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ABSTRACT 

Prothoracicotropic hormone, PTTK is released fiom the insect brain complex and 

is thought to activate steroidogenesis by the prothoracic glands (Pa) at one (or WO) brief 

releases eady in development. Howevzr, recent ewidence in our laboratory using the 

hemipteran, Rhodnixs prolirq has shown that PTTH is released tbroughout the 

Iarval-adult stage in a circadian pattern regulated by a circadian oscillatm located within the 

btain. Aise, the PGs thernselves have been show to corttam a çircadian oscilIatm that 

reguiates ecdysteroid synthesis and is &O photosensitive in vitro. The focus of this thesis is 

on the functional relationship between the rhythm of PTTH and its oniy known targec the 

PGs. The sigdïcance of the r h . c  input of PTTH to the PGs in vivo has not been 

studied. The objectives of îhis thesis were two fold: 1) to establish the role of the circadian 

release of PTTH and how it interacts with the well documented OSCiflator found in the PGs 

of Rhodnius prolïxzïs and 2) to examine the relation between the action of PTTH and light 

on the PG osciUator in vivo. 

ki order to accomplish these objectives, an in vivo snidy of the effects of 

decapitation and tetrodotoxin (TTX) was undertaken. TTX selectiveb and rever~liiy 

blocks voltage-dcpendent Na+ channels in axons, inhiting the generation of action 

potentiais causing a flaccid paraiysis that at the dose used lasted 92 hom. Since PTTH 

release is dependent on action potenti* TTS inhibits the release of PTTH. The effects of 

removal of the head anaor elechical activiw in the newous system (and hence PïTH 

release) on the rhythm of steroidogenesis by PGs was e.xamined Ni vir~o, together with 



responses to light cues in the pracnce or absence of PTTH input. 

Neaher decapitation nor TTX injection eliminated rhythmic ecdysteroid synthesis 

by the prothoracic giands. This supports the view that an endogenous Cgcadian osciIlatm 

resides in the PG themselves. In addition, the cyciing amounts of ecdysteroid in the 

haemolymph also persisted in the absence of the bram andlor nervous activity and foilowed 

the pattern of PG synthesis. Hence it is concluded that the PG osciUator is the primary 

+ter of haemolymph ecdysteroid titre. Howwer, removai of rfiythmic PTTH input in 

VNO resulb in one major Merence: the phase of the rhythm in PG ecdysteroid synthesis 

and haemolymph titre changes by 12 hours with respect to the n o a l  pattern of 

oscillations previously reported in intact ammals. It is infërred that the rhythm of PTTH 

acts as an entrainhg agent which regulates the phase of the ecdysteroid rfiythms possiily 

through acting direct& on the PG osciüator. This is a novel view of the neuropeptide which 

has pleiotropic effkcts: the chsical view as activator of steroidogenesis and as reguiator of 

phase of the PG oscillator &er îhis klltial activation p&od. 

PhotoSenSitivity of both the brain and PG oscillatots was addrwed by g h h g  

mhythnnc animals (reared in continuous üght; LL) a photic cue in vivo. They were then 

rransfmed to continuous dark (DD) and both PTTH release fiom the brain and PG 

ecdysteroid synthesis was measured Both PTTH release and PG ecdysteroid synthesis 

responded to the change in lighting conditions by producing sirnilar rh-c outputs. 

SpecificaUy both rhyhms peaked at a sunilar phase during the subjective &>- with a period 

length close to 24 hours. Animais reared in LL and treated with TTS prior to the tramfer 



to DD aîso showed induction of mythnticity m PG ecdysteroid rhythm buî with an hmted 

phase with respect to untreated animals. It is inferred that both the PTTH and PG 

osdators are photosensitive, but with distinct properties such as different responses to 

light attributed to each osciilator. These individual characteristics support the view that 

separate oscillators regdate the two rhythms. Howwer, in vivo? the PTTH oscilIator 

appears to set the phase of the PG osdhtor even in the presence of a con8icting photic 

cue. It is proposed that the circadirui system m Rhodnius proIiws comprises muhipIe 

oscillators which reguiate rhyumiicity in the haemoiymph ecdysteroid titre. 'Iliis rhythm in 

the titre is regarded as the output of a complex timing system, whose main function appears 

to be regdation of temporal organization in developing ceh  and tissues. SimWties with 

other circadian systems are discussed, primaris with the more wmplex vertebraies, for 

which the Rhodnius pr0lixu.s mode1 appears very usefd. Howevei, distinct diffcrences 

between vertebrates and Rh0dniu.s prolmLF are revealed by this thesis which may lead to 

new and exciting discoveries about circadian organization in animais. 
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GENERAL INTRODlJCTION 

One of the most se ik ing  features of almost a11 living orgariisms is their ability to 

qmchronize th& behaviour? physiology and cellular events with the 24 hour solar day. An 

overt rhythm that persists in constant environmental conditions (such as continuous Light or 

dark) with a temperature compensated pcriod length close to 24 hours is t m e d  circadian. 

Circadian rhy- are not direct responses to cyclical environmental cues but are driven by 

an internai timekeeping system or bioiogical clock (Pitiertdngh, 1960). Such 'docks' 

become synchronized with the 24 hour cycle of the exkmal environment through a proces 

termed 'entrainment". When entrained the bioiogical clock Illitintains a fixed phase 

relatimhip to its extemai hme cues (Zeitgebers) such as dawn or dusk; entrainment is a 

cornplex process by wbich the phase anaor pexiod of the underiying oscillator(s) that 

comprise the 'ciock' undergo naih> adjusûnents in response to Zeitgebm to maintain 

synchrony with the external solar day (see Pittendngh 198 1, 1 993). 

These biological docks are essential mechanisms for the organization of Me 

processes so that an organism c m  anticipate and prepare itself in advance for the changes 

that are associated with its extenial enviromnent (see Pittendngh 1993). This orchestration 

of hct ions h m  genes to behaviour has been t m e d  temporal order. The ability to laiow' 

the thne of &y can be a matter of survival. especi* when avoidance of predators is part 

of the orgnisrns daily behavioural ritual. More irnportantly. organization of intemal 

functions or what is h o t m  as internai temporal organiwtion is not O*- needed for sunival 



but is a fundamental aspect for the maintenance of We in organism as diverse as algae, 

f i t  aies and humans. 

Classical studies based rnallily on formai analysis of the Drosopkila eclosion 

fi- (Pittendrigh. 1960: Pittendrigh and Daan. 1976), mvolved the concept of the 

pacemakers as the dominant entrainable oscillator within a tirnekeeping -stem. This 

pacemaker was visualized as relayuig temporai infonmtion to the rest of the 0rgan.b. The 

pacemaker concept was considered to be the temporal framework so that physiological and 

behavioriral processes may be prepared for ceriam times of &y when i n t d  and e x t d  

conditions are optimal (Pittendngh, 1960). However. physiological studies with vextebrates 

have mdicated that the role of pacemaker appears to be distributed among multiple 

oscillators which interact to produce the intemal temporal order nithin the organism 

necessary for the maintenance of life (e.g. Rdph and Hurd, 1995). 

CIRCADIAN RHYTHMS IN VERTEBRATES 

Rhythmic processes are found in all levels of organization in vertebrates. For 

e.mple, rhythm exist in both cardhc and neuronal ceb, sleepiwake cycles as weü as in 

the timing of the onset of mit&. In addition, many hormones show dramatic fluctuations 

in a circadian mmer .  Hormones pIay major roles in growth development. and 

reproduction as weIl as maintaining, the overd health and weii being of almost ail lifeforms. 

Consequentiy. circadian rhythms underlie important functions in humans and mamal ian  

species such as respiration nervous a c a i w  adaptation to the environment control of cell 



divison and the interactions between hypothalmus and pituitary that govern reproduction 

(Goldbeter. 1996). Although not aU rhythm are controiied by bioiogical clocks this thesis 

win confine itself to those that strictly fïü circadian criteria. 

The circadian systems of vertebrates are mady  distributed between three 

structures. the pineaL the suprachiasmatic nucleus ( S C N )  and the ocular retina with 

warying levels of relative importance depending on the species. The pineal and SCN have 

been temed pacemaking structures suice one can transfer their properties through tissue 

transplantation (Le. phase anaor p&od (see Jackletî. 1982)) fiom one organkm to another 

which has had that particular structure rernoved previously (Zimmemian and Menaker. 

1979: Rdph and Hurd. 1995). However, in most cases. a smgle structure is rarely the sole 

leader for the rest of the body. Hence. the classical pacemaker may be comprised of severai 

osciUators. each with distinct properties, which feed back on one another and therefore can 

result in an altered overt rhythm being measured when ail the Merent factors are taken 

hto account. h such a 'distributed timing system', transplantation of circadian p h  wodd 

not necessady be exact to the donor animais but would depend on the relative strengths 

and phases of the individual components (Ralph and H d ,  1995). 

The Multiple Oscillator System in Mammafs 

In marnais. the multiple oscillator -stem controlling locomotor acthih in 

hamsters is çornprised maùily of the hypothalamic S C S  (for revims sec: Lehman and 

Rdph 1993: Raiph and Hurd 1995) and retina. The role of the SCK has been shown b~ 



the &ansference of period ushg the period mutation (tau) in the golden hamster. This 

mutation has thrce pheno-pic groups: RXdtype with pexiod length (r)=24hr. heterozygous 

with ~ 2 2 h r  and homozygous with ~ 2 0 h r  ail of which do not overiap. Reciprocal 

transpIantation esperirnents of SCN tissue among the three genotypes showed that the 

pcriod of the restored rhyihms generally feu within the range of the donor grnotype. This 

shows thai the SCN is the main oscillaior controlling the period length (see Ralph and 

Hurd. 1995 for review). 

However. the phase which is also considered a property of the endogenous 

biological oscillator controllhg the overt behavioural rhythm has bem shown not to be 

controiled by the SCN in the host animai, implymg another osdator may be present. 

Recent data @lies that the host animal controls the phase o f  the miplanted SCN. 

therefore an essential clock property lies outside the SCX, possibly in the retina or pineal 

(SerMere et oL 1994). The pineal gland is a well known source of melatonin which can 

produce phase stafis in SCN rhythrns (Cassone et al., 1993). Further? the mammalian 

r e b  also posses a ckadian osciIlator that drives rhythmic melatonin synthesis by the 

retina in vitro (Tosini and Menaker 1996). In addition, the neural input f?om the eye into 

the SCN is subject to Cucadian modulation by the retina (Serviere et al., 1994). The 

paîhways by which these various oscillators are coupled in vir.0 into a unified timing system 

;ire stiU unclear, 



The Multiple Oscillator System in B ids  

In contrast to marmnals, the pineal in some birds is directly photosensitive and takes 

cm a dominant role in th& circadian organization. Older literature descnies the pineal as a 

pacemabmg element since its properties, m d y  phase (Robertson and Takahashi, 1988; 

Zatz  et al., 1988), can be transferred fiom one organism to the next. Specificaiiy, the phase 

of perch-hopping behaviour in donor birds c m  be transferred foilowuig transplantation 

experiments of the pineal gland mto pineaiectomized sparrows which have arrtiythniic 

behaviour (Zùnmennan and Menaker, 1979). Thus, the impianted pineal both restores 

rhythrnicîty to the host and determines its phase. 

Mebtonui released h m  the pineai is Mewed as art entrainhg agent to target tissues. 

The most mtensiveiy studied effect of melatoimi is on the neuromdocrine-reproductive axis 

but it also is able to modulate many other structures and functiofls inciuding the SCN 

(Weaver et al., 1993; Turek, 1997) and hence can impose temporal order withm the enrire 

organism (see Webb and Puig-Domingo, 1995 for review). For example, the pineal, 

throrigh the release of melatonin, regdates the mythmicity m the S C N  which, m tum, 

controls dyhrnicity in hormone secretions such as gonadotropin releasing hormones and 

thus periodicity in seasonai reproductive cycles. However, ~e pineal does not sewe as the 

main osdator in aif species of vertebrates (or even d birds). since in many species 

pinealectomy does not produce arrhyhnicity (see Mas and hknaker. 1992) and there is 

cvidence for a second damped oscillator located in the S C S  (Takahashi and MenaEter. 

1982). In additio~ the retina in birds has also been shown to secrete melatonin which can 



act as an entraining agent üuoughout the rest of the organism (Bernard et ul., 1997). In 

general the avian cicadian system has been suggested to be a neuroendocrine loop 

(Cassone and Menaker, 1984) with the pheal oscillator behg afEected by the periodic 

sympathetic input driven by the SCN and conversely? the SCN is afkcted by the periodic 

melatonin release fiom the pineal and retina. 

From the above summary it is cIear that multiple oscillator pacernakuig systems are 

becoming weîi h w n  in a Vanety of mammais and birds but their anaiyw is hampered by 

the structural and fiuictional cornplexity of vertebrate systems. Hence, a much smipler 

mode1 systern is needed in which more complex circadian systems and their couphg 

mechimu rnay be dissected. At present, very Little is known about comparable systems in 

invertebrates. 

BIOLOGICAL CLOCKS IN IWERTEBRATES 

The first midence of biological ciocks in an invertehate was seen in the circadian 

control of ecdysis (Pittendrigh, 1960) in the f i t  fly, Drosophila. Ecdysis behaviour is 

achieved through the use of gates m many insect species (rewiewed by Truman, 1985) 

which is defhed by Pittendngh (1960) as the 'allowed zone' of the cycle. dictated by the 

circadian clock through which insects may emerge. Hence. if an insect is not at the 

'correct' morphologicd state to  use the gte. it must m i t  24 hours for the nest available 

oate. Pittendngh ( 198 1 ) argued that in Drosophih psezi~imbssnrm eclosion rh>.thms can be 3 

concepnialized as a result of the interaction of two oscillators. Since then a number of 



studies have atîempted to find the anatomid locations of circadian oscillators in 

invextebrates. 

