.3 ±2.36 ms), a significant difference shown by a Kruskall-Wallis one-way ANOVA on 284 

ranks, df 2 and   p<0.001, H=28.4, followed by  Dunn’s method,  p<0.05, for pairwise 285 

comparison (a repeated measures test could not be used because sample sizes differed as 286 

several stimuli to adults generated no spikes).  287 

The adult DCMD is known to respond much more vigorously to edge movements 288 

than to changes in luminance (Simmons and Rind, 1992). We showed that the same is true for 289 

larval locusts. Responses to an approaching rectangle (Fig. 5D) were significantly greater 290 

than  those to a darkening rectangular area in 1st instars, 4th  instars and adult locusts (Mann-291 

Whitney Test, p<0.001 in each case). Responses by the adult differed significantly from those 292 

by the 4th and 1st instars (Kruskal-Wallis one way ANOVA,  df 2 H 26.6 and p<0.001; 293 

Dunn’s method for pairwise comparison  p<0.05 for adult compared with 1st or 4th instar but 294 

not for 1st compared with  4th instars).  295 

We found that, in all instars, the DCMD generated greater responses to an 296 

approaching compared with a receding object irrespective of whether the object  was  darker 297 

or lighter than the  background (data not shown).  298 

 In order to generate a response that is sustained and vigorous, the adult DCMD needs 299 

image edges to move with increasing speed as they grow (Simmons and Rind, 1992). This is 300 

because stimulation of one part of the retina suppresses, after a delay, the response by the 301 

DCMD to stimulation of another part. In all instars we showed that stimulation of one part of 302 

the eye suppresses the response to stimulation of another part of the eye soon afterwards. We 303 

did this by presenting locusts with dark disks that grew at a constant rate to subtend 41° at the 304 

eye (Fig. 6). We used three different starting   sizes; so the disk that started at the smallest 305 

size (3°)  grew past the starting size of the two larger disks (which started at  15° or  30°).  306 
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The response to any one of these movements was initially brisk and then declined, unlike 307 

responses to approaching disks (Fig. 2). Both the increase and the decline in response were 308 

more rapid in the adult than the 1st instar locusts (Fig.6). When the disk started at either 15° 309 

or  30°, the response that followed was larger than the response to expansion of the disk past 310 

that size having started from a smaller size (Fig. 6). This effect was consistently found in both 311 

1st instar and adult locusts. The initial spike frequency following the start of movement 312 

increased with the starting size of the disk and so with the extent of moving edge in the initial 313 

movement.  314 

Habituation of responses to approaching stimuli.  315 

In each instar, the response to an approaching disk habituated with stimulus repetition, and it 316 

recovered over time without stimulation or else if the locust’s leg or abdomen was brushed.  317 

We counted the number of spikes in responses to  60 mm diameter dark disks approaching at 318 

2 ms-1, and found similar changes with stimulus repetition  in 1st  instar and adult locusts (Fig. 319 

7). In examining habituation, we experimented with locusts that had not previously 320 

experienced visual stimuli during an experiment, and left each for  10 min before delivering a 321 

series of identical approaching stimuli. We found considerable variability between individual 322 

locusts. However, when a stimulus was repeated every 30 s, after 4 repetitions the number of 323 

spikes in each response  declined to 55-75 % of  the number in the first response both in 1st 324 

instar and in adult locusts (6 individuals of each instar). The response in both instars 325 

recovered to its initial value following  a recovery period of 10 min after 10 successive 326 

stimuli, and then the response declined with stimulus repetition more quickly than during the 327 

initial series of stimuli (Fig. 7).  328 

Ultrastructural organisation of synapses onto the LGMD  329 

In the adult, profiles of neurites of the LGMD and LGMD2 are readily recognisable in 330 

sagittal sections through the distal lobula because, first, they are considerably more  wide 331 

than profiles of other neurons in the distal lobula, and, second, they are arranged along 332 

crescents that correspond with the fan-shaped arbours of the neurons near to the posterior 333 

