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Stellingen

1. Inhibitie van de spontane vuurfrequentie van olfactorische neuronen in respons op
bepaalde geuren wordt, door onvolledige kennis van perifere olfactorische coderings
mechanismen, tenonrechte alseenartefact beschouwd.
Olfaction in mosquito-host interactions. Wiley, Chichester (Ciba Foundation Symposium 200).
General discussion V. p. 282

2. Het is niet aannemelijk dat bij haematofage muggen alleen de grooved peg sensilla
betrokken zouden zijn bij dedetectie van gastheergeuren.
Pappenberger B. et al., (1996) Responses of antennal olfactory receptors in the yellow fever
mosquito Aedes aegypti to human body odours. In: Olfaction in mosquito-host interactions.
Wiley,Chichester (Ciba Foundation Symposium 200) p. 254-262
Dit proefschrift

3. Geurvallen zullen alleen dan een positieve bijdrage leveren aan het terugdringen van
het aantal malaria gevallen, wanneer ze gecombineerd ingezet worden met additionele
antimalariamiddelen.
4. Het uitblijven van een bruikbaar middel tegen malaria na tientallen jaren van
onderzoek mag geen reden zijn voor verminderde financiering. De toenemende
resistentie van Plasmodium tegen malaria profylaxis pleit eerder voor het
tegenovergestelde.
Butler D. (1997)Briefing malaria. Nature 386: 535-541

5. Het gebruik van vomeroferines in parfums dient, gezien mogelijke consequenties
voor de gezondheid, allereerst onderworpen te worden aan uitgebreid wetenschappelijk
onderzoek.
Berliner D.L. et al, (1996) Thefunctionality of the human vomeronasal organ (VNO): evidence
for steroid receptors. Journal of steroid biochemistry and molecular biology 58: 259-265
Cutler W.B. et al., (1998) Pheromonal influences on sociosexual behavior in men. Archives of
sexual behavior 27: 1-13
Sobel N. et al., (1999) Blind smell: brain activation induced by an undetected air-borne
chemical. Brain 122: 209-217

6.Hetpatenteren van menselijke genen dient niet hetalgemeen maatschappelijk belang.
Reichhardt T.(1998) Patent ongenefragment sends researchers a mixed message. Nature 396
p. 499

7. De notatie van referenties bij publicaties in wetenschappelijke tijdschriften dient op
logische wijze gestandaardiseerd te worden. De huidige sterk uiteenlopende notaties
zijn inefficient en leiden toteen verlaging van de arbeidsproduktiviteit eneen verhoging
van de bloeddruk.

8. Ten onrechte wordt door een onderzoeker-in-opleiding meer onderwijs gegeven dan
genoten.
9. Het volgen van de stroom van tegenstrijdige voedingsadviezen is een dagtaak voor
diemensendieeengezond levenproberen natestreven.
10.Tussen0en 1 ligteenwereld vannuances.
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General introduction

Chapter 1

Anophelesgambiae, aprominentvectorofmalaria
One-third of the world population lives in areas where malaria is a daily threat. Of all
cases of malaria 90%occur insub-Saharan Africa, while 6-7% ofthe cases takeplace in
India, Brazil, Sri Lanka, Vietnam, Colombia and the Solomon Islands. Reports from
Africa mention that people can suffer morethan 300mosquito bitesper person per night
(Charlwood et al., 1995). With every bite there is a considerable risk of infection with
malaria parasites. Each year between 1.5 and 2.7 million people die of malaria, while
another300-500millionpeoplecarrythediseaseandbecomeseriously ill(WHO,1997).
Female mosquitoes hunting for blood act as the vectors of malaria parasites. A
bloodmeal provides the mosquito with proteins necessary for the development of her
eggs.During bloodfeeding malaria parasites enter the bloodstream of the human host. In
the liver cells, they multiply and after one or two weeks the cells burst and the spores,
now called merozoites, invadethered blood cells.This iswhen the host is startingto get
fever. The merozoites multiply and continue invading new bloodcells. If the patient has
no immunity orcannotbetreated, the infection remains or can return at certain intervals
and the patient may die. Some of the merozoites form sexual stages, the gametocytes,
which stay in the blood. When the host is bitten by a female mosquito, the gametocytes
aretransmitted. Within thevector, the female gametocytes are fertilized and develop into
an ookinete, which traverses the gut wall and than develops as an oocyst on the wall of
the foregut. The oocyst will burst after a few weeks and an enormous number of
sporozoites will movetothemosquitoes' salivary gland.As soon asthe female mosquito
takes a new bloodmeal, the sporozoites are transmitted to the host and the whole cycle
willstart again(Gillesetal., 1993).
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Malaria iscaused byprotozoan parasites ofthe genusPlasmodium. Four types of
malaria exist,Plasmodiumfalciparum,P. vivax,P. ovaleandP.malariae, thefirstbeing
themostdangerous form, accountingfor 90%ofallmalariacasesin Africa.
The mosquito vector of malaria belongs to the Anopheles gambiae sensu lato
complexwhich consists ofat least sevensiblingspecies(White, 1974;Hunt et al., 1998).
Anophelesgambiaes.s. ishighly anthropophilic andthemainvector ofhuman malaria in
Africa. Anopheles arabiensis is an opportunistic feeder exhibiting varying degrees of
anthropophily or zoophily, while Anopheles quadriannulatus(species A and B) are
zoophilic and not disease vectors. The three remaining species of the complex, An.
bwambae andthesalt-water siblingsAn. melasandAn. merusare important local vectors
ofmalariatransmission.
Despite decades of research and the use of different vector control strategies, to
date the parasites nor the vector are under control. There is an urgent need for the
development of novel strategies and improval of existing strategies in the battle against
malaria.