A nurnber of circadian oscillators have beem located in invertebrates al of which 

reside in nervous tissue. The eyes of several opisthohch moliusks have bem described 

as circadian pacemakers. The most intensive@ shidied species are Bull& g m h z a  and 

..lp!vsza califrnica. The moliuscan eye shows rhytlnnic firing of optic nerve compound 

action potentials (CAPS; see reviews m Block et al.. 1993: Block et al., 1995) in a 

circadian marner. In insec& the optic lobes of cockroaches, beetles and aickets contain 

circadian osciliators controlling locomotor rhythms. Evidence of the optic lobe as a 

circadian oscillator was obscnied in Leucophaea maderue, w h m  it is thought to be located 

in the lobula region (Page. 1978). While in Peripheta,  the optic lobe was shown to 

contain a circadian oscîîlator origmaIfy ushg transplantation experiments (Page, 1983;. 

More recent and conclusive data have shown that the optic lobe can produce a robust 

circadian rhythm in the fkequency of neuronal actMty in vitro (Colwen and Page, 1990). In 

the beetles, Corabus problematicus (Baikenoh1 and Weber, 1981) and Pac?ymorpha 

sexguttaia, lobectomy resulted in loss of rhythmicity in locomotor rhythms (Fieissner, 

1987). indicating the optic lobes contained a circadian osciIlator. Lobectomy ako produced 

arrhythmicity in the behaviour of crickets (Wzede~ma~~. 1983). On the other han& in 

moths and fies. a çircadian oscillaior responsible for behavioural rhythms was reported to 

reside in the cerebral lobes and not the optic lobes. since surgical removd of the optic lobes 

did not alter the flight activity rh- while removaf of the cerebral lobes resulted in 



adgdmic i ty  (Tnmian, 1974; Hefich, 1987; Cymborowski et al., 1994). 

In all these weii known circadian oscillaihg systems, there is a close reiationship 

between the photonceptor and the clock, which emphasizes the dominant role that the light 

cycie plays in entraining the system (Pittendrigh, 1993). In summary? all  the cleady 

documented photosensitive circadian osciIlato~s have been located in nervous tissues prior 

to recent work in our iaboratory, there has been no direct niidence of circadian rhythmicity 

in any non-neural endocrine gland (see below). 

INSECT GROWTH AND DEVELOPMENT 

Wdesworth (1934) was the first to demonstrate that in Rhodnizis prolzhs there 

exists a critical period during the rnoulthg cycle after which the head becomes unnecessary 

for the process to continue. This period was found by decapitation experiments. 

Decapitation a few days f ier feedmg prevented the fomtim of an underiying cuticle 

wMe decapitation after this head critical period (HCP) did not prevent new cuticle 

fonnaticm (Wigsiesworth, 1934). The factor fkom the head, termed the kain homone', 

was thought to be necessary prior to the HCP for the moulting process. Meanwbile, 

research by Hacfdow (1931) showed evidence of the e.xktence of a thoracic center 

invotved in the endocrine control of moulting. Specincaüyt he showed that différent 

combinations of body segments from pupae when isofated m u t  contain the thoras for 

moulhg to occur. The thorax was termed the source of 'moulhg homone'. The 

interaction between the sources of 'brain hormone' and 'moulting hormone' N;~S shown by 



W ï l h n ~  in 1947 who used isoiated abdomens of diapausing ~vahphora cecrupzu and 

implanted thern with brains of non-diapausing pupae and 2 prothoracic giands (PGs) which 

resdted in the initiation of development in the abdomen. The PGs of Rhodnius prolLrrts 

were descnbed by Wigsiesworth (1952) as the source of the 'moulting hormone' using 

implantation eqeriments into isolated abdomens. Wggiesworth clarified the btam-PG 

interaction using Rhodnius p d i m  and showed that the secretion of the 'moulting 

homone' fiom the PGs was stimulated by the 'brain homme'. Since then, the 'brin 

hormone' has Seen h o w  as prothoracicotropic hormone (PTTH) based on it's ability to 

stimulate the PGs. This is the endocrine axis of insect larval-adult development, a two step 

process whereby the brain stimulates the PGs to produce the 'modting homone'. The 

'moulting homone' has subsequently been idcntined as the steroid ecc£ysone and we now 

know that many ecdysteroids exkt (Koolman 1989). 

The neuropeptide. PTTH, has been f U y  purified O* fiom the siknotk Bombyx 

mori (reviewed by Ishizaki and Suzuki, 1994) where it was found to be a 30-kDa 

gIycoproteh consisting of two identical subunits linked by a disulfide bond. Bombyx mon 

PTTH has more recently been fomd to be a member of the veriebrate growth factor 

superfady (No@ et al.. 1995). The PTTH of Rhodnizcs p r o l d  may possess 

conformational similarities with Bomhx mori PTTH since Rhodnitu prolbxs PGs respond 

to Boniks twrr PTTH rn vrtro (Yafopoulou and Steel 1997) and that a sinde pair of 

neurosecretory çeUs is immunoreactive to the antisenim generated against PTTH of 

Borrz~x muri (Nseiri and S teeL 1997) in Rhodnzz~s proli..~cs. 



PTTH is synthesized in spedic nenermcretoctory ceb m the Uisect br;mi where it is 

tratlsported to the corpora allata which also act as neurohaemal sites in 1110th (Agui et a!.. 

1980). PTTH is the principal known regulator of the devetopmental changes in 

ecdysteroid synthesis. Classicai indirect shidies of the release times of PTTH were done 

using neck ligations (see Bollenbacher and Gilbert, 1985) wîzich viewed P T M  as an 

'activatoi of PGs with release or@ occuning at one (or two) times early m each instar 

(Bonenbacher and Gilbert. 198 1: Boilenbacher and Granger? 1985; Gilbert, 1989). Each 

release of PTTH was associated with the stimulation of ecdysteroid synthesis and an 

mcrease in haemolymph ecdysteroid titre (Boilenbacher and Gilberf, 1981; Steel et al., 

1982). Since rernovai of the head d e r  the HCP does not prevent moulting, it has been 

generaiiy assumed the PTTH was not released after that point. Hence, the role of PTIH 

has generaIky been thougtit to be limited to activation of ecdysteroidogenesis which then 

continues throughout development without M e r  mput h PTTH (see Gilbert, 1989 for 

review). 

The mechanism by which PTTH acts on the PGs has been extensive& studied in 

moths. In Mahca,  PGs incubated in Ca2+-free medium, or with medium with a calcium 

cheiator or a calcium chamel blocker showed impeded production of ecdysteroids in 

response to PTTH (Smith et al.. 1985). In 1989, Smith and Gilbert showed that interna1 as 

ive11 as extemal Ca* ma? be mobilized in response to PTTH stimulation. Elevation of 

intemal Ca2' is hown to be followed by c M 6  production which was also shom to 

increase steroidogenesis in hfundzxa PGs in vitro (Smith et d.. 1984: 1985). However. 



ca2' was shown not to be important in the transduction pathway distai to CAMP 

production since the absence of calcium in the medium did not affect ecdysteroid 

production when glands were incubated with a CAMP analog. Membrane associated 

calmodulin-sensitive adenylate cyclase bs ais0 been found in bfmduca PGs which is 

activated through the binding of guanine nucleotide-binding protein (G-protein; Meller et 

dl.. 1988). .Uthough the overd scheme of PTTH stimulated ecdysteroid biosynthesis is 

still not de- the gmeralized picture Uivoîves calcium calmodulin, G-proteins and 

adenyiate cyclase (see Gilbert et al.. 1996 for review). In summary. PTIH appears to 

mobüize calcium stores. and mcreases mtraceiluiar CAMP formation in PGs, which, in 

him can lead to the activation of CAMP-dependent protein Eruiasfs (PLI'S) and 

subsequent protein phosphoryiation (see Smith 1993). PTTH-stimulated 

ecdysteroidogenesis in man duc^ appears to r e w e  protein synthesis as well as RNA 

synthesis as noted by Rybcqmki and Gilbert (1995). These events are very sunilar to 

vertehte stirnulated steroid synthesiis (see Orme-Johnson 1990) and support the view that 

the snidy of insect stmoidogenesis Gan be used as a mode1 system for higher organisms 

(Gilbert 1989; Gilbert et al., 1996). 

ECDYSTEROID EFFECTS ON TARGET TISSUES 

As descnbed above. growth and development in insects is controlled mai* by the 

mouliing hormones. ecdysteroid3 (Riddiford and Truman. 1978). Lpon stimulation by 

PTIH the PGs synthesize and simultaneoush; release 34ehydroecdysone into the 



haernolymph (Gilbert 1989) where it is reduced by a keto-nductase to ecdysone. The 

ecdysone is quickly convexted to the principal moulting. homone, 20-hydroxyecdysone 

(XIE), m peripherai tissues by ecdysone 20-mono-oxygenases. (Gilbert, 1989). 20E evokes 

mouiting responses in target tissues (Richards. 198 1). 

Almost ail the celis of insects are targets of ecdysteroids. The principle target of 

ecdysteroids is the epidemiis b e i f  which secretes the cuticle for the next stage dependmg 

on the amounts of ecdysteroids in the haemolymph (Riddifor4 1985; 1989; also see 

Generai Discussion). The best hown action of ecdysteroids is in stimulation and growth of 

imagina1 discs (see Bayer et al., 1996). Other roles of ecdysteroids include regdation of 

growth of motor neurons (Prugh et d, 1992) as well as the initiation of the breakdown of 

larval structures during metamorphosis (Truman. 1996). Ecdysteroids are known to act on 

the genome (see Cherbas and Cherbas, 1996) where they act on ecdysone responsive 

genes. Shce the expression of rnany such genes is both t h e  and concentration dependent 

(Cherbas and Cherbas, 19%), it is possible that mythniic changes in ecdysteroid titre could 

participate in the temporal sequenchg of the expression of these genes (sec General 

Discussion) 

BIOLOGICfi CLOCKS LN LNSECT DEVELOPMENT 

E n l y  indirect esperiments done on the Satumid moths rwealed the presence of 

circadim control in uisect deveiopment. Truman (1  972: 1971) suggested that the HCP 

represents the "gate" for the presumed PTTH release in Mandum. Fujishita and Ishizaki 



(1981) speculated that in Sarnia qvnthzu ricini there appeared to be the involvernent of a 

circadian oscillator controlling larval ecdysis during larval-land development. This was 

detemigied ushg neck-iigatiom applied at different t k e s  of day and measured 

development through "gated" responses (Truman and Riddiford. 1974: Fujishita and 

I s W  1982). Although a dock controllhg PITH secretion was previousiy suggested 

(Truman. 1972: Fujishita and Ishizaki, 1981) this was never a c t t d y  shown since there was 

no assay for PTTH at this time. No homones were measured in these experiments and the 

existence of a maximum of two consecutive gates is not enough to dernonstrate persistence 

under apexiodic conditions and thereby prove the existence of a circadian oscillator in the 

brain controllmg PTTH release. These indirect experiments on.@ suggested circadian 

control over insect development but were inconclusive. 

More direct evidence on the clock-controlled PTTH release was obtained f?om 

studies of pupal diapause m Manduca sexta and Antheraea p e r w .  Pupal diapause in 

these insects is photoperio&~ally induced (Denluiger, 1985). Pupae go into diapause when 

larvae es-ence short &YS. Diapause hduction has been shown to be due rnainiy to the 

absence of PTTH and is t e r k t e d  by release of PTTH, which is mduced through a 

change in daylength (see Denhger. 1985). Brain transplantation esperiments by Williams 

and A b o n  (1964) as weff as ni vitro e.xperirnents on the brah in relation to 

photoperiodism (Bowen er d.. 1984) were able to show that the bnin is direct- 

photosensitive and contains the photoperiodic cloch that regla  tes the gated PTTH release 

that terminZrtes diapause. Specificalh: short &y prograns (hours of light: hh. EL:  12D) 



during land deveiopment programs the brain to forego the release of PTTH in the pupai 

stage and hence results in pupai diapause. while long days (18L:6D) expeIiertced by the 

larva eariy in the last larval instar for 3 days wilt result in PTIH release and diapause is 

prevented (Bowen et d.. 1984). In virro reprogramnmig of the photoperiodic clock in the 

Manducu brain-retrocerebral complex was shown by Bowen and coUeagues in 1984. They 

shidied the e f f i t  of exposhg brains to 3 consecutive long days in vitro fkom Day 1 last 

instar l a M e  which were desrined for diapause (i.e. reared under short days). They 

re-implanted the treated brains afier 3 days into diapause destined larval hosts and tested 

the incidence of non-diapause m the pupae. They found that br- that were expused to 

long days in vitro caused aversion of pupai diapause in recipient larvae. ni& results show 

that the l a n d  brain-retrocerebral complex is capable of Iight reception in vitro, that it 

stores this idionnation and expresses it (through PTTH release) 9 days later in another 

stage of developrnent (pupa). Therefm, Bowen and colleagues (1984) concluded that the 

photoperiodic clock is capable of being reprograrnmed in vitro. 

More recentiy, S a ~ i a m i  and Reppert (1996) showed that the 'dock gene' per is 

localized to two pairs of ceIls in each hemisphexe of the hain ofhtheraeo. One pair of 

per expressing ceUs was found to be adjacent to the PTTH produchg neurons and showed 

asonai arborizations with thmi suggestùlg that P T T '  and per are very close& associated 

and that per-protein (PER) found in the asons ma? be the method of regidion of the 

PTTH cells (see General Discussion: Saumann and Reppert. 1996). Saumam and Reppert 

(1996) assumed that the function of per-expressing cells in an the rue^ was the regdation 



of diapause termination by stgnuiating PTTH release m response to photcpxiodic cues. It 

has not been until more recenity in o u .  laboratory that it has become apparent that a 

comparable pattern of connections may also reguiate a circadian rhythm of PTTH release 

(Vafopoulou and Steel W96ê b; see below). 

The PGs of the satumiid moth, Sarnia qnthza ricini are thought to contain a 

citcadjan clock which controls the overt response of 'gut purge' as suggested by localized 

illumination and PG transplantation expcriments on 5th instar larvae (Mizoguchi and 

Ishizaki 1982). These experiments showed that the general region of the PGs was 

photosensifive in vivo and regulated the gated response of 'gut purge'. However, no- 

hormones were measured in these indirect evperiments. 

Generally? insect development in moths is veiy difncuft to s t u d y  due to the fact that 

ihq are continuous feeders. Hence, synchronizing a population and conducting 

experiments wiîhout disniptmg feeding is very demanding. In Rhodniusprolixlcs, the study 

of growth and development is simplined since a single iarge blood meal synchronizes the 

development of an entire population fiom one instar to the next (Uribe? 1927). 

