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Summary

Desert locusts $chistocerca gregarip can undergo  similarly different. Isolating larval gregarious locusts led
a profound transformation between solitarious and to rapid changes in seven chemicals equal to or even
gregarious forms, which involves widespread changes in exceeding the differences seen between long-term
behaviour, physiology and morphology. This phase change solitarious and gregarious animals. Crowding larval

is triggered by the presence or absence of other locusts
and occurs over a timescale ranging from hours, for
some behaviours to change, to generations, for full
morphological transformation. The neuro-hormonal
mechanisms that drive and accompany phase change in
either direction remain unknown. We have used high-
performance liquid chromatography (HPLC) to compare
amounts of 13 different potential neurotransmitters
and/or neuromodulators in the central nervous systems of
final instar locust nymphs undergoing phase transition
and between long-term solitarious and gregarious adults.
Long-term gregarious and solitarious locust nymphs
differed in 11 of the 13 substances analysed: eight
increased in both the brain and thoracic nerve cord
(including glutamate, GABA, dopamine and serotonin),
whereas three decreased (acetylcholine, tyramine and
citrulline). Adult locusts of both extreme phases were

solitarious locusts led to rapid changes in six chemicals
towards gregarious values within the first 4 (by which
time gregarious behaviours are already being expressed),
before returning to nearer long-term solitarious values
24 h later. Serotonin in the thoracic ganglia, however, did
not follow this trend, but showed a ninefold increase after
a 4h period of crowding. After crowding solitarious
nymphs for a whole larval stadium, the amounts of all
chemicals, except octopamine, were similar to those of
long-term gregarious locusts. Our data show that changes
in levels of neuroactive substances are widespread in the
central nervous system and reflect the time course of
behavioural and physiological phase change.

Key words: desert locusGchistocerca gregarjiaphase transition,
HPLC, solitarious, gregarious, polymorphism.

Introduction

Many animals undergo profound changes in behaviour thativision of labour between workers in social insects (Taylor
adapt them to changing needs and conditions at differeet al., 1992; Wagener-Hulme et al., 1999; Schulz and
stages in their life histories. Neuromodulation of neuronaRobinson, 1999). In the shorter term, neuromodulation by
networks or intrinsic changes in the amounts ofoctopamine and serotonin in insects and Crustacea is
neurotransmitters within these networks are two means @fssociated in complex ways with social status arising from
effecting such behavioural change, as has been reported @gonistic encounters (Kravitz, 2000; Sneddon et al., 2000;
accompany the onset of sexual maturity or reproductive stati&evenson et al., 2000), and serotonin has an important role in
(Fabre-Nys et al., 1997; Broad et al., 2002), the developmenggulating the sensitivity of photoreceptors between night and
and metamorphosis of insects and amphibians (Homberg addy (Cuttle et al., 1995; Hevers and Hardie, 1995).
Hildebrand, 1994; Kloas et al., 1997; Takeda, 1997; Sillar et Locusts undergo an extreme form of phenotypic plasticity
al.,, 1998; Lehman et al., 2000a,b; Consoulas et al., 200€hat is driven by population density, which results in extensive
Mercer and Hildebrand, 2002), and during castébut reversible changes in many aspects of morphology,
differentiation (Sasaki and Nagao, 2001, 2002) and thphysiology and behaviour (Uvarov, 1966; Simpson et al.,
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1999). Locusts in the wild usually exist in the solitarious phase Materials and methods
under low population densities of less than 3 per @0 Insects

Solitarious locusts are cryptic in appearance and behaviour, fly o |ocusts Schistocerca gregariaForskal originated
mainly at night and actively avoid contact with each other. It.,, 4 colony maintained at the department of Zoology,
environmental conditions force locusts together into higrUniversity of Oxford, and have been reared under crowded
population de_nsities, however, they transform to the gregari_o%nditions for many generations (5001000 insects per
phase. In this phase locusts are highly active, have brigh cmyx76 cmx60cm rearing bin). Solitarious-phase locusts
warning colours as nymphs, are predominately day flying angyere gerived from this colony but had been reared in a separate
crltlcal_ly, are attracted towards other locusts, thus form'_”‘iacility under physical, visual and olfactory isolation from
cohesive groups. The rates of change of phase characterisigfier |ocusts. The husbandry procedures for the isolated

vary over time scales ranging from hours to generationggq sts were the same as those used by Roessingh et al. (1993).
Solitarious locusts behave fully gregariously within just@l  £inq) |arval instar locusts were used for the time course of
crowding, thereby in;reasing their propensity_ to move to_""ardﬁhase—change experiments. A group of second-generation
other locusts (Roessingh et al., 1993; Roessingh and Simpsqty|ated adult locusts was compared with long-term gregarious
1994). By contrast, gregarious-phase locust nymphs that arey its in a separate experiment.

isolated only partially solitarise within 24 and then remain

in this transitional behavioural state for the rest of the stadium. Experimental treatments
Further behavioural solitarisation requires isolation for several The time-course analysis of the effects of isolation and