face of the lobula (Rind and Simmons, 1998). Intracellular staining demonstrated that the 334 

profiles of the LGMD2 are  nearer to the brain surface than those of the LGMD.  Two 335 

crescents of wide neuronal profiles are found in sections through the distal lobula in the 1st 336 

instar (Fig. 8A) and all later larval stages (Sztarker and Rind, in preparation), which means 337 

we can identify large profiles of the LGMD and LGMD2 with reasonable certainty in all 338 

larval instars.  Analysing LGMD profiles, we found synapses that were indistinguishable 339 

from those of adults in all larval samples, including one day-old 1st instars (Figs. 8B and D). 340 
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1st instar synapses already contain many spherical, electron-lucent vesicles with diameter 341 

about 38 nm clustered near to densely-staining presynaptic bars. Other features consistent 342 

with maturity are the absence of a double-barred presynaptic structure and of a postsynaptic 343 

bar density (Leitch et al., 1992). As in the adult, larval synapses show the presence of a few 344 

larger, electron-dense vesicles (Figs. 8D,E). Individual neurites of the LGMD are covered 345 

with many smaller profiles that make synapses with it (Figs. 8B,C). The organisation of these 346 

synapses is the same in larvae as in adults:  synapses are always dyadic with the LGMD as 347 

one postsynaptic element and a similar, neighbouring profile that synapses with the LGMD as 348 

the other (Figs. 8B-E). In the adult, this organisation provides anatomical pathways which 349 

might allow columnar elements that excite the LGMD to inhibit each other, and the same 350 

organisation  is clearly present in all instars.  351 

DISCUSSION 352 

We have shown that as soon as a 1st instar locust hatches, it has neurons that are capable of 353 

responding selectively to approaching stimuli and of discriminating different speeds of 354 

approach.  In responding to approaching stimuli, the 1st instar  DCMD behaves very much 355 

like the adult neuron by generating trains of spikes whose rate tracks object approach. As in 356 

the adult, the 1st instar DCMD generates different number of spikes in responses to different 357 

speeds of stimulus approach. The main changes that happen through the six instars are: an 358 

increase in the rate and number of spikes generated in response to an approaching object; a 359 

decrease in response latency; and a decrease in the number of spikes during brief responses to 360 

receding objects or changes in luminance. There is a gradual improvement in a selective 361 

approach to approaching over receding stimuli through instars, judged from the numbers of 362 

spikes generated to approaching compared with receding stimuli.  363 

A possible explanation for the lower spike frequency in larval neurons is that the 364 

animals are more susceptible to the effects of handling, which might depress the 365 

responsiveness of their sensory neurons by habituation. It is well established that habituation 366 

occurs in the synaptic pathways that converge onto the LGMD’s main dendritic fan and 367 

excite it (O'Shea and Rowell, 1975a, 1976; Rind et al., 2008). However, this explanation 368 

would not be consistent with the larger responses produced to receding objects by early 369 

instars compared with later,  or to the relatively large responses by 1st instar locusts compared 370 

with adult locusts to darkening stimuli. In addition, our finding that responses to repeated, 371 

approaching stimuli in different instars habituate and dis-habituate in similar ways supports 372 

the notion that our experimental treatment did not suppress responses in larvae any more than 373 

in adults. A second possible  reason why earlier instars generate lower numbers of spikes 374 
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compared with later instars  in response to approaching stimuli might be that the chemical 375 

synapse that connects the LGMD with the DCMD (Rind, 1984) is not as strong and reliable 376 

in early instars compared with the adult, so some LGMD spikes might not trigger spikes in 377 

the DCMD. The relatively vigorous responses by DCMDs in young instars to receding 378 

objects or luminance changes again argue against this. It seems to be a general property of 379 

larval locust interneurons that they generate lower spike rates than in the adult (Boyan, 1983; 380 