Consequently, precise stages of development can be selected when ushg Rhodnizu 

prolims without dismpting feeding. Synchronization of development is very Unportant for 

shidying development related events because of their precise timing (Steel and Vafopoulou: 

1989: 1990). In addition there is a wealth of knowledge about the physiolog and 

developmenr of Rhodniris prolzsws prlln3riIy due to the geat contributions of Professor 

Sir ikcent B. Wiesworth (see Locke. 1992 for biograph~) 



THE CIRCADFAN REGULATION OF ECDYSTEROID SYNTHESIS 

The h t  ewidence of the circadian regdation of development in Rhodniz(s pro/ iw 

was fond  by measming haemoiymph ecdysteroid titres in the £ifth larval instar under 

1IL:lZD conditions. Ampleford and Steel (1985) studied days 14-19 after feeding and 

iater Vafbpoulou and Steel (1989) analyzed titres for days 10-13, both of which showed 

massive da@ increases and decreases in titre peaking in each night (scotophase). Real 

evidence of an endogenousfy controned rhythm cornes fiom studies donc in conhuous 

conditions such as contùiuous light or dark. In addition, the period Iength of the rhythm 

mut be shown to be temperature wrnpensated m order to be d e d  circadian (see 

Saunders. 1977). Both of these criteria were satisned in the ecdysteroid haemohmph tiîre 

which conhued to oscillate in animals tnasfferred fiom 12L:12D to continuous darkness 

(DD), and the fiec-Mming pcriod length rernained mchanged at 24'C and 28% 

(Ampieford and Steel, 1985). 

Vafopoulou and Steel (1991) showed that the PGs cm synthesize and release 

ezdysteroids in vitro. The daily rhythm of ecdysteroid synuiesis by PGs was &O shown to 

be under circadian contrd with a rhythm that free-nms in DD which peaks in the 

subjective night and has a temperature-compensated pexiod length close to 24 hours 

(Vafopoulou and Steel 1991). In addition, PG's of Rhodnirrr prolU-is are directiy 

photosensitive Ni vitro fldopoulou and SteeL 1991). Recent evidence in our laboratop- 

has shoni that rhythmic steroidogenesis c m  be induced by light cues rn w r o  shomkg that 

a photosensitive oscillator resides in the glands themsehes (Vafopodou and SteeL 1998). 



Since PGs are not innmted (Wiggiesworth, 1952), they qualifL as the f h t  non-neural 

endocrine circadian oscillator (versus the k t  mentioned above which are ail found in 

ncrvous tissue), Qivmg rhythms in target tissues. 

CLRC.4Dm REGULATION OF PTTH RELEASE 

WMe most of the recent research on PTTH has beem airned at its purification 

(Ishizalii and Su& 1992: 1994) and the biochernistry of its action on the PGs (Smith 

1993: Rybzynski and Gilbert, 1994 ). our laboratory has concentrated its effoits towards 

understanding the regdation of PTTH release. Indirect s u e s  of PTTH release used 

cytofogicd (Sted, 1982) electrophysioiogical (Orchard and S- 1980) and siirgical 

(Uobloch and Steel, 1989) techniques during larval development. These showed two 

distinct release h e s .  The tirst release occurs within the füst two hours foUowing a blood 

meaL while the second release occurs during the HCP on days 5-6 of b a i  development. 

Later. Vafopoulou and Steel (1993) used an Ni vitro assay of PTTH released from 

brain-retrocerebral complexes during W - a d u l t  deveIopment to CO& these predicted 

release tmies of PTTH. Using the in vitro assay a third novel release time of PTTH after 

the HCP was also discovered, which occurred during days 11-13 of bal-adult 

deveiopment in Rhodnius prolirus reared in continuous Light (Vafopoulou and SteeL 

1993). 

This novel releasr of PTTH afier the HCP n-as the precçdent tor the current 

evidence of circadian release of PTTH throtghout deveioprnmt (Vafopoulou and Steel. 



1996a). USmg an in vitro bioassayT Vafopoulou and Steel (1996b) found rhythmic PTTH 

release from intact mimais which fke-nms in DD and peaks in the subjective night with a 

perïod length close to 24 hom. R h y h i c  PTTH release nomdly closely raembles the 

pattern of ecdysteroid biosynthesis by the PGs in vivo. Hence? a second cicadian oscillator 

was discovered in Rhodn~cs prolau~ and is thought to be located in the brain retroccnbral 

cornplex (Vafopoulou and SteeL 1996b) which foUows a sirnilar pattem to that described 

above for vertehtes. 

It is generalIy thought that steroid rfiythms in vertebrates are slaves to neuropeptide 

input. This view is senousfy chaiienged by the fact that the PGs contain th& own 

photosensitive oscillator in vitro (Vafopouiou and Steel, 1998). Therefore the question 

remains, what is the purpose of a circadian rhythm of PTTK release in vivo? Since 

decapitation &ex the HCP does not prevent the moulting process (Wigglesworîh, 1934), 

thû repeated release of PTTH is not qyalitatively necessary for the continuation of 

development and currentiy the fûnction of the contkued release is unknown. As mentimeci 

eariier: PGs are not-innewated (Wigglesworth, 1952), h a î e  they are thought to be 

coupled to the brain osdator via a humoral agent, Since PTTH released h m  the brah 

comples is the principal humoral agent that acts on the PGs, it is possible that the 

prolonged. rh-c release of PTTH descnibed above plays a role in the regdation of the 

da*. acthities of the PGs. This idea implies thst the role of PTTH release is clearh more 

comples than just the initial 'activation' and that these @ sig& from PTTH are 

conveyed to the PGs. The purpose of these dû- inputs is currently unknown and will be 



addressed in this thesis. It is postulated that the PG and brah oscillatom comprise a 

multiple osciUator system controlhg the overt rh- of haernoSmph ecdysteroid iitre 

which in tum. affects hythms m target tissues and the overd process of rnouithg m 

insects, 

The objectives of the present study were two fold: 

1) Attempt to estabhh the role of the circadian nlease of PTTH throughout iarvai-adult 

development and how it interacts with the weil documented oscillator found in the PGs of 

Rhodnzus prolixxs. 

2 )  To detennine photosensithiiy of PGs in vivo and discuss the possible role of this 

photosensitivity m the circadian interaction with the brin and on the overail development 

of Rhodnius prolixus. 



RHYTHMIC STEROIDOGENESIS BY THE PROTHORACIC GLANDS OF 

THE INSECT. MODIMUS PROLlXUS. IN THE ABSENCE OF RHYTHMlC 

.NEUROPEPTIDE INPUT: IMPLICATIONS FOR THE ROLE OF 

PROTHORACICOTROPIC HORMONE 

D.PELC AND Ç.G.H. STEEL 



INTRODUCTION 

The cerebrai neuropeptide prothoracicotropic hormone (PTTH) play a central role 

in insect daielopmmt (Bollenbacher and Granger, 1985; Gilbert et aL, 1996) by 

stimuiating the prothoracic glands (Pa) to synthesue and release the 

hormones (ecdysteroids; Koolman, 1989). Ecdysteroids in tum act on 

steroid rnoulting 

target tissues, in 

which they elicit the tempordly precise sequences of gene expression that undab 

development (Cherbas and Cherbas, 1996). Until very recently? it was understood thaî the 

release of PTTH occiirred at ody one (or two) discrete moments eariy in the deve10pment 

of each lanral instar and induced sustained activation of steroidogenesis in the PGs 

(Bollenbacher and Gilbert 1981; Bollenbacher and Granger, 1985). PTTH has therefore 

been understood to activate the endocrine cascade in iwect development but to play no 

apparent role in its progression This classical picture has recentiy become complicated bv 

two discoveries: fint PTTH release is not confïned to initial activation of the PGs, but 

continues throughout developrnent (Vafopoulou and Steel, 1996a) and second, both PTTH 

and ecdysteroids exhibit pronounced circadian rhythmicity (Vafopoulou and Steel 

1991; l996b). These findkgs raise many previousiy uncontempfated questions concemhg 

the hction(s) of this prolonged release of neuropeptide and the signifieance of 

rhythmicity throughout the endocrine avis regdaring insect deve10pment. 

The PGs are the on& known target of PTTH. so it seem Keh- that rhflhmic 

PTTH release is associated with their regplation. However. classical esperirnents emplo'kg 

decapitation and neck ligation have shown that PTTH is not essential for the continuation 



of development aAer the first few days (Wiesworth, 1%4, 1985; Boiienbacher and 

Granger, 1985). hdeed a basic* nomal profle of changes in the haemolpph 

ecdysteroid titre during development is seen in decapitated h e  (Dean and Steel, 1982). 

Thdore .  it is uni&ely that steroidogenesis by the PGs is a passive slave rhythm that is 

maintahed by contirmus rnythmic input fkom PïTH. A more subtle role of rnyttmiic 

PTTH release is implied. The present papa addresses the fiuictional relationship between 

these two hormonal rhythms. The approach adopted has been to examine the rhythm of 

steroidogenesis by PGs when fiythmic input from PTTH is removed. We report that the 

PTTH rhythm is not required to sustain rhythmic steroidogenesis; rather, it appears to 

regulate the phase of the rhythm. This conclusion implics that PTTH fûnctiom as an 

entraining agent to the rhythm of steroidogeaesis. This is a novel and unprecedented 

conceptuaiisation of the function of this developrnental neuropeptide, in which it is 

assigneci a key role in the reguiation of temporal order within the endocrine system during 

the course of development. 

MATERIALS AND METHODS 

Fifth ( k t )  larval instar Rhodnius pro lhs  were reared at 28%. 5OC in a 12 hr hght : 

12 hr dark (12:12) regime. bal-adult dcvelopment was initiated by a large bloodmeai. 

Devdopment W;IS timed fiom the dao of feedinn, which was designated as da? O. On& 

male b a e  wwe used. Ecdysis to the adult is under circadian control (Anpleford and 

SteeL 1982) and the median &y of ecdysis in a population of males is day Il (Vafopoulou 



and Steel, 1989). The pigmented area of the compound eye begins to spread beyond the 

periphery of the eye of the nfth instar on day 14 in males (for details see Vafopoulou and 

Steel, 1989). The t h e  of ecdysis and of omet of the spreading of eye pigment were 

recorded in order to determine if delays in visible deveiopment occurred in treated animais. 

Decapitation was perfmed one hour before lightssff on day 9, with a noose of 

fine siirgical silk as descnb«i by Knobloch and Steel (1987), but without anaesthesia. 

Tetrodotoxh (TTX) was injected mto a hind t i i  using a caii'brated glass capiuary, as 

previousiy described fiobloch ami Steel, 1988). Ali animais received 4 pl of 2.0~10% 

ïTX  m 1% sodium chlonde. The symptoms and tirneamse of both the onset of, and 

recovery fiom flaccid paralysis have ken detailed elsewhere, as has oieir relation to the 

electrical actniiry of the retrocerebral complex (Knobloch and Steei, 1988) fiom &ch 

PTIH is released. In brief, electrical activÏty in the retrocerebral complex ceases 30 min 

after injection and flaccid padysis appears coqlete at 60 mm, recovery of behaviour 

occurs progressive& over a 12 hr periud and e1ectrical activity m the retrocerebral complex 

reappears over the same period. Using the present dose of m(, complete f i a c d  pmlysis 

lasted 92 hr. Injections were given one hoin before lightssff on day 9;therefore padysh 

was complete by the thne of 1ightsi)ff on &y 9 and the first signs of recovery were 

detectable during the late photophase of &y 13. 

Ecdysteroid sythesis by PGs was quantified using an Ni vitro assay (Vafopoulou 

and Steel 1989). PGs were removed h m  animals at the times of day stated (see Results) 

and incubated in saline Nt vzrro for 4hr. The ecdysteroid content of incubation medium was 



qyantified by RIA (see below). It has been shown that ecdysteroids are not stored by the 

PGs. hence ali ecdysteroid in the medium resuits fiom synthesis (Vafôpoulou and Steei, 

1989). Sethesis of ecdysteroids is iinear for at least 4 hr, thus, changes in amounts of 

ecdysteroid qnthesized by different PGs reflect changes in reiative rates of synthesis. At 

the h e  of PG explantation, a sample of haexnoSrinph was wiïected m a calibrated glas 

capin-. The haemolymph ecdysteroid Mn was detemiined by RIA of methanol extracts 

of haernoh.mph (see below). Groups of 8 - 12 PGs were examined at intervals of 5-6 hr 

throughout the period from 24-96 hr &er decapitation or injection of TTX. This period 

corresponds to days 11, 12 and 13 of developmemt. PGs f b m  anmials during the 

scotophase. or during continuous darkness (DD), were incubated in darkness; PGs fiom 

the photophase, or during conîinuous light (IL) were mcubated in the light. The 

procedure for obtaHUng samples durgig darkness is descnbed by Vafopoulou and Steel 

(1991). 

The RIA for ecdysteroids in haemoiymph has been described by Steel et al. (1982) 

and in incubation medium by Vafopoulou and Steel (1989). The iigand, 

a-[23,21(N)-'~]-ecdysone was purchased fiom New England Nuclear (sp-act. 89 

Cilmmol). 20-hydroxyecciysone (20E) was used as the standard m the assay, lhus all 

amounts are espressed as 20E equivdents. 

The amplitude of observed rhythms was detemtined using two procedures. both of 

rvhich gave similar results. In the fmt. ail the individual data measurements for time points 

within a 24 hr p&od were totded and the mean calculated: amplitude rvas calculated as 



amounts by which the mean peak and trough d e s  for that period differed f h m  this 

mean III the second amplitude was measured as the vertical distance between a line 

connecting consecutive peaks and a line connechg consecutive troughs. 