stadia (Roessingh and Simpson, 1994) or generatiena  crowding was performed by taking gregarious-phase locusts
maternal influence over embryonic development (Islam et alfrom the stock culture, isolating different cohorts for
1994a,b; Bouaichi et al., 1995). sequentially longer periods, then taking third generation
The necessary sensory stimuli that trigger the initiakolitarious locusts and crowding them, as shown inFilyine
behavioural gregarization of solitarious locusts have beegtages of isolation/crowding were examined in final instar
characterised (Roessingh et al., 1998; Hagele and Simpsafymphs. These were: (1) long-term gregarious-phase locusts
2000; Simpson et al., 2001; Rogers et al., 2003). There atgken from the main culture, (2) gregarious-phase locusts
also clear differences in specific neuronal circuits angsolated for 24, (3) gregarious-phase locusts isolated from the
muscular systems between the two extreme locust phases tBgirt of the penultimate nymphal stadium until their final
can be related to these differences in behaviour (Matheson @mphal stadium, (4) first-generation, isolated-reared locusts
al., 2003, 2004; Blackburn et al., 2003; Fuchs et al., 2003Ii_e_ locusts hatched from separated eggs and reared
The neuro-hormonal mechanisms that drive and maintaigeparately), (5) second-generation, isolated-reared locusts (i.e.
phase change, however, remain largely unknown (Penestfspring of locusts reared under the previous treatment
1991; Pener and Yerulshami, 1998; Breuer et al., 2003). Th&nditions), (6) third-generation isolated-reared locusts, (7)
peptide [Hig]-corazonin promotes gregarious colouration anchird-generation, isolated-reared locusts crowded together (in
morphometric changes in solitarious locusts (Tawfik et al.a group of 12) in a standard solitarious locust-rearing cage
1999; Hoste et al., 2002) but has no effect on phase-relat¢go cmx 10 cmx25cm) for 4h, (8) third-generation isolated-
behaviour (Hoste et al., 2002). Previous work has analysegared locusts crowded together as in (7) foh 24d (9) third-
amounts of octopamine iocusta migratoria (Fuzeau- generation isolated-reared locusts crowded together as in (7)
Braesch and David, 1978; Fuzeau-Braesch and Nicholagom the start of the penultimate larval stadium until their final
1981) and a partially phase-changing specBeistocerca nymphal stadium.
americana (Morton and Evans, 1983), with conflicting Each treatment group initially consisted of 12 locusts, split
results. No previous study has monitored changes iBpproximately evenly between sexes, but some losses during
neurochemicals during the phase change process frofRe experiment meant that final sample sizes ranged from 10
hours to generations as we show here. As the detailed timg 12. All locusts were analysed 2-5 days from their previous
course of behavioural phase change is now well establisheghoult.
the present study analyses the accompanying changes inFor comparison of neurotransmitters and neuromodulators
putative neuromodulators and neurotransmitters within thgy adult solitarious and gregarious locusts, nine gregarious
nervous system on a temporal scale that maximises thecusts taken from the gregarious culture were compared with
likelihood of discovering coincident and hence potentiallynine locusts that had been reared in isolation for two
causal relationships between changes in behaviour argénerations. All adult locusts were in the pre-reproductive

neurochemistry. We wused high performance liquidstage, 5-10 days after their final moult.
chromatography (HPLC) to analyse changes in 13 different

potential neurotransmitters and neuromodulators in the central Preparation of samples

nervous system of desert locusts at nine key stages duringExperimental locusts were removed from their rearing cages
solitarization and gregarization. We identify chemicals thaand placed in 7.bm diameter plastic plant pots, either
differ quantitively between phases and track the time coursedividually if previously isolated, or as a group if previously

of these differences as phase-change occurs. crowded. Some cut wheat seedlings were added and the pots
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into separate samples. Individual tissue samples were placed
in chilled 100ul micro-homogenisers with 5@ of
150mmoll-1 perchloric acid containing 10tyml-1 3,4-

Long-term dihydroxybenzylamine hydrobromide (DHBA; Aldrich, Poole,
crowded Dorset, UK) as an internal standard for the HPLC and

Gregarious (many generations)

et

@ Isolated

homogenised for ghin. The samples were then transferred to
1.5ml Eppendorf tubes and centrifuged forBh at 17500g.
The supernatant was measured using @l 5amilton syringe,

24 h Crowded ® transferred to another Eppendorf tube and then stored at —80°C
+ 1 stadium until the HPLC analysis (for approximately 2 weeks).
@fss?;zgieﬂn Preparauon_ for HPLC _
Samples were analysed using three different HPLC systems
¢ Crowded 24 designed to measure either amino acids, monoamines or
@) Isolated acetylcholine/choline. For the amino acid analysigl @f the

1 generation

sample solution was mixed with 48 of ultrapure locust
saline (25 dilution); for the monoamine system, [uiBof the

¢ Crowded 4 ((7)