Host-seeking behaviourofmosquitoes
It is generally assumed that mosquitoes locate and identify their host on the basis of
chemical and physical cues (Takken and Knols, 1999). To date, however, few studies
haverevealedtheidentity ofthecuesthatguideamosquitotoitshost.Lacticacid, amain
constituent of human sweat, was the first component reported to act as an attractant for
the yellow fever mosquito Aedes aegypti (Acree et al., 1968). As an individual
compound, lactic acid is only a weak attractant, but it acts synergistically when
combined with carbon dioxide. In addition, human skin wash extracts tested in a
windtunnel bioassay lose almost all of their activity after the removal of lactic acid,
implicating that the latter component also acts synergistically with other, as yet
unidentified components(Geieretal., 1996).
Analysis of cattle odour led to the identification of l-octen-3-ol, which has since
been shown to serve as apowerful attractant for certain species oftsetse flies inthefield
(Hall etal., 1984;Vale and Hall, 1985).Subsequent studies onmosquitoes have revealed
that l-octen-3-ol affects the host-seeking behaviour of these haematophagous insects as
well (Takken andKline, 1989;Klineet al., 1990a,b, 1991a,b).Trapsbaited with 1-octen3-ol have resulted in catches of only a few mosquito species, but in combination with
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C0 2 an increase in the collections of especially Aedes, Anopheles, Psorophora,
Coquillettidia andMansonia specieshasbeenobserved(Kline, 1994).
Although the role of C0 2 in the host-seeking behaviour of Anopheles and other
mosquitospeciesisstillnotfully understood, studiestodateindicateaminorrolefor C0 2
inthe attraction of female An. gambiaes.s. Field studies conducted in Tanzania showed
that only 9% of An. gambiae and An. arabiensisnormally caught in a tent baited with
human odour were caught in a tent into which COzwas pumped (Mboera et al., 1997).
Additional field studies showed that the role of C0 2 depends on the degree of zoophily.
The zoophilic An. quadriannulatus was equally attracted to a calf and C0 2 (at rates
equivalent to that released by a calf), whereas only 20% of the opportunistic An.,
arabiensiswas caught with C0 2 (man equivalent) when compared with a man (Dekker
andTakken, 1998).
ForAn.gambiaes.s.,cues involved inthe location and selection of asuitable host
have been implied to be mainly olfactory (Takken and Knols, 1999). Biting site
experiments revealed that An. gambiaes.s. has a preference for the lower parts of the
human body, the foot and ankles,whilst An. atroparvusstrongly preferred the head and
shoulder region. Washing ofthe feet and ankles led to a change in biting site preference
for An. gambiae s.s. The same was observed for An. atroparvus after removing the
exhaled air (de Jong and Knols, 1995).However, in contrast, Dekker et al. (1998) found
thatAn.gambiaefemales still had apreference for the feet and ankles after washing and
suggest that convection currents rather than foot odours lead the mosquito to the lower
parts of the human body. Nevertheless, the fact that different species exhibit distinct
bitingsitepreferences indicatesthattheyusedifferent cuesfor close-range attraction.
The striking similarity between foot odour and certain cheeses, at least to the
human nose,has led tothe assumption that both might release similar components, some
of which may act as kairomones. Indeed, testing of Limburger cheese revealed that
female An. gambiae is attracted to this non-human source of volatiles in a windtunnel
bioassay (Knols and De Jong, 1996).Analysis ofLimburger cheese identified arange of
carboxylic acids.Anacid extract ofthischeese aswell asasynthetic mixture comprising
similar acidswas also attractive for An. gambiaein awindtunnel bioassay (Knols et al.,
1997). A broad range of carboxylic acids has been shown to be present on the human
skin (Nicolaides, 1974).These acids are major products ofmicrobial activity, suggesting
thatthekairomones for femaleAn.gambiaeareofmicrobial origin.
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Humanskinglandsandtheiremanations
Distributionofdistinctglandsonthehumanskin
The human skin contains three types of glands, the apocrine gland, the eccrine gland and
thesebaceous gland.Theapocrineglandismainlyrestrictedtotheaxilla,pubicarea,areola,
nipple, anogenital area, edge ofthe eyelids and the external ear canal and becomes active
during adolescence. The eccrine gland is responsible for thermoregulation, is activated by
heat stimulation orvigorous exercise and mainly excreteswater (99%),ureaand lactate;it
is widely distributed over the entire body surface. The sebaceous gland has an irregular
distribution pattern andhas amajor secretory areaonthe forehead. Human skin, however,
isexceptionallyrichinsebaceousglandsandthesebum,theoilyliquidsecretionproductof
this gland, covers the entire body surface as a result ofnormal muscular activity (Albone,
1984).
Secretionproductsofskinglandsandtheircontribution tohuman odour
Probably themost important source ofthewiderange oflipidsonthehuman skin arethe
sebaceous glands. In the ducts of the sebaceous glands and on the skin surface, triacyl
glycerols are hydrolysed by micro-organisms to form free fatty acids, mono- and diacyl
glycerols andfreeglycerol.Thetriacyl glycerols andtheirproducts are only found inthe
skin surface lipid of human beings, and were not encountered in those of other animals.
Thefatty acid chainsofhuman skin lipidscompriseanuniquenesswhich ismanifested in
the number and kind ofcarbon skeletal types,the extremely wide range of chain lengths
and the unusual pattern of unsaturation (Nicolaides, 1974). In addition to the large
amount of glycerides present in the human sebum, it also contains sterol esters and wax
esters, ofwhich wax esters are common skin lipids in most species of mammals studied.
Another major compound, notnormally encountered ontheskin surface ofother species,
istheunsaturated C30hydrocarbon, squalene(Nicolaides, 1974,Albone, 1984).
The dominance ofthe eccrine sweat gland isa characteristically human feature. It
hasbeenreportedthathumansaretheonly livingbipedal mammalwithbothanaked skin
and a totally eccrine-dependent cooling system (Folk and Semken, 1991).Although the
main excretion product of this gland is water, it also excretes urea and lactate, of which
thelatterisproduced bytheclearcellsofthegland(Sato, 1977;Amentet al., 1997).The
origin of ammonia in sweat is still unclear. Although it has been suggested that the
ammonia content in sweat is mediated by diffusion from the plasma it can also be
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produced by the gland cell itself (Ament et al., 1997).However, urease activity of skin
bacteriaprobably alsocontributestoammoniaproduction (Ballows, 1991).
The formerly reported studies have focussed on the composition of the liquid
sweat. However, the volatile constituents released by the human skin might provide
valuable information aboutthe'headspace'whichsurrounds ahuman individual. Analysis
of the headspace of human individuals has been performed by Sastry et al. (1980) and
Ellinetal.(1974).