RESULTS 

Inidal esperiments to e.vamine the role of the head in regdation of the rhythm of 

steroidogenesis by PGs employed decapitation. Decapitation was perf i ied  at the end of 

the photophase of day 9 of larval-adult developrnent. Commencing 26 hr der  

decapitation, 8 - 12 PGs were excised every 6 hr for 3 consecutive days (days 11-13 of 

development) and the level of ecdysteroid synthesis determked in vitro. The haemolymph 

ecdysteroid titre of each anmial was ais0 detennined fiom an aliquot of haemoiymph 

e-xpressed at the time of  dissection.The results showed that rhyfhiciîy was rnaintained 

throughout the sampiing @od in both ecdysteroid synthesis by the PGs (Fig 1A) and 

haemolymph ecdysteroid titre (Fig. 1B). Further, the close coupiing of the two rhyihms 

seen m intact anmials (Vafopoulou and Steei, 1991) is retamed in headless animals. 

Howeverl both rhythms display peaks in the photophase and troughs in the scotophase, the 

reverse of their positions in intact animais (see Discussion). Decapitation obvioudy causes 

injury to various tissues and it is weU documented that insect development is sensitive to 

injury (Bulliere and Bulliere. 1985). Ecdysteroid titres are altered by i n j u ~  in severaf 

insects. hcluding RhoJniris prokuis bobloch and Steel. 1988). In decapitrited rnimds. 



the effects due to mjury cannot be distmguished fiom those due to the r e m d  of PTTH 

since there is no control procedure for decapitation. 

Therefore, analpis of these ecdysteroid rhythms was conducted in ankals 

paralyzed with a large sub-lethal injection of TTX. The severence of a tibia required to 

perform the injection has no detectable efféct on ecdysteroid lwels Zperfonned d e r  day 6 

of ddopment (Knobloch and Steel, 1988). The dose of TT'< emplwed eIuninated action 

potentials fiom the retrocerebd complex for 92 hr (see Methods). Since the axon 

termimis of PTTH ceh are located in this complex (Agui et al., 1980), we conclude that 

release of PTTH is abolished for at least 92 hr. 

The rhythms of ecdysteroid synthesis and titre of anmials paralyzed by TTX in 

1212 is shown m Fig. 1C and 1D. Both mythms are maintained and show the same 

reversal of phase seen in decapitated animais. Therefore, the reversal seen in decapitated 

animais is not due to injury or damage to the PGs. However, the rhythms of padyzed 

animais have more precisely defined peaks and troughs, confimllng the suitability of 

p m e d  anmials for their anmis. If the rhythm of steroidogenesis by PGs was a passive 

slave rhythm &en by rfiythmic PTTH release, some evidence of dampins might be 

expected but this is not seen. The amplitude of the rhythms (see Methods) is sustamed. 

Fwther. the rhyhms maintain a stable phase relation to the iight cycle. These fin&@ 

suggest that the rhyîhm of steroidogenesis is driva by an oscillator withh the PGs (see 

Discussion ). 



FIGURE 1: (A) Entrained rhythm of synthesis of ecdysteroids by PGs fiom anmials that 

remasied lefi in 12 hr light: 12 hr dark (12L:12D) conditions f i e r  decapitation at the end of 

the photophase of day 9. ReSults are shown for days 11-13 of larvd-ad& deveIopment 

(separated by vertical dotted lines). Synthesis is measured as the quantity of ecdysteroid 

produced during 4 hr in vitro incubation foiiowing explantation at the times indicated (see 

Methods). Points are means of 8-12 mcubations 'SEM. (B) Haemoiymph ecdysteroid titre 

of the same arrimais as in (A). Note the close relationship between the rnythms of 

steroidogenesis and haemolymph titre. (C) Rhythm of synthesis of ecdysteroids by PGs 

fiom animais that remained in 12L:12D a* mduction of pamlysk with tetrodotoxh 

(mr) at the end of the photophase of day 9. Sarne tecbnicai de& as in (A). 0) 

Haernoiymph ecdysteroid titre of the same aràmals as in (C). 
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FIGURE 2: (A) Free-tllllIilng rhythm of synthesis of ecdysteroids by PGs fiom arEmals 

transfimed to contmuous dari< (DD) afier induction of paraiysis with tetrodotoxîn (TTX) at 

the end of the photophase of &y 9. V d c a l  dotted lina depict "subjective days" in each 

of which the fkst 12 hours is "subjective scotophase" and the second 12 hours is " 

subjectîve photophase". Technical details as in Fi 1(A). (B) Haemolyrnph ecdysteroid 

titre of the same animais as in (A). 
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FIGLRE 3: (A) Free-rumine rhvthm of svnthesis of ecdvsteroids bv PGs fiom anhais 

rnaintained in contuiuous iight (LL) after induction of prirafvsis wiih tetrodotosin (TTS) at 

the end of the photophase of &y 9. Therefore animais had been in light 12 hr prior to 

induction of parahsis- Vertical dotted lines depict "subiective ciays" in each of which the 

first 12 hours is "subjective scotophase" and the second 12 hours is "subjective 

photo~hase". Technical details as in Fig. 1(.4). (B) Haemolvmph ecdvsteroid titre of the 

same anirnals as in (A). Note the reversal of phase of both rhythms relative to Fis .  1 and 

7 -- 
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We then examuied whether rhythmic steroidogenesk retamed circadian poperties 

in padyzed animals. Paratyzed animais were traflsfeîied from 12LA2D to DD at the 

habituai time of liets-off on day 9 and ecdysteroid synthesis and titre measured 

throughout subjective days 2 4  d e r  transfer to DD. The rhythm of ecdysteroid synthesis is 

maintamed (Fis 2A) and remahs wupled to the haemoiymph ecdystemid titre rhythm 

(Fig. 2 3 ) .  Both rhythms show peaks in the subjective photophase and appear to be 

fke-runnùig with a p&od length close to 24hr. Therefore, PGs continue to exhibit 

rhythic ecdysteroid synthesis when rhythrcuc inputs f.kom both PTTH and the hght cycle 

are removed. However, the oscillations are more pardel to the X-axis (compare Figs. 1 

and 2). indicating that the ascendmg baseiine associated with development is reduced (see 

below). However, the amplitude of the rhythm (see Methods) shows no evidence of 

damphg. even fier 4 cycles in DD. 

In a complernentaq experiment to the above, ecdysteroid synthesis and titre were 

esamined in paralyed animal5 transfmed to LL at the habituai tMe of Iights-off on day 9. 

It is agah clear that rhythmicity is maintained in both ecdysteroid synthesis (Fig. 3A) and 

the haernolymph ecdysteroid titre (Fig. 3B) and the two rhythm remain closeIy coupled. 

The ascending baseline associated with development is again reduced. HoweverT s t r i .  

differences fkom the rhythms in both 12L:17D and DD are apparent. The peaks initiai& 

occur in the subjective night rather than the subjective day: &o. the period length of the 

rhythm appears longer. such that by the end of the samphg  p e n d  the peah appear to 

drift into the nest subjective day. Thus. both ecdysteroid rh- in IL e-shibit a reversai 



of phase relative to 12L:12D or DD (compare Fig. 3 with Figs. 1 and 2). In cornparison 

with unparaiyzed animais. the ecesteroid rfiythms of pardyzed animais are dways shated 

by about 12 hr under d the lighthg regirnes exatnined (see Discussion). 

In Light of the kding that the ascending baseline of the rhythms in ecdysteroid 

synthesis and iifre associated with developrnent is impaired in paraiyzed armnal$ we 

esarnined whether overt developrnental events reguiated by ecdysteroids showed a related 

impairment. The pigmented area of the compound eye begins to increase on day 14 in 

nomal artimais. which is the &y d u e  which paraiyzed animais undergo behavioural 

recovery (see Methods). However, animais recovering nom padysis on &y 14 showed no 

expansion of their eye pigment; the expansion which is seen in normal arimials on day 14 

occurred in these aRimals on day 15. Smiilariy, the median &y of ecdysis was delayed one 

day fiom day 21 to 22. Therefore, paraiysis fm four days resufted m a dehy in overt 

development by oniy one &y. 

DISCUSSfON 

The onginal report (Vafopoulou and Steei, 1991) of circadian regulation of 

ecdystaoid synthesis in Rhodnzur prolficus employed intact animais. The complerrity of the 

fiee-ru- behaviour of the rhythms of ecdysteroid qmthesis by PGs and the 

haernohmph titre led to the postulation that two oscillators participated in their regulation. 

One rvas assigned to the PGs themselves and it rvas speculated that the second mi@ 

hvolve PTTH from the brain. However. the prevailing understanding of PTTH release rvas 



that release occumd ody at the onset of dmlopment (see Introduction) and therefore was 

presumed to be absent fiom the animais used m the above study. Recentfy. it has been 

shown that release of PTTH in Rhodnius p r o l h  occurs with a d d y  rhythm throughout 

most of laTVal-adult deveioprnent and that a rhythm of PTTH is seen in the haemolymph 

(Vafbpoulou and SteeL 1996a). The rfiythm of release of PTTH is under circadian control 

(Vafopoulou and Steel 1996b). Thmefore? the rhythm of ecdysteroid synthesis reported 

by Vafopouiou and Steel (1991) were occuring m the presence of a rhythm of PTTH. 

In the present snidy? decapitation or pardysis with TTS were ernployed to reveal 

the propdes  of the ecdysteroid synthesis rhythm in the absence of rhythc neuropeptide 

release f?om the head. The close similanty between the effects of decapitation and 

parafysis on rhyrhniic steroidogenesis by PGs (Fi 1) shows that the effects of pardysis 

can be interpreted in terms of loss of elecûicai actMty in the head alone. The PGs of 

Rhodnzus polikm are not inncrvated (Wiggesworth, 1952); therefore, the head 

influences the PGs by a humoral route. The only known cerebral neurohormone that acts 

on the PGs is PTTH. PTTH is the principle known reguliitor of steroidogenesis by PGs 

(see Boknbacher and Granger, 1985). Accordin&, we interpret the effects of 

decapitation or pardysis on rhythmic steroidogenesis by PGs in temis of removal of 

rhythmic PTTH release nom the head. While it is theoretically conceivable that some 

currently udaorvn cerebral neuropeptide also participates in regdation of the PGs. this 

~ i e w  is not required by the present findings. The TTS paraiysis paradigm was preferred 

over decapitation for several reasons. First it rninimizes surgical in jq .  rvhich itself cm 



disnipt eçdysteroids in Rhadnius pro2im.s ( s e  Knobloch and Steel, 1988). Second, its 

effects are rwersible: flaccid paraiysis and the absence of action potentials at the PTTH 

release sites lasted for 92-104 hr, but the animals recovered and completed developrnent 

with a de- of oniy one day Third, in vitro experiments have shown that TTX has no 

detectable effect on steroidogenesis by PGs or on their responsiveness to light (Vafopouiou 

and SteeL 1992). 

Foiiowing either decapitation or paratysis. a robust rhyîhrn is maintained for at least 

four cycles in both ecdysteroid synthesis by PGs and the haemotVmph ecdysteroid titre. 

The rhythm showed no evidence of damping or of loss of entrainment in 12L:12D. both of 

which might be expected if the rhythm of steroidogenesis was a passive slave to rfslthniic 

neuropeptide input. Further, the rhythm fiee-runs in both DD and LL.Therefore. r h w c  

steroidogenesis is susbined when inputs &om both PTTH and the light cycle are removed. 

These experiments support the view that the PGs contain an endogenous circadian 

oscfitor that regulates ecdysteroid synthesis, as suggested by Vafopoulou and Steel 

(1991), and does not support the possibility that the rhythrmcity m ecdysteroid synthesis of 

intact aiimials is driven by rhyttmnc PTTH release. This conclusion contrasts with 

comparable systems in vextebrates, where rhythms in steroidogenesiî are regarded as 

passive slaves driven by rhyihniic neuropeptide input (see Turek 1994). Further. the tight 

coupling of the rhythms of ecdysteroid -thesis and the haemoiynph ecdysteroid titre 

reported in intact anirnals (Vafopoulou and SteeL 1991 ) is retained in par+zed mimals. 

indicaihg that the PTTH rhythm is not necessary for this coupling. The PG oscillator is 



thenfore the principal regulator of the rfiyihmic increases in the haemolymph titre. The 

finding that the daily decreases in haemoiymph ecdysteroid titre are also unaffccted in 

padyzed mimals knplia that the mechanisms involved in rmoval of ecdysteroids fiom 

the haemoiymph each &y are ako TTS-resistant. 

CIassical studies have demonstrated that apparently normal development c m  

continue in insects in the absence of the head (see Steel and Davey. 1985). Although. it 

has beem generaIiy assumed that ecdysteroid production can continue in such animals, ththcre 

have been no previous studies of ecdysteroid synthesis by PGs of headless aRrmals. The 

present hdings suggest that development is continous in headless anmials because 

steroidogenesis is sustained by the PG osciiîator. Moreover, rhythmicity in steroidogenesis 

is also maintained without the head. It has been suggated that rhythmïc steriodogenesis 

imposa temporal order on development (Vafopoulou and Steei, 1996% b), presumably by 

orchestrathg sequential patterns of gene expression in target tissues (see Huet et al.. 1995). 

Th& the apparently n o r d  dcvelopment of headless ammals may be due to the 

maintenance of intemal temporal order by the PG oscillator, which would become direct& 

entraineci by hght when the PTTH rhythm is rernoved (see below). 

In paraiyzed or decapitated mimals. the rhythm of ecdysteroid synthesis was dways 

about 12 hr out of phase with the rhythm in intact animais (Vafopoulou and SteeL 1991) 

where rhythmic PTTH is present. This rws true in entrained condiuons. in DD and in LL. 

Thçrefore. removal of rhtzhmic input from PTTH causes the rhythm of steroidogenesis to 

undergo a phase s M i  of about 12 hr irrespective of the conditions of illumination. NB 



therefore suggest that a fiinction of riiyihmic PTTH release is to set the phase of the 

rhythm of steroidogenesis generated by the PG oscillator. However. steroidogenesis by 

PGs is directly photosensitive in vztro (Vafiopoulou and Steel 1992) and rhyüunic 

steroidogenesis showed stable entrainment to a light cycle in both decapiiated and 

paralyzed animals. Therefore. the PG oscibtor is &O entrainable by light. We infer that 

the PG oscülator appears to be entrainable both by Iight and by PTTH. But in intact 

animais. the rhythm of steroidogenesis is in phase with the rhythm of PTTH release under 

ail conditions of illutnination e.Yatnined (hfbpouiou and Steel 1996 b). We conclude that 

in the intact ariimal entrainment by PTIH appears to dominate entrainment by iight: 

photic entrainnient of steroidogenesis is reveded on& when rhyhtic PTTH imput is 

removed. 