Bucher and Pflüger, 2000), which might limit the ability of young compared with older 381 

animals to discriminate stimuli.  382 

 Our results indicate that the neuronal pathways and synaptic interactions needed for  383 

selectivity for approaching stimuli develop before the locust has emerged from its egg  and so 384 

before it starts to experience moving visual stimuli. As in the adult (Simmons and Rind, 385 

1992), the LGMD and DCMD in larvae generate smaller responses to changes in luminance 386 

than they do to movements. This means that in all instars the LGMD integrates inputs from 387 

stimuli that travel over different parts of the eye; it does not simply react to shadows. We 388 

showed that in all larval stages, the responses by the LGMD to edges moving at constant 389 

speeds adapt, which suggests that before emerging from the egg the pathways that suppress 390 

responses by one part of the eye to responses by another part are established. A mechanism 391 

for this is presynaptic inhibition between neurons in columns in the medulla that correspond 392 

with ommatidia (O'Shea and Rowell, 1975a, 1976; Rind and Bramwell, 1996), and a likely 393 

anatomical substrate for this inhibition is provided by the reciprocal arrangement  of synapses 394 

from small profiles that synapse both with the LGMD and with each other (Rind and 395 

Leitinger, 2000; Rind and Simmons, 1998). By using electron microscopy we have shown  396 

that this synaptic arrangement is already present in the 1st  instar. The synapses in the larvae 397 

are indistinguishable in structure from those in the adult, and do not show any of the 398 

characteristics of immature synapses in the embryonic nervous system (Leitch et al., 1992).  399 

  One likely explanation for the increase with instar in DCMD response to 400 

approaching objects is that the number of ommatidial units that excite the LGMD increases, 401 

although the effect this has will depend on how the LGMD’s electrical properties change with 402 

growth. The number of ommatidia in a locust’s eye increases almost four-fold between 1st 403 

instar to the adult. An increase in strength of excitation to the LGMD due to this increase in 404 

ommatidium number is consistent with the decrease in response latency, which is most easy 405 

to gauge from responses to receding stimuli or to circles expanding at constant velocity but is  406 

also apparent in responses to approaching objects. It is likely that, as the strength of 407 

excitation to the LGMD increases, so too will the strength of lateral inhibition presynaptic to 408 
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it.  In adults, responses to constantly expanding stimuli are larger and build up more rapidly, 409 

but then also decay more rapidly than they do in earlier instars. This is consistent with 410 

stronger initial excitation to the LGMD and DCMD in adults compared with younger locusts, 411 

followed by stronger lateral inhibition reducing the later responses. Strong initial excitation 412 

followed by lateral inhibition can also  explain why peak responses by adults compared with 413 

younger locusts are relatively large for rapidly approaching stimuli, but not for the slowest 414 

stimuli we used. During the slowest stimuli, in adults the lateral inhibition  may develop 415 

rapidly enough to reduce excitation during the final stages of an approaching stimulus. 416 

Differences between instars in the strength of lateral inhibition might also explain why 417 

responses to receding stimuli or to luminance changes are relatively large in the younger 418 

larvae, although  we have not studied the smaller LGMD dendritic subfields that have been 419 

implicated in suppressing responses to wide-field stimuli (Rowell et al., 1977).  420 

Although our experiments indicate that visual experience is not needed for the LGMD 421 

and DCMD to develop their ability to respond selectively to visual stimuli, it is possible that 422 

their responses can be influenced by visual stimuli they experience during larval life. Bloom 423 

and Atwood (1980) found that in responses by adults DCMDs to disks approaching at         424 

0.2 ms-1, numbers of spikes by locusts that had been reared in darkness were by nearly 90% 425 

compared with locusts that had experienced normal light-dark cycles as larvae. The 426 

difference in responses between dark- and light-reared locusts was much greater than the 427 

differences we found between adult and first instar locusts, and an explanation for this large 428 

reduction in responsiveness is that responses by photoreceptors are very much reduced in 429 

locusts that have been reared in darkness compared with locusts that have been reared 430 

normally (Bloom and Atwood, 1980). However, Bloom and Atwood (1980) also provided 431 

evidence that sensory experience can affect the properties of synaptic connections in the optic 432 

lobes. They found that the rate and extent of habituation in responses by the DCMD 433 

habituates is much  greater than normal in dark-reared locusts. Because the site of habituation 434 

is the synaptic connections from afferent neurons onto the LGMD (O’Shea and Rowell, 435 