Insectolfactory sensilla
Morphologyofolfactorysensilla
Detection of odorous molecules in insects is mediated by the olfactory receptor cells
innervating different types of antennal sensilla. The sensilla contain pores through which
the airborne odorants can enter the sensillum cavity and interact with the receptor cell
membrane (Slifer, 1954, 1960;Steinbrecht, 1997).The sensory dendrites ofthe olfactory
cells are bathing in a characteristic protecting fluid, the sensillum lymph, which forms a
hydrophilic barrier forthehydrophobic airbornestimuli(Breeretal., 1990).
Two fundamentally distinct categories ofolfactory sensilla canbe distinguished in
insects,the single-walled and double-walled wall-pore sensilla (Fig.1)The single-walled
sensilla have cuticular pores which widen into a pore kettle and further extend into
several pore tubules. The pore tubules elongate into the lumen where they protrude into
the sensillum lymph (Steinbrecht, 1997). Examples of single-walled wall-pore sensilla
include pheromone-sensitive sensilla trichodea ofthe moth and the sensilla trichodea of
mosquitoes. In contrast to these single-walled sensilla, double-walled sensilla do not
exhibit pore tubules. The lumen where the dendrites of the double-walled sensilla are
located are connected to the environment by spoke channels. The cuticular wall of the
double walled sensilla consist of several cuticular fingers, which can remain separate or
merge, leaving only the radial spoke channels open (Steinbrecht, 1997). Double-walled
sensilla areusually smaller than single-walled sensilla and are often located in apit, like
the large sensillum coeloconica in anopheline mosquitoes. The grooved-peg sensillum is
anotherexampleofadouble-walled wall-pore sensillum.
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oSI iSI
Fig 1. Topological concept of double-walled versus single-walled insect olfactory sensilla (a, c, crosssections; b, d, longitudinal sections). The sensory dendrites of the double-walled wall-pore sensilla are
located outside the cuticular fingers, and surrounded by several cuticular extensions (a, b), while the
sensory dendrites of the single-walled wall-pore sensilla are located inside the culicular extension (c,d).
Sc = spoke channel, D = dendrite, C = cuticle, SI= sensillum lymph, oSI = the outer sensillum lymph,
iSI= inner sensillum lymph,Pt=pore-tubule systems(after Steinbrecht, 1997).