Severai examples are now known in which circadian systems can be enbained by 

both Iight and nerirochernical agents; these include the actions of neuropeptide Y(Huhman 

and Abers. 1994) and melatonin (Lewy et al.. 1995) on the mamrnalian circadian -tem 

and the action of serotonin on the circadian system in the eye of the mollusc Ap&sia 

(Corrent et al.. 1982: Block et al., 1993). In each of these cases, it is sbrikuig that the phase 

response curve (PRC) for neurochemicd enhainment is displaced by about 12 hr relative 

to ihat for light. SUnilarly- Light and PTTH appear to entrain the steroidogenesis rhythm to 

phases that are about I I  hr apart. For esample. PGs esposed to light cues but no PTTH 

cues (pardyzed animais in 1 I : l I )  show peA steroidogenesis in the photophase. whareûs 

PGs esposed to PTTH cues but no light cues (intact animais in darliness. Vafopoulou and 



S- 1991) show peali steroidogenesis in the subjective scotophase. A PRC for the action 

of PTTH on the rhythm of steroidogenesis wodd yield valuable information, but wodd be 

extmnely laborious to constnict due to the huge nimibers of animals required and the 

complexity of the assay. 

The above biew of P lTH as an entraining agent to the PGs represents a novel 

conceptualization of the function of this hormone. It is therefore strikmg that this fünction 

of PTTH could be mediated by the same intracellular pathway by which it has been 

described as mediating stimulation of steroidogenesis in PGs which lack apparent 

rhyhnicity. In the moth ~tfundzccca. PTTH appears to regulate a Cb' chamiel in the PGs 

and the resdting Ca2+ influx appears to stimulate a calmodulin-sensitive adenylate cyclase 

(raiewed by Gilbert 1989: Smitk  1993). Ca2+ andjor CAMP are known to induce phase 

shifts in many circadian systems and fiequentiy produce PRCs which are 12 hr displaced 

fkom the PRC for light i.e. s idar to those for neurochemical entrainment (for discussion 

see Edmunk 1988). This signal transduction pathway is therefore an appropriate pathway 

by which PTTH could convey phase control information to the PG oscülator of Rhodnks 

prolarus. 

The above fndings indicate that the rde of PTTH in development is not confked 

to an initial activation of the PGs early in development but h t  it play a continthg role 

throughout development as ri B y  component of the circadian system that regdates the 
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CIRCADfAN RHYTHMICITY IN THE NEmROENDOCRU\IE MIS 

REGULATING DEVELOPMENT IN THE INSECT, RHODMUS PROLJXUS: 

INDUCTION OF RHYTHMICXTY BY LIGHT CUES IN W O  

X. VAFOPOULOU, D. PELC and C.G.H.STEEL 



INTRODUCTION 

The cerebrai neuropeptide prothoracicotropic hormone (PTTH) plays a pivotal role 

in b e c t  development. P T M  release triggers a cascade of neuroendocrine and endocrine 

phenornena which lead to moulting and metamorphosis. Ib primary target of action is a 

pair of endocrine giands, the prothoracic glands (Pa), which it stimulates to synthesize 

and release the steroid homones. ecdysteroids. Ecdysteroids from the PGs are q u i c e  

converted in peripheral tissues to 20-hydroxyecctysone (20E) which is the active fom (see 

Gilbert 1989;Gilbert et aL, 1996). Therefore, stimulation of steroidogenesis by PTTH 

Ieads to drarnatic and distinct changes in the haemoiymph ecdystexoid titre w i t h  a latval 

instar that evenNany program the temporai pattern of ecdysone-responsive gene expression 

in target tissues (see H b c h  and Brown, 1995; Cherbas and Cherbas, 1996). 

Our laboratory has focussed on the role of circadian king systems that cmtrol the 

neuroendocrine systern responsible for ecdysteroid synthesis in the hemipterm, Rhodnius 

prolaus. We have found that synthesis of ecdysteroids by the PGs occurs with a da@ 

rhythm which is regulated by a circadian system (Vafopouiou and Steel 1991) and drives a 

circaclian rhythm of changes in the haemolymph ecdysteroid titre (Ampleford and Steei, 

1985). Initiai adysis of the regdation of the ecdysteroid rhythm suggested the 

involvement of multiple coupled osdiators (Vafopoulou and Steel, 1991 )? analogous to the 

d3wn (11) and dusl; (E) oscillaton originallq' described by Pittendrigh (1981a b: 

Pittendngh and Dan. 1976). The osciuators constituhg this timing Wtem were 

apparently located in anatomically separate sites: one osciUator appeared to reside in the 



head (see Discussion), and thus it implicated PTTH, while the other was located m the 

PGs. In an attempt to dissect the components of this multiple osciiiator systern responsible 

for the reguiatio~ of rtiyttmucity of ecdysteroid synthesis, we have found that release of 

PT[H nom the brain occm with a ckdy rhythm tbroughout developrnent (Vafopoulou 

and Steel 1996a) and is under cifcadian control (Vafopoulou and Steel, 1996b). We have 

&O men@ demonstrated in vitro that a photosensitive osci0ator resides wahin the PGs 

(Vafopoulou and Steel, 1998). This PG oscillator generates the rhythmicity seni m the 

haemoIymph ecdysteroids in vivo and is &O responsRrc to Iight cues in vitro (Vafopouiou 

and Ste4 1998). Howevq in vivo, it bchaves as if entrained by the PTTH rhythm mther 

than by light (Sec Chapter 1). These fkciings colectivefy irnpiy that the rhythrriic output of 

ecdysteroids to which target tissues are-exposed reflects the combineci output of (at least) 

two oscillators; One located m the brain regulating rfiythmicity in PTTH release and the 

other located m the PGs. The study of the mdividual properties of these oscfitm and 

their functional relatiomhip to one another therefore requires specific criteria by which to 

distinguish and separate their actions. In the present papa we report that rhythmiciry can 

be induced in both oscillators by light cues in vivo. However, the two oscillators possess 

distinct characteristics. It is shown that PGs are photosensitive in vivo, despite the thick 

overiying cuticle: however when both light and PTTH are present, entrainment occun 

preferentidy to PTTH. It is concluded that regdation of the circadian endocrine system 

underlyhg insect developrnent involves the coordinated expression of at lest hvo 

oscillators which respond diffërenhlky to light but are coupled in vivo by rhyhuc cues 



fkom the neuropeptide PTTH to PGs. This notion as&m a new fimctional role to P'ITH 

which is now seen as a hormonal couphg agent between anatomically distinct circadian 

oscillators that comprise the timing system that undefies the hormonal regdation of 

dweloprnent . 

MATEIUALS AND METHODS 

Male nfth instar iarvae of Rhodnius prolimrs were maintained m continuous light 

(LL) at 28 5 0S0C. T d e r  to LL occured 2-3 weeks bdore feeding. A blood meal at day 

O initiated larval-aduit development. Ecdysis to the adult is under circadian control 

(.hpleford and Steel, 1982) with a population median at day 21. At the end of subjective 

day 9 the larvae were dMded in three groups. One group was maintained in LL and served 

as control A second group of Iarvae was treated was injected with 4ul of 310% 

tetrodoto.xin (m() in 1% sodium chloide. m[ at this concentration abolished id action 

* - 
potnitiais in peripherd newous tissue within 30 niin from admuustation (Knobloch and 

SteeL 1988) and induced temporary ficcïd pardysk of larvae for approximately 5 days 

(Sec Chapter 1). TTX mjections intu'bited ail neuropeptide release from the brains of 

Sected larvae (See Chapter 1). At the conclusion of subjective day 10 the group of 

TTX-treated larvae as well as a third group of untreated larvae were transferred to 

continuous dark (DD). PTTH release and ecdysteroid synthesis by both TTS-treated and 

untreated larvd groups in DD were then monitored for severai days as described below. 



In  * O  assays for PG ecdysteroid synthesis and brain-retmcetebral cornplex PTTH 

tekase: 

PG dissection began Ihr after tramfer to DD and was cmied out at regular 

intervals wery 6hr for the total of 7&, according to the methods of Vafopoulou and Steel 

(1989). PGs fkom a group of control LL imimals at the sarne age as larvae m DD were also 

dissected out at the sarne t h e  periods. PGs were hcubahd hdividUany for 4hr at room 

temperature in Rhodnius prolixur saline and the ecdysteroid content of the media was 

assayed by RIA (see below). PGs 6rom larvae in DD were incubated in the dark and PGs 

fiom larvae in LL were incubated in the ut. Statistical anaiysis was camied out with the 

Student's t test. 

PTTH release fiom exiirpated brain-retrocerebral complexes (brain complexes) 

was assayed with an in vitro assay established by Vafopoulou et a l ,  (19%). Brain 

complexes were incubated individual& in 25ul Rhodnius proIUncs saline for 4hr at room 

temperature. AU media were retriwed mdividuaüy, heated at ~OO'C for îmin and stored at 

-8m. Brai. complexes nom larvae in DD were hcubated in the dark and brain complexes 

h larvae m LL were hcubated in the Iight. PTTH content of the medium was assayed 

by its capacity to stimulate ecdysteroid synthesis in &y 7 LL PGs. Day 7 larvae were 

chosen as PG donors because they exhiit low basal levels of ecdysteroid synthesis and can 

be masima&- stimulated with PTTH in vitro (for details see \'afopoulou et 01.. 1996). PGs 

were incubated individually in PTTH containhg medium previoush derived fiom 

incihidual brain complexes. Stimulation of synthesis was measured by comparing the 



amount of ecdystemid synthesis by one member of a PG pair m the presence of PITH 

contaimng medium to that of its contralateral mernber which was incubated in saline (i-e. in 

the absence of PTTH: control). Stimulation was expressed as the mean of Merences 

SEM) (in ng 20E equivalenîs) in amounts of ecdysteroid between stimulated and control 

PGs for a group of pairs. StatisticaI an- was canied out with the paired-sarnple t-test 

(two tded) and the resuitnig t values were plotied as Stimulation Index (SI) in order to 

reveal the level of signifxcaflce of stimulation (Vafopoulou et al., 1996). 

For the RIA, a-[~,24(N)-~~]ecdysone @EN) was used as a ligand (sp. act, 

89Ci/mn01). 20-hydroxy-me (20E) was used as standard, thus an arnounts are 

expressed as 20E quivalents (5SEM). 

RESULTS 

PGs wexe sampled at regular intervals for 7 consecutive days (subjective days 7-13) 

nrmi LL larvae in ofder to confinn that chronic expomre to LL abolished mythmic 

ecdysteroid synthesis. As shown in Fig. 1, the profile cf ecdysteroid synthesis in U 

exhiied a progressive inmase until day 10. At &y 10, synthesis hcreased abruptly, 

reached a peak at day 12 and then began to deche. Synthesis of ecdysteroids in LL thus 

exhiited a developmental pattern smiilar tu that of normal animals m 12hr light:12 hr dark 

(I2L:lID) conditions (Steel et al.. 1982). but it clearh lacbd dl d3& circadian 

oscillations characteristic of the entrained state (Vafopoulou and S teeL 199 1 ). M e n  LL 

larvae rvere transfmed to DD for 72hr (subjective days 1 1- 13) the 



FTGrrRE 1: Ecdysteroid synthesis by PGs of Rhodnius prolixur W a e  maintamed in 

continuous iight (LL) during days 7-13 of the bal-aduit  development. Points are means 

of 12 cultures ?SEM. 
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FIGURE 2: Induction of myihmicity in ecdysteroid synthesis by PGs fiom continuous 

iight (LL) larme which were tr;msfmed to dark on day 11 and maintaineci in contmuous 

dark (DD) for 72hr. Synthesis was measured at 6hr intervals. Points represent means of 10 

cuiftues FSEM. Peaks of syrtthesis occur approxhately every 24hr (compare with F i  1). 
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FIGURE 3: Stimulation of ecdysteroid synthesis by PTTH released fiom the 

brain-retrocerebral complexes removed at 6hr mtervals fiom days 10-12 continuous light 

(LL) iarvae. (A) Stimulation is express4 as the numerical difference in synthesis between 

stimulated and UI1Sfilnuiated (contralateral) members of each PG pair plotted as mean 

Merence S E M  of 6 separate deteniimations (B) SI d u e s  derivcd fkom the statistical 

&sis of the data m A. Data points above the h e  at P=0.05 represent signincant 

stimulation. Note the absence of release on days 11 and 12. Basal release mdicates release 

of PTTH by brain complexes fkom Mfed larvae, which do not release PTTH in vivo 

(Vafopouiou and Steel, 19931, but contain large quantities of biologicdy active PTTH 

(Vafopoulou et ai., 1996). Any release fkom these brain complexes is artifactml, probably 

indwed by trainna or by the n vitro expcrimental conditions, and is substracted fim the 

mean tdues used in B. 
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FIGURE 4: Induction of a rhythm of PTTH release by continuous dark (DD). 

Continuous light (LL) larvae were tr;uisferred to dark at &y 11 and w m  maintained in 

DD for 7 2  PTTH release was assayed at 6hr Hitervals. (A) Arnounts of stimulation were 

determined as in Fig.3. (B) Leveis of significance of stimulation shown in A were 

calcuiated as in Fig. 3. Note that the DPinduced rhythm shows highly Sipnincant peaks of 

release approximately every 24hr. 
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profile of ecdysteroid synthesis changed dramatidy when compared to the profile in LL 

(Fig- 2). DD induced the generation of a robust rhythm in qmthesis with sigtiificant 

Bicreasn occuring at regular intervals of approxhmtely 24hr (Pc0.05 cornparhg lowest 

point to W e s t  point within a &y). Peak occured every subjective photophase and 

troughs every subjective scotophase. This rtiythm was stable during the 3 days of sampiing- 

Chronic exposure to LL also abohhed the daily rhythmicity of P ï ï H  release, 

which is nomna@ present throughout tarval-aduit development (see Vafopouiou and SteeL 

1996a) (Fig. 3a and b). The level of PTTH release at subjective days 10-12 was 

inSigriincant and close to 'basal release'. In contrast, transfer nom LL &O DD resuhed m 

rapid induction of a strong da@ rhyihm of release (Fis 4a and b). The numerical vaiua of 

the means exh'bited a pattern of peaks of release at each subjective photophase altemahg 

with troughs at each subjective scotophase (Fig.43). Peaks indicated t h e s  when release 

was highfy signmcant (P<O.Ol), whereas little or no release occured at the troughs (Fig. 