A sample was used undiluted, and for the acetylcholine system,
® Isolated 5 pl of the sample was mixed with @& of ultrapure saline
2 generations (20X dilution). Standard solutions were used to calibrate each
* of the HPLC systems, for both the identification and
quantification of different peaks. Standard solutions for the
v (® Isolated . . . . .
Solitarious 3 generations amino acid _system_ gontalneq asparta_te, gluta_lmlc _ acid,
citrulline, glycine, arginine, taurine arygamino butyric acid
(GABA), all 250nmoll-% for the monoamine system,
octopamine (OA, 5@g), tyramine (TA, 4(g), DHBA
(internal standard; 0.2%g), N-acetyldopamine (NADA,
Fig. 1. S(_:hematic of the nine stages of phase change analysed. Shoyn ng), dopamine (DA, 0.Bg) and serotonin (5-
descen_dlng on the left-hand side, cohorts of Iong-term crowde droxytryptamine, 5-HT, 0.76g), all measured in mass per
(gregar!ous-phgse; stage .1) .IOCUStS. are tal.(en. and isolated f pl injected sample; and for the acetylcholine system,
increasing periods, becoming increasingly solitarious. Locusts thaf,_ " . ; . 1
have been isolated for three whole generations (long-term solitarioug;hOIIne and acetylcholine both 26nol I~
stage 6) are then taken and crow_ded for increasing p_e_riods, causi_n%ﬁ]ino acid analytical system
progressive change to the gregarious phase, shown rising on the right-
hand side. Locusts that are crowded for long enough revert to the Amino acids were analysed using an HPLC gradient system
gregarious phase state. at a flow rate of 52Q min~1 (125 gradient pump; Beckman,
Fullerton, CA, USA) with a C18 reversed phase columun(3
SphereClone column, Phenomenex, Macclesfield, Cheshire,
covered with pierced cling-film. The locusts were then leftUK; 15cm length3.2mm i.d., heated at 35°C) and
undisturbed for h. At the end of this resting period the potsfluorescence detection (CMA/280) as previously described
were gently lifted with 3@m long forceps and plunged into (Kendrick et al., 1996). A Gilson (Villiers-le-Bel, France)
liquid nitrogen; the holes in the base of the plant pots allowethodel 231/401 auto-injector was used with programmable pre-
rapid access of the freezing liquid. The frozen locusts wereolumn derivatisation using OPA o-pthaldialdehyde).
removed individually, decapitated, and the head and bodjection volumes were 13l including both sample and OPA.
placed on pre-chilled dissecting blocks kept on ice. The whol&radients and data collection were controlled using Beckman
brain including the optic lobes was dissected from the hea@2 Karat HPLC softwareDetection limits were 1-6mol -1,
and the complete thoracic ganglion chain of final instar locusts,
or the pro- and metathoracic ganglia only of adult locusts, wa¥onoamine analytical system
dissected from the thorax. Ice-cold ultrapure locust saline Monoamines were analysed using an isocratic HPLC system
prepared using Analar™ quality reagents and ultrapuréV480 pump; Gynkotek, Germering, Germany; flow rate
deionised water was used as necessary during the dissecti@dOul min-1) with electrochemical detection (Waters M469,
The optic lobes were detached from the rest of the brain antfaters Milford, MA, USA, using a BAS &im Unjet cell at
the heavily pigmented retina removed and discarded. The twi).65V) as previously described (Kendrick et al., 1996). A
optic lobes were combined to make one sample. The centn@versed phase C18 column was used (Phenomepex 3
region of the brain constituted another sample and in fingphereClone; 16m length2.0mm i.d., heated at 35°C). A
instar nymphs the thoracic ganglion chain the third. In adultooled autoinjector (CMA/200) was used to load samples
locusts the pro- and metathoracic ganglia only were madg@Opl sample volume injected). Data were integrated using a
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Tablel. The amounts of 13 different chemicals in the three regions of the central nervous system of long-term gregarious and

long-term solitarious final instar locust nymphs

Long-term gregarious Third generation solitarious Solitarious value as %
Chemical Mean S.E.M. Mean S.E.M. Change of gregarious value
Aspartate 2.36 0.370 7.44 1.201 + 315
Glutamate 13.54 1.768 26.63 2.329 + 197
Glycine 12.37 2.933 36.54 5.663 + 295
GABA 2.97 0.285 3.95 0.203 + 133
Arginine 15.37 2.068 19.98 0.951 + 130
Taurine 3.13 0.472 3.81 0.306 + 121
Acetylcholine 7288.63 224.881 6076.67 537.389 - 83
Tyramine 0.096 0.0225 0.046 0.0125 - 48
Citrulline 1.08 0.375 0.09 0.016 - 8
Dopamine 0.10 0.035 0.12 0.028 + 118
Serotonin 0.07 0.015 0.09 0.026 + 131
Octopamine 4.48 1.355 4.17 1.184 = 93
N-acetyldopamine 1.41 0.289 1.15 0.232 - 81

Amounts are expressed as nmol per nervous system.

Gynkosoft (Dionex, Sunnyvale, CA, USA) integration 17% for acetylcholine to 50% for tyramine, whilst citrulline

package. Detection limits were 5-pg§mli-1. underwent a substantial 90% decrease on solitarization. Only
_ _ octopamine showed a mean difference of less than 10%
Acetylcholine analytical system between phases, and whilst solitarious locusts had 17%ess

Acetylcholine/choline were analysed using an isocrati@cetyldopamine than gregarious locusts, the standard errors of
HPLC system (CMA 250 pump, 120min~Y) with  the mean<Ee.M.) overlapped between phases.
electrochemical detection (BAS LC4C wittmn Unijet cell The detailed analysis of the phase change process, taking
at +CV coated with peroxidase to produce a ‘wired enzymdong-term gregarious locusts and then cohorts of insects
detector’) as previously described (Kendrick et al., 1996). Asolated for periods of hours to three generations and then
Unijet analytical column was used (BAS, ACh/Ch column,crowding third-generation solitarious locusts for periods lof 4
52cm lengthkl mm i.d.). Data were integrated using ato one stadium, revealed significant changes in 12 of the 13
Gynkosoft (Dionex) integration package. Detection limits werdested chemicals in at least one of the nine stages of isolation
0.5nmol |1, or crowding, (multivariate analysis of variance, MANOVA;
Statistical analyses of the data were made using SPS%ble2, based on the total amounts present in the sampled
(version 11). Outlying data points lying more than 2.5 standarcegions of the central nervous system). Qigcetyldopamine
deviations from the sample mean (in practice corresponding {&ig. 2M) showed no significant change with any of the
values more than twice that of the next closest data point) weteeatments, or between regions of the central nervous system
excluded from the analyses. Data from different chemicalas either final instar nymphs (Ta@eor adults (Tabl8). The
were square root or natural log (In) transformed as necessadgta for final instar nymphs are divided into three patterns of
to render them suitable for parametric analyses. response following isolation and crowding: amino acids that
increased on isolation throughout the central nervous system
(Figs2A—-F, 3); chemicals that decreased on isolation
Results throughout the central nervous system (2@s-, 4) and the
Long-term gregarious and long-term solitarious (third-monoamines dopamine (Figs, 5A), serotonin (Fig8K, 5B)
generation isolated) locust nymphs contained differenand octopamine (FigaL, 5C), which showed large regional
amounts of 11 of the 13 tested chemicals (see Tabidich  changes, particularly during the early stages of isolation and
lists total amounts measured in the three regions of the centiabwding.
nervous system). Eight substances were more abundant inQualitatively, the differences between long-term gregarious
solitarious locusts than in gregarious locusts. The amounts aflults and second-generation solitarious adults were similar to
glutamate, glycine and aspartate were double or more imose of final instar nymphs for most chemicals (T&ble
solitarious locusts than in gregarious locusts, whilst GABAFig. 6). Aspartate, glutamate and glycine were present in
taurine, serotonin and dopamine increased by a more modegiproximately double the quantity in solitarious compared to
20-35%. Three chemicals, acetylcholine, tyramine andregarious adults, as in the final instar nymphs. GABA,
citrulline, were less abundant in long-term solitarious locustgrginine, taurine, dopamine and serotonin were also present in
than in long-term gregarious ones. The decreases ranged frgreater amounts in solitarious adults but had more extreme
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Table2. Results of a MANOVA on the measured amounts of 13 different neurochemicals in the central nervous systems of fing
larval instar locusts subjected to different conditions of crowding or isolation