Chemoreception ofodoursin insects
Localisationandfunction ofodourbindingproteins
The first odour binding protein (OBP) identified for insects was the pheromone odour
bindingprotein (PBP) ofthe giant silkmothAntheraeapolyphemus(Vogt and Riddiford,
1981). This protein specifically binds to the sex pheromone components of the
conspecific female moth and is associated with the receptor lymph of pheromonesensitive sensilla.Apheromone-specific esterase has also been identified inthe lymph.It
was thought that the PBP was involved in inactivation and the esterase involved in the
subsequent degradation of the female sex pheromone. Further studies were involved in
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thecloningandsequencingofodourbindingproteinsofseveralmoth species (Gyorgyi et
al., 1988;Raming et al., 1989;Krieger et al., 1993).In addition to the PBP's, two other
subfamilies, called the general odorant bindingproteins (GOBPs),were identified (Breer
etal., 1990;Vogtetal., 1991a,b).
In several moth species,thePBPhas been found tobe localised exclusively inthe
long pheromone-sensitive trichoid hairs of the male moth antennae. In contrast, the
GOBP was found in the long trichoid hairs of the female moth antennae and in the
basiconica sensilla of both the female and male moth. GOBPs were localised in those
sensilla housing sensitive receptor neurons for plant or other 'general' odours. This
indicates that the expression of GOBP's reflects different, non-pheromonal specificity of
the olfactory receptor neurons involved (Steinbrecht et al, 1995). Although the
physiological function oftheodourbindingproteinsisstillnotknown,theabove findings
haveledtoanumber of hypotheses. OBPsarethoughttobeinvolved inthetransport of
odorants to the receptor membrane (Vogt, 1987) or in the inactivation of odorants after
interacting with the receptor site (Vogt and Riddiford, 1981; Kaissling, 1987). Another
possibility isthat they are involved in both processes (Van den Berg and Ziegelberger,
1991;Ziegelberger, 1995).Inaddition,theincreasingnumbers ofidentified OBPswithin
the same species suggests that odour binding proteins might be involved in odour
molecule recognition as well (Breer et al., 1990; Vogt et al., 1991a, b). Distribution
patterns showingacorrelation betweenthe functional specificity ofolfactory sensilla and
thelocalisation ofPBPversusOBPsupportthissuggestion(Steinbrechtetal.,1995).
To date, odour binding proteins have only been identified within the single-wall
sensilla and not in the double-walled wall-pore sensilla (Steinbrecht et al., 1995;
Steinbrecht, 1997). Steinbrecht (1997) postulated that the pore tubules in single-walled
sensilla might facilitate the binding of odours to odour binding proteins along the entire
length of the pore tubules, thereby enlarging the contact surface and speeding up the
process of odour transport. Double-walled sensilla probably use a different mechanism
forthetransport ofodours,as noodourbindingproteins havebeendiscovered indoublewalled sensilla.Recently,pores,porekettles andporetubuleshavebeen identified within
the sensillatrichodea oiAedes aegypti,indicating that the stimulus conducting structures
in single-walled sensilla of mosquitoes are similar to those found in other insects (Muir
andCribb,1994).
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Mosquitosensory physiology
Overviewofsinglecellrecordingsperformedon mosquitoes
Most of the sensory physiology studies undertaken to explore olfactory receptor neuron
responses in mosquitoes have focussed on Aedes aegypti. For this species, neurons
responsivetolacticaid,theonlyattractant forAe. aegypti identified thus far, were located
within the grooved peg sensillum (Davis and Sokolove, 1976).Twotypes of lactic acidsensitive neurons were found, lactic acid-excited and lactic acid-inhibited neurons. After
a bloodmeal the sensitivity of the lactic acid-excited neuron was found to decrease
(Davis, 1984a). The responsible factor for this decrease in sensitivity appeared to be a
haemolymph-borne factor, released by the fat body (Klowden et al., 1987;Davis et al.,
1987). Further studies in different mosquito species have focussed on the sensitivity of
the lactic acid-excited neuron in relation to the physiological state of the mosquito
(Bowen etal., 1988;Bowen, 1990;Bowenetal., 1994).
Receptorneuronsresponsive tocarbon dioxide havebeen found within the sensilla
basiconica onthepalpi inseveral mosquitospecies(Kellogg, 1970;Grant et al., 1995).In
the attraction of Ae. aegypti, carbon dioxide is known to act synergistically with lactic
acid (Acreeetal., 1968).Anotherneuronwithinthesensillabasiconicawasreportedtobe
highly sensitive to l-octen-3-ol (Grant and O'Connell, 1996).However, the sensitivity of
thethirdneuroninnervatingthissensillumtypeisstillnotknown.
Recordings ofthe neurons innervating the small sensilla coeloconica revealed that
these are temperature receptors (Davis and Sokolove, 1975).Responses of grooved peg
neurons to water vapour has been reported (Kellogg, 1970), but the relevance of these
responseshasbeenquestioned (Davisand Sokolove, 1976).
Oviposition-site related and plant-produced volatiles have been reported to elicit
responses inthe receptor neurons ofthe sensilla trichodea inAnophelesstephensi, Aedes
and Culexspecies (Bentley et al., 1982;Davis, 1976, 1977;Bowen, 1992).These reports
(Bowen, 1991) as well as unpublished results of the authors are reviewed in Davis and
Bowen (1994).Table 1presents a summary of the responses of the antennal and palpal
receptor neurons of different mosquito species to host-related, plant-related and
oviposition-siterelatedcues.
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Table 1. Overview of single sensillum and single cell recordings performed on different mosquito
species,chronologically listed