Ib). The pesiod length of the DD-induced release rhythm was aprolumateb 24hr. The 

peaks of PTTH release coincided with the peaks of ecdysteroid synthesis in animais m DD 

(compare Figs. 2 and 4). Thus tramfier fiom LL to DD mduces synchronous rhythms in 

both PTTH release and ecdysteroid synthesis. 

The question therefore &es of whether the induced rhythm in the PGs is a 

response to the hduced PTTH rhythm or whether the PGs respond independene to fi@. 

This esamuied in animals tiom LL which wme injected Nith TTS to tbolish 



FIGURE 5: Induction of rhyuunicity of ecdysteroid ythesis by PGs fiom larvae reared 

in continuous iight (LL) which were treated with tetrodotoxin (TTX) on &y 10 and were 

transferred to DD at &y 11. Larvae were maintained in DD for 72h.r. Points represent 

means from 10 PGs 2SEM. Note that the rhythm is 12 hours out of phase fiom the 

continuous dark (DDf-induced synthesis rhythm of PGs fiom nomial LL h e  (compare 

Figs. 2 and 5).  
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rhythmicity m PTTH (see Methods). 24 hrs later, these animais were transfmed to DD at 

the end of subjective day 10. Since PTTH release in intact ariimals in LL is mmmiai (Fi 

3) these animak, th- was no sigmficant PTIH release prior to the injection of TTX and 

the PTTH release that occurs &er trartsfer to DD was blocked by TTX. This para- 

p e r d s  study of the response of PGs to transfer nom LL to DD without the inBumce of 

PTTIt DD elicited a stable rhythm of ecdysteroid syndiesis h TTX-treated animals which 

was charocterized by a period length of about 24hr (Fi 5). However, peaks of synthesis 

occured each subjective scotophase and troughs at each subjective photophase (Pc0.05 

when compare lowest and highest p o b  withm a day). Therefore, the DD-mduced rhythm 

of synthesis in the absence of PTTH is approxirnately 12hr out of phase from the 

DD-mduccd rhythm in normal larvae (compare F i  2 and 5). Therefore PGs repond to 

the light-dark transition in the absence of PTTH, but the resultïng rhythm exhibits a 

reversed phase. 

DISCZJSSION 

In this paper, we have dmonstrated that a iights-off cue in vivo induced stable 

rhythm in both PTTH release fiom the brain-retrocexebral complex and in ecdysteroid 

synthesis by PGs of previowly arrhythmic fifb instar larvae of Rhodnizis prolincs. Both 

rhythms were induced simultaneoush, and nin in synchrony for several cycles peaking at 

the same time of the day. Synchronization of expression of both hythms is a characteristic 

of the entrained state where the rfythms always remain ti&@ coupled even when they 



fkee nm m DD or LL (Vafiopoubu and Steei, 19%a). However, the rhythms couid be 

succcssfulhl dissociated with the use of TTX that inhibited cerebrai neuropeptide release. 

In this instance, a lights-off cue induced the grneration of a stable rhythm of ecdysteroid 

synthesis in prcvioudy arrhythmic animals but this rhythm ran in antiphase to that of mtact 

animais. This observation shows that the photosensitive oscillator shown previously to 

reside m the PGs (Vafopoulou and Steei, 1998) is capable o f  responding to light cues in 

vivo despite the presence of a thick ove- cuticle. The induction of mythmidy by light 

cues in the PGs is therefore not dependent on PTTH input to the PGs. Lights-off Ïttduces 

hyihrtiicity in both PTTH release fkom the brain and in ecdysteroid synthesis by the PGs. 

However? the induced rhythms fiee-nm in antiphase, indicahg that separate photosensitive 

oscillators regulate the two hormonal rtiythms. 

The brah is the presumed anatomical location for the oscillator responsible for the 

generation of the rhythm of PTTH release. This is an established condition in vertebrates 

where a photosensitive brain oscillator controls the rhythmic release of neuropeptides (see 

Turek, 1994). In insects, there is ais0 some compelling evidence that photosehativity of 

PTTH release resides in the brain. In moths, earlier indirect evidence showed that release 

of PTTH fiom the head nec- for modting was gated (T~man, 1972). More direct 

studies later showed that the photoperiodic dock con~olling PTTH release during diapause, 

rvas indeed located in the brain (Bowen et al.. 1981). Recenw O@ 2 pairs of cek 

espressing the penod (per) gene were localized in eaçh hemkphere of the brain of a moth: 

one of these pairs was adjacent to neurons fiom the ceh producing PTTH and fomed 



a ~ d  arborizations with thern (Sauman and Rcpperî, 1996). Thwe per-expresSmg 

neurons were regarded as "clock cek" and the presence of per- protein (PER) in th& 

axons adjacent to PITH ceiis led to the suggestion that PER nnght be semted and act as a 

regulator of the PTTH ceUs (Sauman and Reppert, 1996). Similar to the existence of or@ 

2 panS of per-expressisrg c e k  PTI?I is producd in moths by ody 2 pairs of bilatedly 

located ceils in the protocerebrum of the brain (Kawakami et al.. 1990; Yagi et al.. 1995: 

Sauman and Reppert, 19%). A similar arrangement is found in Rhodnius proIimcs in 

which a single pair of neurosccretory ce& in immunoreactive to the antisenrm generated 

a g a h t  PTTH of Bomlyr mon (Nsein and Steei, 1997). Coffectiwiy, these hnndmgs  

susgest that the oscillator regulafing PTTH release in Rhodnzus prolikus is likewise located 

inthebrain. 

The present findings show that the circadian rhythm of PTTH release reported 

previousiy (Vafopoulou and Steel, 1996b) can be induced by a light cue. We infm that the 

above 'PTTH oscillator' is also photosensitive. However it is unlike the PG osciIlator in 

scverai ways. First, the PTTH rfyîhm iniriated by lights-off' peaks m the subjective &y 

and is therefore in antiphase to that initiated by the same cue in PGs. Second, in prolonged 

LL the PTTH rhythm not or@ damps out but is s u p d  to msignrficant Ievels: by 

contras& the rhythm of ecdysteroid synthesis &O damps but is not suppressed. These 

distinct properties support the Mew that sepante oscillators regulate the two rh?*. 

The earfier suggestion that PTTH is able to entrain the PG oscdlator (ser Chapter 

1 )  is supported and extended by cornparison of the propdes of the PG oscülator h intact 



and paraîyzed animais. In intact animais, the rhythm of ecdysteroid synthesis induced by 

lightsi)ff is in phase with the induced rhythm of PTIH release and 12 hom out of phase 

with the rhythm induced in the absence of PTIH. These fin@ hply  thai the PG 

oscillator rapidly acquires the phase of the PTTH oscillator, even in the presence of a 

wnnicting photic cue. We infêr that the PiTH oscillator is the dominant component of this 

-Stern in vivo. However. the relationship between them is not consistent with classicd 

nlationships between 'pacemaker' and 'slave' (see Saunders, 1977) because the PG 

0sciUator damps on@ slowly. is photosemitive and rapidiy accomodates phase shifts. 

We conclude that two mtcractmg photosehFitive oscillators regulate the circadian 

rhythm. of ecdysteroid m e s i s ,  one in the brain and the other in the PGs. The two 

osciliators appear to communicate with each other via the rhyhnic release of PTTH. In 

thk relationship, the PTTH release oscikitor conveys idormation about the phasc of the 

oscillation to the PG oscillator. In addition, it may be possible that a feedback mecha- 

exists between these oscillators whereby the PG oscillatm, via the ecdysteroid titre rtsithm, 

conveys some information back to the brain. niere is considerable physiologicd and 

biocheniical evidence for fdback regdation of ecdysteroids on the bram (see Marks et d, 

1972; Steeb 1973, 1975; Agui and Hinmia, 1977) which could be an mtegral part of the 

pathway of communication between the two osciuat~rs. 

Thus. the emerging picture is that regulation of rhythmicity in steroidogenesis in 

Rl~odnitcs prolims is similar to that in mammals based on two fundamental similarities. 

First. a brain oscillator regulates the rhythm of release of the neuropeptide and second. 



rhythic  neuropeptides influence the stemid rhythms. However, there is a major dinemice 

berneen the two systems. The sîeroid rhythm in Rhodnius prolirus is not a passive 'slave' 

to neuropeptide input as they are thought to be in mammals (Klein et al.. 1991: Turek, 

1 994). 
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GENERAL DISCUSSION 

MULTIPLE OSCILLATORS WITHIN THE NECrJROENJDOCRINE M I S  

Pittendngh (1960) was kt to d e s m i  the general concept that one 0sciIiator 

cannot expIain the complex formal properties of timekeeping systems. He noted that m 

Arctic groimd squimk the control of a circadian program required not ody one, but 

possi'biy rnany oscillators. Originally Pittendngh desmied these multiple osciliators as 

dawn (M) and dusk (E) oscillaton ( P i t t e n w  and Daan, 1976; Pittendngh, 1981) based 

on their différentid responses to light. in view of more recent literature, Pittendrigh's theory 

can &O be interpreted as two dishinct oscillators with ind~dual properties mcludmg 

digerUip light sensithdies. This multiple osciilatm mode1 has been invoked in many systems 

fiom plants to insects to mammals (Tyschenlio. 1966; Hoshizaki et al., 1974 and 

F%ttendrigh and Daan, 1976). The concept first set by Pittendngh (1960; 1974; 1981) is 

becoming weii documented in the 'distributed timing system' in mammals (Rdph and Hurd, 

1995; Reuss 1996; see General Introduction). In our laboratory, we are oniy begirming to 

see physioIogicaily identiikb1e conelates of the concept derived by Pittendngh (1960) in 

the insect mode1 system that controk the haemoiymph ecdysteroid îitre. It is argued in this 

thesis that a multiple oscillator systern exists in Rhodnius prolàtcr whose role appem to be 

to impose i n t e d  temporai order on development by coneoiling the hythmic synthesis 

and release of ecdysteroids in the haemoiymph. 

This thesis has attempted to diisect the interactions betiveen two well documented 

rhythm in Rhodnius prolixws which are. in some rvay. commdcahg in vivo. The 



oscillators in Rhodnius p r o l h  occupy different anatonticai locations and are coupled by a 

humoral factor. The first osciüator resides in the prothoracic giands (Pa) which 

rhythmically synthesize ecdysteroids m constant conditions m a circadian fahion 

(Vafopoulou and SteeL 1991 ) with a temperature compensated perïod length of close to 21 

hours. Recmt studies using an in vitro assay have c o n h e d  that thc second osciIlatm 

resides in the brain cornplex and controis the circadian release of PTTH (Vafopoulou and 

Steel, 19%b). It is weli atablished that PïTH is the principle known regulator of the PGs 

(Boilenbacher and Grartger. 1985; Steel and Davey, 1985; also see Gmeral Introduction). 

Since the PGs are not-knervated (W&esworth, 1952), the on& possible form of 

communication is via a humoral route between the two oscillators. This miplies PTTH as 

the couphg agent (Steel and Vafopoulou,1990). PTTH release after the head crifical 

period (days 5 6 )  of hrvaf-adult development k not qualitariveiy necessary for 

deveIopmentai modulation of ecdysteroid titre since decapitated larvae maintain basic* 

normai profiIes of haemolymph ecdysteroid titre (Dean and Steel, 1982). The role of 

rhythmic PTTH release d e r  the head cntical period (HCP) is king addressed in this 

thesis. A n d  fiinction for the neuropeptide is uncovered which is believed to be more 

invohred in circadian modulation of the PG oscitlator than stimulation of 

ecdysteroidogenesis. 

This thesis employed decapitation or injection of a subletha1 dose of tetmdotosin to 

eliminate rhyth.tnïc PTTH input to the PGs ;iffer the HCP. TTS selectivety and rwersibly 

blocks voltage-dependent Na' chamels in asons. inhibiting the generation of action 



potentiais without affecthg rwting membrane potmtiai (Narahashi, t 974). PTTH release is 

dependent on action potentiais: therefore, TT)[ inhibits the release of PTTH The results 

show a cirastic alteration but not the elimination of rhythms m both ecdysteroid synthesis 

and haernolymph ecdysteroid titre which persisted in the absence of the brain and nemous 

activity (see Chapter 1). In additio~ it was shown that mduction of rhythmicïty by light 

cues in arrhythmic brains as weil as PGs is immediate and occurs simultaneousîy (see 

Chapter 2). but the response daTêrs. PGs were &O shown to be able to respond to 

l i g h t ~ ~  cues in vziw in the absence of PTTH input (see Chaptcr 2). This hding shows 

that the photosensitivity of the PGs previousiy reported in vitro (Vafopouiou and Steeb 

1998) occurs also in vivo despite the presence of a thick overlyhg cuticle. It is concluded 

that there are at least two separate oscillators with different properties or characteristics 

which wmmUI1icate in vivo. Hence, a multiple osdator wstm for the conhml of the 

timing of ecdysteroidogenesis and the overt rhythm of ecdysteroids in the haemowph in 

Rhalnius prolln<s is proposed which, in tum, controls the overd turimg of dwelopent. 

The poss'bility of a feedback mechaniSm of ecdysteroids on the brain will also be 

addressed. 

COhlPO,nSEnSEVS OF THE LNSECT MXrLTIPLE OSCILLATOR SY STEM 

The PG Oscillator 

Cpon utiliTing TTS we tound that dpthmici~ in the qnthesis md release of 

ecdysteroids by the PGs persists with a phod Imgth of appro-ximately 24 hours under aiI 



lighhg conditions examined (see Chapter 1). The fact that PGs remain mytfmiic supports 

previous results showhg an endogenous circadian oscillator e.uists within the PGs 

themsehm which has been shown to also operates in vivo in the absence of the head or 

newous ac- by the present study. In both sets of experiments we found that the PG 

oscillator responds to a change m lighting conditims in the absence of PTTH reiease, 

wtiich implies that the PGs are direciiy photosensitk in vivo. Specincally, in Chapter 1, 

the peaks of the mythms of ecdysteroid synthesis and bemoiymph titre m both 12L:12D 

and DD occm in the real or subjective photophase, respectivek, however, whm animais 

are piaced in L.L, the peak occurs in the subjective scotophase. In Chapter 2, arrhythmïc 

ammals mahtained in prolonged LL conditions thm treated with TTX also showed 

rhythniic ecdysteroid synthesis when exposed to DD. Direct photosensïtMty of the PGs 

has been recentiy confïnned m our lab in vitro by Vafopoulou and Steel (1998), but 

measurement of phase (ie. time of a re-occuring peak) was not possible due to the M e d  

amount of îime PGs could be rnaintained in vitro. 