(A) Effect Pillai’s trace value F Hypothesis d.f. Error d.f. P
Intercept 0.995 1063.2 13 73 <0.001
Treatment 2.649 3.047 104 640 <0.001
Sex 0.252 1.889 13 73 0.045
Treatmenk Sex 1.504 1.425 104 640 0.006
(B) Between subject effects

Chemical ModeF17, 85 Treatments, g5 SexF1, 85 TreatmenkK SexFs, g5
Aspartate 3.44%** 5.14%** 10.23** 0.55
Glutamate 3.53%** 4.69%+* 10.66** 1.18
Citrulline 3.54xxx 5.09%** 0.48 2.21*
Glycine 2.9 % 4. 73%x* 1.77 0.58
Arginine 3.35%** 2.76** 12.26*** 2.17*
Taurine 3.81%** 5.38%** 5.96* 1.92
GABA 3.13%** 4.58%* 3.42 1.17
Acetylcholine 1.35 2.08* 2.60 0.47
Octopamine 5.24%** 6.75%*+* 3.55 6.24***
N-Acetyldopamine 1.11 0.81 1.34 0.87
Dopamine 1.94* 2.46* 0.11 1.00
Tyramine 1.77* 2.88** 0.025 0.73
Serotonin 1571 2.29* 0.69 0.66

*P<0.05, **P<0.01 and ***<0.001.
MANOVA, multivariate analysis of variance.

relative increases compared to nymphs, with solitarious adulfgoduced by crowding third generation solitarious locusts for
also having approximately double the quantities of thesas little as 4, led to dramatic decreases (RB@\) towards
chemicals compared to the 20—35% increases seen for the savatues found in long-term gregarious locusts. Byh?2df
chemicals in final instar nymphs. There was less citrulline in

gregarious adults but the difference was smaller than i"Taple3. Results of a MANOVA on the measured amounts of
nymphs (50% compared to >90% decrease, respectively 1 different neurochemicals in the brain and optic lobes of

whilst there were no significant differences in the amounts cadult long-term gregarious and second generation solitarious
N-acetyldopamine, tyramine or octopamine. The acetylcholin locusts

analysis was not performed on the adult samples.

(A) Effect Pillai’s trace value Fi2 5 P
Amino acids that increased on isolation Intercept 0.979 19.19 0.002
All the measured amino acids, except for citrulline, werePhase 0.977 17.41 0.003

present in greater amounts throughout the central nervol
systems in long-term solitarious locusts than in long-tern
gregarious locusts (FigsA—F, 3). Overall two patterns of

(B) Between subject effects
Chemical PhasEy, 16

change with increasing isolation and then crowding could bAsSpartate 5.65*
seen (Fig3A,B). One group, consisting of aspartate, glutamatC'Utamate 13'331*
and glycine, showed large increases (doubling or moreg'ltrg.lxge 111'%)‘;***
throughout the central nervous system following isolation fO‘Aréirlline 1 4_'88***
a 24h period (Fig3A; all significant atP<0.05 in a Dunnet 1 rine 17.07%*
post hoctest against the gregarious controls). Levels of algaga 7.49*
three chemicals, however, then fell back towards gregarioloctopamine 0.303
values on isolation for an entire stadium (/84). Locusts that  N-Acetyldopamine 3.56R=0.07)
were isolated for longer, i.e. 1-3 generations, had increasirDopamine 7.43*%
amounts of these amino acids with each generation of isolatioTyramine 0.254
so that eventually the amounts present after three generaticSerotonin 6.90*

were similar to the high levels occurring after the initiah24
period of isolation (Fig3A).
Phase change in the opposite direction, gregarizatio

*P<0.05, *P<0.01 and ***P<0.001.
MANOVA, multivariate analysis of variance.
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A Aspartate B Glutamate C Glycine

Arginine Taurine

Citrulline

Acetylcholine

Tyramine

In(nmol) per ganglion)

Dopamine K Serotonin

Concentration (nmol per ganglion)

N-Acetyl dopamine

—®— Brain
A Optic lobes
—®— Thoracic ganglia

Stage

Fig. 2. (A—M) Changes in the amounts of 13 chemicals in three different regions of the central nervous system during sucessgiv®)tag

in the isolation of long-term gregarious phase locusts (stage 1; darkest grey background) and the gregarization of third spditeiaus
locusts (stage 6; white background). Values (mea.#.) are the amounts found in the brain (red circles) excluding optic lobes, optic lobes
(blue triangles) and the thoracic ganglia (green squares) for final larval instar nymphs at the stages of isolation omclicaiidgn the-
axis.N=9-12 for each point. Note that the values for citrulline are In transformed. Stages adlin Fig.

crowding, however, the amounts had increased again and we2éh isolation of long-term gregarious locusts (all non-
again similar to those of long-term isolated locusts. In thaignificant; Fig.3B). On longer isolation, for one stadium, the
second group of chemicals, consisting of GABA, taurine andhean amounts of all three amino acids even fell below those
arginine, there were smaller (20%) or no increases followingetected in long-term gregarious locusts.
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Fig.4. Chemicals that decreased on solitarization in final instar
nymphs were tyramine, citrulline and acetylcholine. Tyramine
decreased to 30% of its gregarious value withitn 24 isolation and
remained low during all stages of solitarization, but increased rapidly
within 24h of crowding. Citrulline decreased to less than 10% of
gregarious amounts after Bdisolation and remained low during all
stages of isolation and gregarization monitored. Acetylcholine
declined slowly over a period of 24to 1 generation of isolation and
remained at approximately 80% of the gregarious amount during
further generations of isolation. It did not recover following 1 stadium
of crowding. Values (mean &e.Mm.) are sum amounts in the three
sampled regions of the central nervous system, standardized to give
the mean long-term gregarious value as 1. Stages as ih. Fig.