1976), properties of this connection must be sensitive to lighting levels during development. 436 

However, we cannot yet judge  whether experience of moving stimuli in early larval life 437 

affects the functional development  of synaptic connections in the insect optic lobe. 438 

A number of characteristics implicate the DCMD in a role in behavioural responses 439 

that a locust makes to avoid imminent collisions, including capture by predators. The DCMD 440 

responds well to approaching images; and its axon is the widest in the nerve cord and has a  441 

rapid conduction velocity. In adults, one function for the DCMD is to trigger a diving glide 442 
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during flight, which might enable evasion from capture by a predatory birds or collision with 443 

other locusts in a swarm (Santer et al., 2012; Santer et al., 2006). It also plays a role in 444 

triggering jumps (Fotowat and Gabbiani, 2007; Santer et al., 2008),  and recent evidence  445 

suggests that it plays distinct  roles during different phases in preparing for and performing a 446 

jump (Fotowat et al., 2011). The DCMD acts in concert with other interneurons in the control 447 

of jumps, some of which respond to approaching stimuli (Gray et al., 2010; Simmons and 448 

Rind, 1997). The natural predators that chase locusts might differ according to the age and 449 

size of locusts, as has been shown for Nemobius crickets in which early instars are 450 

particularly vulnerable to predation by wolf spiders (Dangles et al., 2007). In a dense swarm, 451 

locust hoppers attack each other (Bazazi et al., 2008). Observation of locusts in our colony 452 

shows that larvae of all ages orient away from approaching stimuli, and often jump in 453 

response to attempts to catch them. More work is needed to establish whether the kinds of 454 

natural stimuli it responds to and the kinds of behavioural responses the LGMD and DCMD  455 

participate in alter as a locust develops from hatching to adult.  456 
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 598 

FIGURE LEGENDS 599 

Fig. 1.  Compound eye morphology in different instars. Drawings of the heads of (A) 1st, (B) 600 

4th and (C) adult instar Locusta from the side. Scale bars: 1 mm. The horizontal band of light 601 

facets that runs across the eye is shown. (D) plots of number of facets along the ventral 602 

border of the light band (means from 3 locusts) and facet width (average width determined 603 

from the width across 10 facets; means from 3 locusts). Error bars are ranges of  values.    604 

Fig. 2. Responses by the DCMD in different instars to approaching stimuli. (A) DCMD 605 

spikes in extracellular nerve cord recordings from a 1st instar and an adult locust to images of 606 

disks approaching at 1 and 5 ms-1. Image size, as angular subtense at the eye, is monitored in 607 

the lower panels. (B) Raster plots of DCMD spike times in six responses to a 2 ms-1 608 

approaching stimulus in individuals of a 1st, 3rd and adult instar. (C) Spike frequency 609 

histograms of 1st, 3rd, and adult instar DCMDs responding to images of disks approaching at 610 

different speeds, as indicated on the stimulus monitor traces (mean ±s.d. for each 20 ms bin, 611 

n=30). 612 

Fig. 3. Mean spike rate by DMCDs of larval and adult locusts during responses to disks 613 

approaching at different speeds. The mean spike rate was  obtained by dividing the number of 614 

spikes in each response by stimulus duration. (A) Each of the three graphs shows mean spike 615 

rate at different approach speeds for individuals of the  instar shown on the graph; graphs for 616 

the 4th instar, not shown here, were similar to those for the 3rd instar. (B)  Each of the three 617 

graphs shows mean spike rate in individuals of different instars for the  approach speed 618 

shown on the graph. Figs. 3A and B include the same data. In each graph, each box shows 619 

median, interquartile range, and error bars indicating 5% - 95% range; six different responses 620 