In ail the cases e d e d  in this thesis the phase of the rhythm m mC injected 

animais is the same m the haemoîymph ecdysteroid titre and in the synthesis by the PGs. 

Hence. the PG oscillator &ives the rhyumricity seen in the haemoiymph titre (ive. 

rhyUumcity in titre is generated by PG oscikitor and not by the brain). However, the 

properties of the PG oscillator with and without input fi-om the bnin are different 

indicating that the brain plays a rolc in rewting the PG oscillator in v n y o  (see below). 



The P ï ï X  Oscillator 

Recent stwlies in our lab have shown that the PTTH rhythm fiom n d  arrimais 

fk MIS in a circadian manner with a peak m aperiodic conditions which occurs m the 

subjective mght and period length of close to 24 h o m  (see Vafopouiou and Steel 1996a). 

PTTH release rhythm fiom the brain cornplex of R h a i n h  prolais is noma@ very 

similar to PG synthesis rhythm in vivo in intact animais. Spe&caliy, both PTïH release 

and PG ecdysteroid synthesis are m phase with each othcr under an Iigtiting conditions 

(Vafopoulou and Steel 1996b). Both rhydnns not onîy k e - n m  in contmuous conditions, 

but both have simjlar phases to that on the entrained state in DD, while both rhythm show 

an abrupt phase reversal with a somewhat shorter period lengüi when they are placed in 

LL. In contras& under ail the conditions exarnined in this thesis, TTX injected animais 

showed phases m ecdysteroid synthesis and haemoiymph t h  that were cOIlSSmQ 

~~t nom those of nomial anHnals (approxhately 12 hours apait). The diffaence in 

phase is attriiuted to the lack of PTTH. niis supports the view that in vivo, PTTH acts as 

an entrainmg agent to the PG oscillator and hence entrains the PG osciIlator to a phase 12 

hours dinerent than fkom that seen for light. Hence, PTTH is shown in this thesis as hm@ 

pleiotropic effects in insect development. It is not limited to its classicd role of sthuIa t&  

ecdysteroidogenesis (see General Introduction) but also acts as a reguiatm of the phase of 

the PG oscillator in m i n  Most of the PTTH reieased d m  development occurs &er the 

HCP (days 5-6 of hal-adult development: see Vafopoulou and SteeL 19963): thus. most 

of the PTTH released during development is involved with ihe cûcadian modulation of the 



PG oscillator rather than jus the *al activaticm of ecdysteroid .qnthcnis. Thip fact 

emphasizes the Unportance of circadian organization of the endocrine -stem in 

dmlopment. 

The question arises then. if PTTH entrains the PG oscillator in vivo? why have üght 

entrain the PGs as wen? The phase set by PTTH (a non-photic hominial cue) is 12 hours 

different fiom that for light; therefore, light and PTTH do not entrain the PG mcillatm to 

the same phase. These two entrainmg %en& appear to conflict &fore they are not 

mmiy rebiforcing one another. Wc do not know what these signals signify to the aisect but 

we do know that this phenmenon has also b a n  obscrved m other anhds. Neuropeptide 

phase shifting effects have also been obscnred m m a d  (Aibers and Ferris, 1984; 

F'igim et uL, 1995). Gasth releasing peptide (GRP), peptide histidine isoleucine (PHI) 

and ~soaciivc mtestinal polypeptide are all capable of producing phase shifis m the 

manmiaiian S C N  (Pigjns et al., 1995). More important&, Neuropeptide Y (NPY) in 

hamsters (Albers and Ferris, 1984) is capable of phase shating circadian mytfmis m 

hamsters hast 12 hours when compared to the phase effécts achimd using fight pulses. 

SpscinCany, the light phase respoflse curve (PRC; Takahashi et al., 1984) for the SCN 

versus NPY PRC (Albers and Ferris, 1984) are in 'anti-phase' with respect to the 

measurernent of locomotor actniity. Other non-photic hormonal c u a  have been shown to 

also phase shift the circadian 'tem. For esample. in molluscs. the light PRC (Eskm et uL. 

1981) ver su^ the PRC for the neurotransmitter serotonin (Esk in  1982) for the ocular 

pacemaker of -+[vs~o ;ire also in 'anti-phase' with respect b the finng of compound action 



potentials (CAPS). Therefore, two classes of mtraimnent pathways have been found m a 

number of systems but the significance of this arrangement is not yet clear in any system. 

Hence. light and hormonal cues arc capable of en* circadian hythms to diffefent 

phases as in Rkodnius pro lu ru^. makmg the entrainment pathways quite diverse and 

probably cornrnunicating Werent timt related inf'nnation. 

Phase Shifting Effects of Second Messengers 

The role of PïTH as phase reguiator of the PG oscillator is a novel concept in 

insect endocrinology. How- phase control couid be accomplished through the same 

second messenger system desm'bed for triggering synthesis (i.e. ca2+ and CAMP; see 

General Introduction). This hypothesis is consistent with both the estabhhed role for 

CAMP in mediating the action of PTTH on the PGs (see Gilbert et al., 1996 for review) 

and with the wideiy documenteci role of second messengers in phase shating circadian 

rhythms (see Block et al., 1993 for review; sec also below). 

In the marine moliusc, BuiZa gouidiana, light depolarizes the ocuiar circadian 

pacemaker located wiuiin the basal retinal neurons (BRNs). Elmted concentration of 

extraceîlular R can m h i c  the effects of light as weil as direct depolarization. Low 

e.utracellular Na' or hyperpolarization cm stop the phase shift ing effects of light as shown 

b~ Mchlahon and Block (1987). Reduction of e?ctracellular cdciurn or extracellular 

application of the calcium channet btocker. Ni'-. can prevent phase shifts due to light 

(McMahon and Block 1987; I;halsa and Blociq 1988). Hence. it was suggested that 



during entrainment a flux of the second messeager Ca2' Hito the BRNs mediates phase 

shifts of the B W s .  

The calcium flux hypothesis was directly tested by E;halsa and Block (1990) using 

pulses of lowered calciumlEGTA seawater. They found a very similar phase slnffing 

response as to hyerpoiarizllig treatments. They suggest that phase shifk in the neuronal 

o s c ~ t o r  are achieved through a reduction in transmembrane calcium (see Block et al.. 

1993). In addition both hypeipolarizing pulses and low calcium pulses cm be blocked by 

the concurrent use of anisomycin, a protein synthesis mhibitor (Khalsa and Block, 1990). 

Serotonin is also known to produce phase shats in the eye of Aph>sia ( E s h  et al.. 1984) 

which can be blocked by aNsomycin. These resdts suggest oiat the phase shat is achiwed 

through a decrease in transmembrane calcium foiiowed by protein synthesis (Block et al., 

1993). 

More importantly. in the molluscs, Bulla (McMahon and Block 1987: I(halsa and 

Block 1990) and Ap!vsio (Eskm, 1982) hyperpolanang treatments appear to generate 

phase shats duhg  the subjective day that are approximately 180" (or 12 hours) Merent 

from that caused by light. Smiilarty, in mammals the second messenger system has ais0 

been shown to be able to phase SM the SCN pacemaker. Specificaüy. CAMP cm SM the 

mammalian SCN with a vey similar PRC to that of hyperpolarizing treatments to BWs 

(see BlocL et 21.. 1993). Since aU the cases obsewed in Rl~odnzt<s proIims lacking PTTH. 

appear to produce a phase shiff of 180 degrees it is very Weky that the same steps 

rnentioned above for both molluslcs and m m &  can also be applied to Rl~odnizlu- prolzws 



PGs. In summary, CAMP dependent entrainment in mmt organisms appears to result in 

dark-iype responses whereas iight cues do not use CAMP and resuit, obviously in light type 

PRC's. Coiiective~ these firtâings suggest that phase-s-g effect of PTTH rnay be 

mediated by the described second messenger pathway for PTTH action on PGs. but imply 

that the CAMP pathway provides an input to the PG osciaator itseIf and is not soIeiy an 

input to the enzyme pathway for ecdpteroid biosynthesis. 

PER IMMLrNOREACTIVITY - THE CLOCK GENE IN PGS AND BRAINS 

Per gene and timeless gene as welI and their protein products are believed to play 

central roles in the circadian systern that controls rhythm of eclosion and locomotor 

a c w  in fies (Konopka and Benzer, 1971). Recentiy, per gene expression of per proteh 

(PER) has been shom to be rhyihmic in culhired Drosophih ring giands by Emery et al. 

(1997). This fhding supports the view that an endogenous oscitlator resides m the PGs. 

However no rhythmic steroid synthesis or photosensitivity has been observed in 

Drosophila ring glands whereas both are estabiished in Rhodnzus prolixm PGs. Anti-per 

immunoreactivity has also been shown in the hain of the beetle? Pac&morpha sexguttata 

(Frisch et al., 1996) as weil as the giant h o t h ,  Antheruea p e m  (Sauman and Repp- 

1996) which eshibit overi circadian rhythmicity in Iocomotor and eclosion rhythm. 

respectivefy. Sauman and Reppert (1996) showed that PTTH and PER are located in the 

same regon of the brain but in different cek.  They suggest that the close pro.simit\* m- be 

the routes to communication between these two celi populations which may be important 



for the photopesiodic tennination of diapause. The present shidies suggest this arrangement 

may also be invoived in the circadian regdation of PTTH release in Rhodnius prolias. 

ECDYSTEROID FEEDBACK ON THE BRAIN 

This thesis shows that the PGs and the biain cornplex interact afier the HCP in 

Rhodnius p r o l h .  The coupling agent is thought to be PTTH through its acticm on the 

PGs. It is also possible that PGs may be acting on the brain via a feedback loop through 

rhythmic release of ecdysteroids. Ecdysteroids have been shown to feedback and affect 

nervous tissue in many insects including Rhodnius prolmrs, Specifically, ecdysone was 

shown to be a feedback reguiator for the neurosecretory brah celis in M. brassicae (Agui 

and Hinima, 1977) in vitro while Steel (1973, 1975) showed the same phenornenon to be 

tnie in Rhainzus prolzkm in vivo. Ecciysteroid feedback on the release of molt inhibithg 

homone (MItX) fkom the crab, Cancer antemarias S., has &O been observed in vitro 

(Mattson and Spa- 1986). It is then possible that ecdysteroid feedback on the b- in 

Rhodnitcs p r o I h  afEects not ody the release of PTTH but its rhyduncity. This notion 

raises the possibiiity thai the brain and PG osciUators are coupled bidirectionally, with 

ecdysteroids acting as a second coupling agent between PGs and barn. 

In vertebrates. steroids have &O been shown to exert feedback action on 

production an&or release of neuropeptides. Negative fmdback effects have generdy been 

seen in adrenal gIucocorticoid inhibition of corticotropin-releasing factor from the 

hypoihalmus as weii as adrenocorticotropin (ACTH) release fkom the pituitary (see 



Kekr-Wood and Dailman 1981 for review). Hence, bi-directional couphg where the 

brain affects the glands and vice-versa is probable and testable in the contes of the 

circadian -stem of Rhodnius proliws. 

COMPARISON WITH VERTEBRATES 

The c i r c a h  timing systern reguiating neurohormone release Ui Rhodniw p r o l k  

shows some fiinctional simifarities with vertebrate neuroendocrine ytems (Nein et al.. 

1991: Turek, 1994). SpecificaUy, in both Rhodnius prolhs  and mammals a brain 

oscillator regulates the rhythm of release of neuropeptide which in tum, at least influences 

steroidal rhythms. In addition, there are structural analogies between the insect 

retrocerebral comples and the pituitary which have been hown for quite some time 

(Scharrer and Scharrer? . 1944; Hanstrom 1949). Howeverf in almost ail vertebrate 

endocrine glands, the hain contains the inaster' osciIlatm c o n t r o ~  the output of steroid 

hormones (see Turek 1994). For example, steroidogenesis in the adrenal cortex has been 

desded  as being driven by rhythmic stimulation by the peptide, K T H  (see V h o n  et 

al.. 1992). 

Contrary to vertebrate modeh the PG clock is entrainable. but not driven by. 

PTTH in Rhodniur prolàrcs. This is the k t  clear evidence of a steroid rhythm that is not 

driven by neuropeptide. However. the adrenai cortes has. in a fe\v cases. also been 

suggested to contain a circadian oscillator controllhg steroidogenesis (Andrews 197 1 : 

Shiotsuka et y/.. 1974). Insects and ma- have been shom to be ge3@ similar in 



other aspects of the rcpuiations of steroidogenesis (see Gübert 1989; Gilbert et al., 1996). 

Hence. the general view that steroidal rhythm are driven by neuropeptide input in 

vertebrates may need to be reassessed based on the evidence presented in this thesis 

showing that synthesized steroids by an insect endocrine organ can be controiied by a 

circadian clock located within themsehres. 