Fig.3. Amino acids that increased on solitarization in final instar

nymphs. (A) Amino acids that exhibited large (ovex)2rapid

For arginine and GABA, first-generation isolated locusts had

changes. Aspartate, glutamate and glycine showed rapid increasesibareased amounts relative to locusts isolated for one stadium,
the initial 24h isolation of gregarious locusts, before declining againbut this was followed by only modest or no increases on each
in the first stadium of isolation. Amounts increased again over gubsequent generation of isolation (Fd8). Taurine differed

further 1-3 generations of isolation. Crowding third generationspmewnhat from this pattern; there was a substantial increase

isolated locusts led to a rapid decline in the firlst But amounts had
increased third generation isolated values bl 2ficrowding. Values

returned towards long-term gregarious values after 1 crowd

stadium. (B) Amino acids that exhibited smaller (maximunx).&nd

slower changes. Taurine, arginine and GABA did not chang

significantly during the first 24 of crowding or isolation, but
increased only after 1 generation of isolation. Values (meamnnt.)

(60%) relative to gregarious in the first and second generations
of isolation but then a decrease to only 25% more than the
e8regarious level in the third generation of isolation (BB).
No other chemical showed the same change from the second
to third generation of isolation. The amounts of arginine,
taurine and GABA did not change when third-generation

are sum amounts in the three sampled regions of the central nervgi@litarious locusts were crowded for ah4period, but
system, standardized to give the mean long-term gregarious value $ighsequently the amounts of taurine and GABA increased

1. Stages as in Fid.

significantly after 24 crowding.
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Dopamine Fig.5. Changes in the monoamines dopamine, serotonin and
6 , ine during phase ch Dopamine (A) | d three- t
Brain octopamine during phase change. Dopamine (A) increased three- to

Optic lobes fivefold throughout the central nervous system following & 24

period of isolation of gregarious locusts, but declined to near
gregarious values after 1 stadium of isolation. Locusts isolated for
longer periods had amounts just above those of gregarious locusts.
There was an increase in brain dopamine levels A-flowing
crowding, but a decline in the optic lobes and thoracic ganglia. Mean
amounts of optic lobe serotonin increased eightfold on initial
isolation, accompanied by more modest changes in the brain and no
change in the thorax. Amounts declined to near gregarious levels
throughout the central nervous system on further isolatidn.oft
crowding produced a ninefold increase in thoracic serotonin, followed
after 24h by smaller (fourfold) increases in the brain and optic lobes.
There were no significant changes in octopamine (C) during the entire
isolation process, but crowding third generation solitarious locusts for
24h caused a 13-fold increase in the optic lobes and a sevenfold
increase in the thoracic ganglia. The amounts of octopamine in the
optic lobes remained high after 1 stadium of crowding. Values (mean
+ s.e.M.) are the amounts in the three sampled regions of the central
nervous system, standardized to give the mean long-term gregarious
value as 1. Stages as in Flg.

Thoracic ganglia

Serotonin

of all amino acids in both groups towards gregarious values in
the final larval instar (FigB), and only the amounts of aspartate
remained significantly different from those of long-term
gregarious animals.

Multiple of gregarious amount

Octopamine

Chemicals that decreased on isolation of gregarious locusts

Three chemicals, citrulline, tyramine and acetylcholine,
decreased significantly following isolation of gregarious phase
locusts, (Fig4). The relative decrease after three generations
of isolation ranged from over 90% for citrulline, to 50% for
tyramine and 20% for acetylcholine. Acetylcholine decreased
progressively with increasing periods of isolation, reaching a
minimum on the first generation of isolation and staying at a
constant level thereafter. By contrast there was a rapid decrease
in citrulline and tyramine following isolation for 2% but the
amounts had increased somewhat (in the direction of the
gregarious amounts) after 1 stadium of isolation. They
subsequently decreased again during 1-3 generations of
isolation. This pattern of change shown by citrulline and
tyramine (Fig4) mirrored that of the amino acids that
increased on isolation, as described above.

Crowding third-generation solitarious locusts foh 40 1
stadium had no effect on the amount of acetylcholine, which
remained consistently lower than in long-term gregarious
locusts. Crowding third-generation solitarious locusts caused
an increase in citrulline within |, but by 24 of crowding
amounts had decreased again towards fully solitarious values.
Crowding had no significant effect on the amount of tyramine
after 4h of crowding, but after crowding for 2vthere was a
dramatic increase up to near gregarious levels, which was
sustained after 1 stadium of crowding.