in five individual locusts. In B, ‘a’  indicates responses that were not significantly different at 621 

a particular stimulus speed (Student-Newman-Keuls Method, p<0.05, following Friedman 622 

repeated measures analysis of variance on ranks). 623 

Fig. 4. DCMD spike rate during the 20 ms bin with the greatest number of spikes during  624 

responses to disks approaching at different speeds.  (A) Each of the three graphs shows spike 625 

rate at different approach speeds for individuals of the  instar shown on the graph; graphs for 626 

the 4th instar, not shown here, were similar to those for the 3rd instar.   (B)  Each of the three 627 

graphs shows spike rate in individuals of different instars for the  approach speed shown on 628 
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the graph. Lower case letters indicate responses to a particular stimulus speed that were not 629 

distinguishable in a particular graph (Student-Newman-Keuls Method, p<0.05, following 630 

Friedman repeated measures analysis of variance on ranks). Other details as in Fig. 3.  631 

Fig. 5. Responses to receding stimuli and to luminance changes compared with responses to 632 

approaching stimuli. (A) Histogram of numbers of spikes by 1st, 4th and adult instars in 633 

response to a rectangle receding at 2 m/s.  (B) Histogram of numbers of spikes by 1st, 4th and 634 

adult instars in response to a rectangle approaching at 2 ms-1. (C) DCMD spike times in six 635 

stimulus repetitions in locusts of three instars to the image of a rectangle receding at 2 ms-1. 636 

(D) Histogram of numbers of spikes by 1st, 4th and adult instars in response to a rectangular 637 

area of screen darkening with a the same time-course as that of the rectangle approaching at 2 638 

ms-1.   Data for A-D comes from the same set of locusts.   In A, B, and D each box shows 639 

median, interquartile range and 5%-95% range from 30 repetitions.  640 

Fig. 6. Responses to images of dark disks that expanded at a constant rate across the screen, 641 

with three different initial sizes. The disk expanded to a final subtense at the eye of 41°, 642 

starting from 3°, 15° or 25°. On the monitor of angular image size,  symbols indicate times of 643 

the start of movement for the three starting sizes and correspond with the symbols in the top 644 

two panels that plot  mean DCMD spike rate ±s.d. (20 ms bins from 6 repetitions in each of 3 645 

animals). 646 

Fig. 7. Habituation and dis-habituation of DCMD response in 1st instars  and in adults. The 647 

stimulus was a 60 mm diameter dark disk approaching at 2 ms-1, repeated every 30 s. After 648 

the first 10 stimulus repetitions was a 10 minute interval (gap in graphs) before the 11th 649 

stimulus. The number of spikes in the final 2 s of each stimulus was expressed as the 650 

proportion of the maximum number for all 15 stimulus repetitions to each animal. The 651 

median and quartiles from 6 individuals are plotted in each graph.   652 

Fig. 8. Electron micrographs of synapses onto the LGMD in different instars. (A) Low power 653 

micrograph of a sagittal section of the lobula in a 1st instar locust showing the two crescents 654 

of processes belonging to the LGMD (black arrows) and LGMD2 dendritic trees (white 655 

arrows). (B-E) Details of synapses in different instars. LGMD profiles are marked with black 656 

asterisks, profiles presynaptic to the LGMD with white asterisks and synapses with black 657 

arrowheads.   (B, C) LGMD profiles surrounded by several presynaptic profiles in (B) 1st 658 

instar and (C) 4th instar. (D, E) Detail of dyadic synapse involving 2 profiles that are 659 



T
he

 J
ou

rn
al

 o
f 

E
xp

er
im

en
ta

l B
io

lo
gy

 –
 A

C
C

E
PT

E
D

 A
U

T
H

O
R

 M
A

N
U

SC
R

IP
T

23 

 

presynaptic to the LGMD and to each other in (D) 1st instar and (E) adult. Examples of large, 660 

electron-dense vesicles are enclosed in squares. Scale bars: (a), 10 µm; (b-d), 500 nm.  661 
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