Our insect multiple oscillator model appears to share many hinctional simüarities 

with the aMan muiip1e oscillator system. In birds, m t e d  synchronization is achieved 6om 

the interaction of the SCN, pineal and ocular retina (see General Introduction) whiie m our 

insect model the interaction is at least between the brain and PG osdators. In addition, 

both the pineal and the PG oscillators are photosensitÏve. supporting the insect d o g y  with 

vertebrates. In the avian pacemaking system, melatonin is produced in the pineal gland and 

retina in a circadian rnanner and appears to convey information about the time of &y to 

other tissues of the organism (see Takahashi et al., 1989 for review: Bernard et uL. 1997) 

as ecdysteroids synthesized by the PGs of Rhodnius prolimcs can convey messages to 

target tissues (see below). Recent evidence suggests that calcium and CAMP act to regulate 

melatonin (Nikaido and Takahashi, 1996); ecdysteroids are also reguiated by calcium 

andior c.4biP. Melatonin is viewed as a possible coupling agent behween the multiple 

osdators in vertebrates (Cassone et al.. 1993); ecdysteroids may also have a similar role 

in insects (see below). Collecthely these hnctional similaritirs behvecn the civian and our 

Ïnsect multiple oscillator systems mentioned above supports the view thai the shidy of the 

interactions of vertebrate multiple osciliators zn vnv can benefit fiom the use and 



knowiedge achieved by using an insect systern as a modeL 

Aithough our kisect mode1 shares rnany f u n c t i d  similarities with the avian 

yta there are some striking cliffierences between the a h  meal gland compared to the 

R hodnius prolixus PG oscillators which ais0 need to be mentioned. IR wntrast to the avian 

pineal glmid, the PG OSCiflator in our hsect mode1 appears not to be dominant in the 

multiple oscilhtor system. Specificaliy, in birds, pineal melatonin regdates the phase of the 

SCN osciliator (Gwnmer et al., 1997) as opposed to îhe PG osciIIator in Rhodnius prolimcs 

whose phase is repuiated by the brain oscillator. Also, as mentioned earlier, the PGs are not 

imervated which contrasts with aii other photosedive endocrine osciltatom known to 

date. It is also necasary to mention that in Rhodnius prolixw. the PGs are paired and each 

is able to independenüy oscillate in vitro (Vafopoulou and Steei, 1998). S i m i M y ?  the 

PTTH oscjJiatm appears to be bilateraUy duplicated by specific ceb in each side of thc 

brain (see Nseiri and Steel, 1997). Hence, we infer that there are at lest 4 oscillatm which 

comprise the pacemaking system wntrolling haemoiymph ecdysteroid titre in Rhodnius 

MULTIPLE OSCILLATORS WITHIN THE PGS? 

PGs are made of a homogeneous ceil type (Wglesworth 1952; Beaulaton et al.. 

1984) it has been thought that one ceil type is udikely to contain more than one oscibtor 

(Edmunds. 1988). Hoivever. a number of more comples systems have shonn that s@e 

cefi in preparation are capable of producing circadian rht- in vitro. The closesi 



cornparison to Rhodnius p r o l h  PGs are Uie avian pineal photoreceptor cells (Pickard and 

Tang 1994) whiçh have been shown to contain receptor. clock and effector d in one ce0 

(Nakalima et al., 1997). These ceik entrain the rhythm of melatonin synthesis to the 

iighu'dark cycle (Robertson and Takahaphi 1988: Zatz et al.. 1988). SMilariy, individual 

neurons dissociated fnnn the rnammalian SCN (Welsh et al., 1995) as weli as isoIated 

Bulh neutons (Michel et aï., 1993) can also osciliate in vitro. In the rnoliuscan oc& (see 

Block et al., 1993) pacemaker, a number of ceils üiat are electricalîy coupled by gap 

junctiohs (Block and McMahon, 1984) and oscillate to produce the overt rhythm seen m 

the finng of CAP'S. PG ce& are &O coupled by gap junctions (Dai et aL, 1994) but they 

are not innervated. Hence more than one oscillator may exist within the PGs themselves, 

possibly in the mdividual PG ce&. Multiple oscillators within the PGs themsehres impiies a 

role for PTTH as synchronimig the synthesis rhythm between the two members of a PG 

pair. 

Takahashi and M d e r  (1984) suggested that three components are necessary for 

a pacemaker: i) photosensiîhdy, ü) circadian osciilator generating the output rhythm of and 

iü) which is coupled to rhythrnic homone synthesis. AN these pacemaking qualities appear 

to raidc in inchidual pineal ce& which may also be s h o w  rnie for individual PG cells. In 

order to detennine the existence of multiple osciuators within the PGs one must be able to 

produce a dispersed PG ceU in culture with a gap junction inhibitor and be able to meaîure 

srnall quantities of ecdysteroids in media. With the current advancement in reverse 

haemolytic plaque assay (see Pickard and Tang. 1991) used on pineal photoreceptor ceh 



such expeimients are feôsi'ble and may provide the anmers on whethcr multiple osciUafors 

can exkt within one endocrine organ. 

POTENTLAL FUNCTIONS OF THE TIMING SYSTEM 

Many hythms in target tissues that occur at specinc times withm the day are eaher 

driven, regulated or somehow influence by hamoîymph ecdysteroids. The most obvious is 

ecdysis behaviour which is gated in many insect species (Truman, 1985) bcluding 

Rhodnius prolmLs (Arnpleford and Steel, 1982). The -sis rhythm m Rhdnzks p r o l b  

recmies input fiom the rhythm of ecdysteroids in the haemolpph (Arnpleford and Steel 

1982; Steel and Ampleford, 1984). The rn-le osdiatm descriied by this thesis drives 

the circadian rhythm of ecdysteroids in the haemolymph titre of ecdysteroids. In addition 

2OE c m  ac- act as a hormorzai cue in arrhythmic animais which can resuit m the 

rhydmic gated ecdysis obscrved in Rhodnius p r o l b  (Ampleford and Steel, 1986). 

Rhy.rhms of nuclear volume in Drosophilu salivary glands cm be phase s M f e d  in vitro 

with 20E as weii as other tissues which are synchronousfy affected by ecctysteroids such as 

Drosophila PGs (ring glands; Rensing 1969). Epidennal cek have also been shown to 

ody rtspond to pulsatile 20E in vitro to deposit cuticle (Fristrom et al., 1982). Endocuticle 

secretion (Nedie? 1975), oxygen consumption (Taylor, 1977) as well as many other 

behatiours (Bra& 1982) also occur at certain t h e s  of day and maybe at least influenced 

by the varying amounts of ecdysteroids within the 24 hour cycle. In summq. vanhg 



Figure 1: Haemoiymph ecdysteroid tGbes during larval-aduIt deveIopment. Standard 

m o n  for some of the sarnples are srnalier than the poht symbols. T h e  axis is mtermpted 

at ecdysis and the samp1es taken thcreafter are grouped by t h e  since ecysis. An excrpt 

fkom Steel et al. (1 982) with the addition of dady ecdysteroid titres for days 1 1 - 13 of 

larval-adult development added fkom Vafopoulou and Steel (1991). The daily oscillations 

in haernolymph ecdysteroid titre occur throughout iarvai addt development but are or@ 

shown here for days 11-13. 





Figure 2: Schmiatic diagram of the possl'ble effects of the ouput rhythm of the PG 

oscillator which is coupled to rhythmic ecdysteroid synthesis and the possible effects these 

diffkrent homone concentrations during a day and tfiroughoui development can hax on 

gene expression. Solid ban on X-axis represent the scotophase and unfiüed bars represent 

the photophase within 24 hours. Note that the daily hormone (or ecdysteroid) pulses occur 

within a different range of homone concentrations on consecutive days of dwelopment 

which may tum on Mirent ecdysone responsivc genes. 
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amoimts of ecdysteroids are necessary to either drive or reguiate the processes undedyhg 

growth and development in insects. 

Interna1 Temporal Order 

Da@ ecdysteroid 'pulses' can comrey time cues to target cek which dows gene 

expression to be pattemed into sequences within a 24 hour cycle as weil as being 

synchronized with the extemai worid. Using the developmental profile of Rhodnius 

proIl.rUs as an exampie (see F i  11, we see the titre of haemolymph ecdysteroids slow@ 

rise fiom the &y of feedmg (&y O) to a peak on about days 13-14 and slowly declines 

towards &y 21, the median &y of ecdysis. Superimposed on the haemolymph 

developmentai profile in figure 1 are the daüy ecdysteroid osciliati~ns (O* shown for days 

11-13 of larval aduit development) which are present throughout the entire moult. The rise 

and fan in ecdysteroids are not ody  present throughout the developmental cycle but occur 

on each day as well, but on a Merent  pari of the developrnental curve (see Figure 1) 

representing different ecdysteroid concentrations. Hence, throughout the day and 

throughout development different ranges of honnone concentrations are expimced by 

target tissues with ecdysteroid receptors to possibfy tum on different groups of genes (see 

Figure 2 and see also below). 

D d y  sequences of ecdysteroid in the haernohmph titre play a large role 

throughout develapmemt. It is weil known that target tissues show temporal sequences of 

developmental changes in response to haemoiyrrtph ecdysteroids. During development. 



expression of rnany ecdysone responsive gmes is both Qne and concentration dependent. 

Such developmentai sequences inchides secretion of cuticie proteins in specinc sequences, 

daïiy deposition of layns. Riddaord (1985) showed that during the lismg phase of 

ecdysteroids throughout the deveiopmental cycle the ceils undergo preparation for the 

production of a new cuticie which may mclude DNA synthesis and/or cell division which 

may Merentiate into a totaIly new type of epidemial structure. This preparation includes 

the shuttkg off of synthesis in many ce&. During the ptak of ecdysteroid titre apolysis 

(detachment of the epidermis k m  the ove@@ cuticle) and mouiting fluid sccretion 

occur which is then foiiowed by epicuticle deposition. When ecdysteroids begin to fall, 

exocuticle is then deposited which is fouowed by h e h t e  endocuticle, pre-ecdysial 

pigmentahon which leads to ec@ and post-ecdysial sclerotization (Riddifmd, 1985). In 

sunmiary, the work descibed on cpidemial ce& done by Riddiford (1985; 1989) show that 

these ceiis respond to 20E by producing different proteins at dBerent times, which miplies 

gene expression in response to haemoiymph ecdysteroids occurs in temporal sequences. 

The importance of studying the circadian control of ecdysteroids and how they are 

regulated is essentid for the understanding of how temporal order within and betwem 

tissues is maintained within the organism throughout its deveiopment- These haemoiymph 

ecdysteroids could not be as effective for ensinmg proper growth and development in 

insects if th- were present in constant arnounts. The pulse dination for mmy hormones is 

rehted to the rate of adaptation of receptors (see Goldbeter. 1996). This implies that 

receptor bloclting or desensitization does occur if constant arnounts of honnone are 



present. Therefm a hormone present in constant amounts f& to initiate a response and 

hence excess hormones are wasted or eliminated fkom the systern. Therefore, pulsatile or 

periodic signaling is more effective in eliciting sustained responses in target cek  which are 

subjected to reversi'ble desensitization in the presence of constant ligand (Goldbeter, 1996). 

In was found in the eady 1980's using in vitro studia ushg 20-hydroxyecdysone 

showed that "pulses" were necessary to eiicit biological responses m target tissues (e .g 

Fristrom 1982). Since the "pulsew occurs in vn>o within a différent ange of hanone 

concentration every &y (see Figure 2) it is possible that Merent sets of gnia are being 

tumed on by the sequences of hormone pulses m Werent ranges of honnone 

concentrations. These pulses of ecdysteroids are also required to convey complex messages 

on temporal order of devefopment as opposed to a simple signaL Different concentratim 

of ecdysteroid can tum on certain gens and repress othm (see Ashbumer et al., 1974; 

Cherbas and Cherbas, 1996), hence achlally synchronize develcpment in target tissues 

leadmg to i n t d  temporal organjzation. Smce, rhythm in ecdysteroids are detectable by 

ai l  celis with ecdysteroid receptors, ecdysteroids cm synchronize events in disparate cek 

and tissues and îhereby synchronize deveiopment throughoui the iosect. 

The focus of iiterature for decades has been on mtemal temporal organiZation 

within ceils (e.g. Ashburner mode1 and its deriv;itkes; see Ashburner et al., 1974). 

Possibly. a reason for fhk focus is the apparent lack of any es~aceUular s i p a l s  around 

nhich orchestration can occur. This thesis puts a whole new emphasis on regulation of 

ceUular events during development. SpecincaUy. the emphasis has been switched more 



ont0 extrace~ular signais such as light and ETTH rather than just intraceIluiar 

co-ordination. This is a novel view in endocrine regulation in general which has been 

shown in this thesis to be compriscd of the interaction of muitiple osciuators which may act 

to regdate gene expression. 

CONCLUSION 

A Distributed Timing System in an Insect 

Multiple osciuators within an endocrine system goveming development have been 

reveaied by the esperiiments presented in this thesis. TakahaShi and Menaker (1984) 

Msuaiized that three components are necessary for a pacemaker: if photosensitnity, ii) 

circadian osciiiator generathg the output rhythm of and üi) which is coupled to rhythmic 

homone synthesis. Ralph and Hurd (1995) ad&d that transplantation of either phase or 

period of the underSring oscillator between ammals revealed a structure as ha- 

pacemakhg properties (sec General Introduction). While both the brain and PG oscillators 

are photosensitive it is the PG oscillator, and not the  brai^ which is coupled to a homone 

rhythm (Le. the ecdysteroid rhythm in the haemolyrnph titre as seen in TTX anmials in 

Chapter 1) which satisfies the first three requirements of a pacemaker set above by 

Takahashi and Menaker (1984). However, in whole aromals the presence of PTTH m the 

systern &ers the phase of the PG doch hence its phase is not transtèrable in the presence 

of the head. Thmefore. neither the brain or PG oscilicitor alone appear to have all the 

qualities of a pacemaker. The emerging pichire of the circadian %stem in Rl~ocInzzis 



prolàus appears to be that both aie brain oscillator (phase controller) and the PG oscillator 

(rhythm generator) are necessary to hiltin all the criteria descnied above. This circadian 

system functions to controi rhythmicity m ecdysteroid titre found in the haemolymph. This, 

in tum is capable of con-ing t h e  signais to afi ecdysone-responsive ce& and ihereby 

reguiating the expression of ecdysone-responsive genes during development. Consequentîy, 

these multiple oscillators appear to constitute a master timing system underlying the 

orchesîration of development. 
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in Chapter 1. ail experiments were pdormed and the text was written by myself. The 

e.qAments in Chapter 2 on intact ammals were ail done by Dr. Vafopoulou: My 

contn'bution was die experiment rweahg PG synthesis rhythm in TTX hjected mimals. 

The text in Chapter 2 was maidy d e n  by Dr. Vafopoulou with minor alterations done 

on my behaîf" Dr. Steel aided in the final preparatims of both Chapters and provided the 

h d m g  that made the experiments posstble. 
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