Third-generation solitarious locusts that had been crowded Dopamine
for an entire stadium showed a strong decrease in the amountdopamine increased three- to fivefold in all three regions
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Fig.6. Relative differences in the amounts of 12 N-Acetyl - _
chemicals in the brains and thoracic ganglia of second dopamine [j NS(P=0.08)
generation solitarious and long-term gregarious adult Oct . E_'
locusts. Values are standardized to give a mean clopamineNs j
gregarious value of 1; the grey bars indicateetv. Serotonin X |
of the gregarious values. The circles shown the mean Ej i *
multiple of the gregarious value found in second- Dopamine PY *
generation isolated locusts (&.E.M.). Asterisks P [j
indicate significance ofpost hoccomparisons, as Citrullined ** 1@ []
detailed in Tabl@. NS, not significant. =
g Tyramine{ |  — o I NS
(O]
<
S Taurine [j F—@— *%x%
of the central nervous system following 2
isolation of gregarious locusts (FigA). This Arginine- Ej H@H ok
was followed by a decline back towa
gregarious values following 1 stadium GABA1 L[] e
isolation, a pattern similar to some of the an .
. S . . Glycine @
acids (cf. Fig3A). Isolation for 1-3 generatio y [j e
led to some increase in the amount of dopal Glutamate Ej @ %k
in the brain and thoracic ganglia but meas
amounts were highly variable between sam Aspartate —@— *
and the differences were not significant in f - - -
instar nymphs. In adults, however, crowding 0 1 2 3 4
two generations caused a significant elevatic Multiple of gregariouszalue

dopamine (Figb6, Table3). Amounts o

dopamine fell in the optic lobes and thor¢

ganglia during 4 of crowding of third-generation solitarious lobes, but amounts present in the thoracic ganglia had declined
nymphs to levels below those found in long-term gregariouagain to near their gregarious level. After 1 stadium of
nymphs. Indeed, no dopamine was detected in any of the opticowding, amounts of serotonin in all three regions of the
lobe samples after 4 of crowding (Fig5A). In the brain, central nervous system were similar to those of long-term
dopamine levels after a b period of crowding remained gregarious locusts.

similar to those of third-generation solitarious locusts,

approximately 2.5 times greater than that of long-term Octopamine

gregarious animals. After 24 of crowding, amounts of There were no statistically significant changes in the
dopamine in the brain and optic lobes were significantlamount of octopamine present throughout the central nervous
greater than in long-term gregarious locusts, but after &ystem during isolation (from 24 to three generations).
stadium of crowding there was a decrease towards long-terithere was, however, considerable variation in the amounts

gregarious values in all three regions. detected in the optic lobes and thoracic ganglia of locusts
_ isolated for 24 to two generations, with the mean amounts
Serotonin well above those of long-term gregarious nymphs (F@).

The mean amount of serotonin in the brain doubled and thefihere was no significant difference between amounts
was an eightfold increase in the optic lobes followingh24 detected in long-term gregarious and second generation
isolation of long-term gregarious locusts (B@). This was solitarious adult locusts (Fi§). Crowding long-term
followed by a decrease so that animals isolated for 1 stadiusolitarious locusts, however, produced large changes in the
had amounts of serotonin similar to those in long-termamount of octopamine. Crowding fo:dcaused octopamine
gregarious locusts. There were increases in the mean amoutdsdecrease to an undetectable level throughout the central
present in the brain and optic lobes of one- to three-generatioervous system (FigC), paralleling changes seen in
isolated locusts but, as with dopamine, these changes welepamine levels in the optic lobes and thoracic ganglia
non-significant in nymphs whilst significant in second-(Fig.5A). After 24h of crowding, however, octopamine
generation solitarious adults (Fi@§. Table3). Isolation for levels increased by a mean of eightfold in the thoracic
24 h to three generations caused no change in the amountgdnglia, and by a mean of 14-fold in the optic lobes, although
serotonin present in the thoracic ganglia. Crowding thirdthere was great variability between samples. After 1 stadium
generation solitarious nymphs foth4ed to a small decrease of crowding, amounts of octopamine present in the thoracic
in the amounts of serotonin found in the brain and optic lobegilanglia and brain were near those of gregarious locusts, but
but to a ninefold increase in the thoracic ganglia. Afteh 24 the amount present in the optic lobes remained 15 times
crowding there were fourfold increases in the brain and optiarger than in long-term gregarious locusts.
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Fig. 7. Summary of the neurochemical changes that occur on isolation of gregarious and crowding of solitarious locusts. (Aalveslian v
(dark blue circles and line), interquartile range (dark blue region) and 95% data range (light blue region) for all cimeiyieads expressed

as multiple of the difference from long-term gregarious values. The inverse values were used for chemicals that dedtizgauis Isolists

(cf. Fig.3). Outliers (data that lie more than two interquartile ranges from the median) are shown as circles and, for citrubingleas tr
Selected data from Figsand 4 (squares) are also plotted for comparison with the overall pattern. Optic, optic lobes; thorax, thoracic ganglia;
OA, octopamine; 5-HT, serotonin; DA, dopamine. (B) Median changes in the amounts of neurochemicals as in A (blue linegaiatted

the change in behavioural phase state associated with the same degrees of isolation and crowding (stages 119;esgeeBipd aB

(solitary) in a logistic regression behavioural assay (orange, gregarious; green, solitarious). Data for behaviouras picese fetaih Roessingh

et al. (1993) and Roessingh and Simpson (1994).
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Discussion Serotoninergic, dopaminergic and octopaminergic fibres all

This study demonstrates that the wide-ranging modificationsUpply the storage lobes of the corpora cardiaca (Konings et
of behaviour that characterise phase change are aléb, 1988).
accompanied by extensive and specific changes in many By contrast with the monoamines, the roles of some of the
neurotransmitters and neuromodulators (F)g Long_term amino acids are Iargely unknown. A|thOUgh absolute amounts
solitarious and gregarious locusts differed in 11 of the ]_@f amino acids detected differed considerably in different
chemicals sampled; onli-acetyldopamine and octopamine regions, the relative changes they underwent during phase
were not significantly different either as adults or final insta€hange were generally consistent throughout the whole of the
nymphs. Furthermore, amounts of many of the chemicaléentral nervous system, suggesting that there are some
underwent significant changes within I24of either the universal changes in neuronal function, in addition to specific
isolation of gregarious locusts or the crowding of solitariougnodification of key neuronal networks.
locusts. In several instances the magnitude of these rapidAspartate, glutamate, glycine and arginine are all structural
changes exceeded the long-term differences in amoun®nino acid monomers used in protein synthesis and would
between phases. Discussion of the possible effects of thetiterefore be expected to be found in any tissue. The rapidity

various substances is divided into long-term and short-ter@f the changes in the amounts of three of these amino acids in
differences. locusts subjected to short-term crowding or isolation argues

against the differences being explained by changes in the
Long-term differences relative size of the brain between phases. Nor can the
The different patterns of changes amongst the samplatifferences be explained by changes in dietary protein intake,
chemicals argue against phase change causing a sing¥dich remains unchanged between phases in locusts fed a
overarching adjustment in metabolic rate, or even overatutritionally optimal diet, as in the present study (Simpson et
growth of the central nervous system. During isolation relatival., 2002). An additional set of samples taken from another
increases in chemicals ranged from 30% to over 300% for tH®ody tissue might suggest whether the changes in the amounts
amino acids, and some chemicals decreased in the same periofdstructural amino acids are a general consequence of phase
There were no simple correlations between changes in tlohange or more specific to the central nervous system. The fat
amount of one chemical and changes in a related chemidabdy, however, differs in extent and composition between
compound. Thus, for example, although GABA is synthesiseghases (Ayali et al., 1996; Pener et al., 1997), suggesting that
from glutamate, the observed doubling of glutamate irdifferent organs may undergo their own characteristic
solitarious locusts was accompanied by only a 30% increase odifications during phase change. By contrast, the muscles
GABA. Tyramine is a precursor of octopamine and is possiblyare innervated by neurones using many of the same substances
a neuromodulator in its own right (Downer et al., 1993; Roedethat we have analysed, and therefore differences are likely to
et al., 2003) but, whilst amounts of tyramine decreased in longeflect those found in the central nervous system.
term solitarious locusts, amounts of octopamine were no Glutamate, GABA and acetylcholine are widespread and
different between phases. NADA is a metabolite of dopaminamportant neurotransmitters in the central and peripheral
(Sasaki and Nagao, 2000), but whilst amounts of dopamingervous systems of insects. Glutamate is thought to be the
differed between phases, those of NADA did not. principal excitatory transmitter at neuromuscular junctions,
The monoamines analysed play important roles in thand is therefore strongly associated with motor neurones, but
regulation and modulation of insect nervous systems and maty also acts as a central neurotransmitter (Wafford and
control or modify many physiological processes andSattelle, 1989; Parker, 1994). There are 350-600 cell bodies
behaviours (Burrows, 1996; Homberg, 2002). Only a smaltlisplaying strong glutamate immunoreactivity in each of the
number of neurones in the fully gregarious locust showhoracic ganglia (Watson and Seymour-Laurent, 1993). The
antibody staining to serotonin, but many of these neuroneashibitory neurotransmitter GABA has a wide distribution
have extensive ramifications throughout the central nervous the central nervous system, as demonstrated by
system, including most of the major neuropiles of the braimmmunocytochemistry (Breer and Heilgenberg, 1985). In
(Klemm and Sundler, 1983; Homberg, 1991). In each of théocust thoracic ganglia, each ganglion has approximately 250
thoracic ganglia there are two large and up to three small paicgell bodies exhibiting GABA-like immunoreactivity
of cell bodies associated with each neuromere (Tyrer et alncluding inhibitory motor neurones, a population of spiking
1984). There are about 3000 neurones showing dopamine-likecal interneurones (Watson, 1986) and non-spiking local
immunoreactivity in the peripheral optic lobes of locusts, withinterneurones (Wildman et al., 2002). Acetylcholine is
a further 110 pairs of dopamine-containing neurones in théhought to be an important excitatory neurotransmitter of
central part of the brain, with notable absences of staining ilmcust mechanosensory (Lutz and Tyrer, 1988; Parker and
the mushroom bodies, olfactory regions of the antennal lobédewland, 1995; Gauglitz and Pfluger, 2001) and
and most of the lobula (Wendt and Homberg, 1992). In thehemosensory afferents (Python and Stocker, 2002). The
thoracic ganglia, there are three pairs of cells showindecrease in the amount of acetylcholine on increasing
dopamine-like immunoreactivity in the prothoracic ganglion,solitarization would be congruent with the observed decrease
one pair in the mesothoracic and none in the metathoracim the numbers of exteroceptive and chemoreceptive sensilla,
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and therefore sensory afferents, on most leg segments diuring the first 4 of crowding. This massive change in
solitarious locusts (Rogers et al., 2003). serotonin in just the thoracic ganglia may be particularly
Arginine is the precursor of nitric oxide (NO) and citrulline significant to the early stages of gregarization, as only sensory
is a metabolic byproduct of NO formation (Palmer et al., 1988)eceptors on the middle and particularly the hind legs can
Citrulline is produced in stoichiometric amounts to NO and hasdetect key mechanosensory gregarizing stimuli (Simpson et al.,
been shown previously to be a reliable index of NO releask001; Rogers et al., 2003).
(Kendrick et al., 1996). Whereas the differences in the amounts The rapid chemical changes that occurred on initial
of arginine could arise from a number of causes, the reciprocafowding were not sustained; after crowding for d2eriod,
changes in the amounts of citrulline on increasing solitarizatiothe amounts of most amino acids were more similar to those
provide an indication, albeit indirectly, that NO signalling of long-term solitarious locusts than those that had been
differs between phases throughout the central nervous systeanowded for just 4. Amounts of serotonin (in the brain only),
NO is a rapidly diffusing intercellular signalling molecule dopamine and octopamine (optic lobes and thoracic ganglia),
synthesised by many neurones in the locust central nervobswever, having decreased in the firsh of crowding,
system (Ott et al., 2001). These include neuronal populatiorsibsequently increased above the levels of long-term
in the optic lobes (Elphick et al., 1996), the antennal lobesolitarious locusts during this period. Data from Roessingh and
which show the highest concentration of nitric oxide synthas&impson (1994) suggest that there is a small degree of
in the locust brain (Muller and Bicker, 1994) andreversion to a more solitarious behavioural state in animals
mechanosensory processing neuropiles in the thoracic gangtieowded for 24 relative to their values aftertd(Fig.6B).
(Ott and Burrows, 1998). This was possibly due to the fact thathl®f the crowding
The remaining amino acids, glycine, aspartate and taurinperiod was spent in the dark, during which time activity levels,
have as yet largely undefined roles in the central nervowmnd thus interactions among individuals, would have been
system of insects. Glycine is an important inhibitorygreatly reduced. This could also account for some of the
neurotransmitter in vertebrates (Kuhse et al., 1995), but has neversion to solitarious levels of neurochemicals, but the
known neuronal function in invertebrates. Despite this, glycinelegree of neurochemical change is more extreme than that
showed some of the strongest differences during phase changeggested by the behavioural reversion.
paralleling the pattern of change seen in glutamate and Locusts crowded for a longer period, the final larval stadium,
aspartate. Immunocytochemical staining has revealed regioshowed a strong shift in levels of most chemicals towards
of strong aspartate staining in the lamina of the optic lobe thamounts characteristic of long-term gregarious locusts, with
are widely conserved in phylogenetically distant groups obctopamine in the optic lobes, acetylcholine and citrulline
insects (Sinakevitch and Strausfeld, 2004). There are distinbeing the notable exceptions. These changes largely concur
aspartate-rich laminas in the mushroom bodies of bees amdth the robust behavioural gregarization shown by locusts
cockroaches that alternate with taurine-rich regions (Ehmeafter this time.
and Gronenberg, 2002; Sinakevitch et al., 2001). Aspartate is The expression of solitarious behaviour follows a different
also an agonist of one class of cation-selective glutamaggattern from that of gregarization. In locusts that have been
receptor (Usherwood, 1994) and may therefore have gregarious for generations there is an initial, rapid phase of
functional role in signalling of some glutaminergic neuronessolitarization over the first B of isolation but this stabilizes at
Taurine is abundant in the central nervous system of insecé intermediate level of solitarious behaviour [medRn
(Schafer et al.,, 1988) and the mushroom bodies contaiisolitary)=0.4; Roessingh and Simpson, 1994; Simpson et al.,
discrete laminas that stain strongly for taurine, hinting af999; Fig.6B]. Locusts can only become more solitarious if
specific functional roles (Sinakevitch and Strausfeld, 2004). kept isolated across stadia and generations. By contrast, when
locusts that have been solitarious for generations are briefly
Rapid changes on crowding or isolation crowded for 24-98 they become fully behaviourally
Behavioural gregarization is fully established withih 4f  gregarious. When reisolated, they return to a fully solitarious
crowding (Roessingh and Simpson, 1994; BR)), and over state within a few hours (Roessingh and Simpson, 1994). This
this period locusts shift from being repelled by other locusts teuggests that solitarization is at least a two-stage process.
being strongly attracted (Simpson et al., 1999). Subsequently, The rapid change in the amounts of many neurochemicals
other locusts provide gregarizing stimuli, continuouslythat occurred during the initial (2% isolation period of
reinforcing the gregarious phase state in a positive feedbagkegarious locusts has a partial correlate in the rapid partial
loop. Therefore, the changes that occurred within just hours dehavioural solitarization that occurs over this period
crowding third-generation solitarious locusts might have gFig.6B). Many chemicals, however, increased to levels equal
particular functional significance in the initiation of phaseto those of long-term solitarious locusts, and thus exceeded the
change. Eight of the twelve chemicals that showed significamquivalent behavioural change. Amounts of eight of the twelve
differences with phase state dropped towards or even belovhemicals were either more than doubled or halved in quantity
gregarious values with 4 crowding of third-generation within 24h of isolating gregarious locusts. Changes that
solitarious locusts (FigB). The amount of thoracic serotonin, occurred in dopamine and levels of serotonin in the brain and
however, stood out from this trend in that it increased ninefolgarticularly optic lobes in the first 24.0of isolation exceeded
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those of long-term solitarious locusts. Large changes ifor more critical examinations of the causative role these
serotonin are therefore implicated in both the early stages stibstances may have in either gregarization or solitarization.
gregarization and solitarization, but occur in a different
location within the central nervous system, i.e. the thoracic

ganglia during gregarization and the brain during solitarization. List of abbreviations
As with the effect of crowding, these large initial changes wer&-HT  serotonin/5-hydroxytryptamine
not sustained in the medium term and amounts of mofA dopamine

chemicals found in locusts isolated for one stadium were mof@HBA 3,4-dihydroxybenzylamine hydrobromide
similar to those in long-term gregarious locusts than to thos@ABA y-aminobutyric acid

in animals that had been isolated for justh24nd it required HPLC high performance liquid chromatography
a generation or more of isolation for more stable chemicalADA N-acetyldopamine

differences to appear. OA octopamine
Only octopamine has previously been measured with regadPA  o-pthaldialdehyde
to phase change and the results were unclear. Morton and Evans tyramine

(1983) found no phase-related difference in octopamine in
Schistocerca americana gregarighereas Fuzeau-Braeschand We would like to thank Tim Dodgson for managing the
colleagues (Fuzeau-Braesch and David, 1978; Fuzeau-Braessilitarious locusts, Laura Blackburn for her help in dissecting
and Nicholas, 1981), usingcusta migratoriasuggested there and sample preparation and Carlos de la Riva for invaluable
were strong differences, with solitarious phase locustielp with the HPLC systems. This work was supported by
containing more octopamine than gregarious insects. It shoufgtants from the BBSRC (UK) to M.B., S.S. and T.M.
be noted, however, that although americanachanges its
colour with rearing density, behavioural phase change is much
weaker in this species (Sword, 2003). We found no differences References
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