Response* Sensillum

Mosquito species

Stimulus

Aedes aegypti

carboxylic acids'
oils 1
carboxylic acids 2

+
+/-

Al 1 sensilla
trichodea
A2/A2-m 2*
sensilla trichodea

Lacher, 1967

Aedes aegypti

water vapour'
C022

+
+

grooved-peg'
basiconica (palpi)'

Kellogg,
1970

Aedes aegypti

temperature >
temperature <

+
+

small sensilla
coeloconica

Davis and
Sokolove,
1975

Aedes aegypti

lactic acid
water vapour
repellents
lactic acid related
oviposition-site related
miscellaneous

+/+
+/+/+/-

grooved-peg

Davis and
Sokolove,
1976

Aedes aegypti

oviposition-site related
host-related
repellents
plant-related
miscellaneous

+
+/+/+/+

sensilla trichodea
type II

Davis, 1976

Aedes aegypti (male)

lactic acid
oviposition-site related
host-related
repellents
plant-related
miscellaneous

+/-

grooved-peg &
sensilla trichodea
type II

Davis, 1977

sensilla trichodea
A2, short blunt &
short pointed

Bentley et al.,
1982

Aedes aegypti
Aedes triseriatus
Culex tarsalis
Anopheles stephensi

10

/7-cresol
4-methylcyclohexanol

+/+/-

References

+/+/+/+
+/-
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Table 1 (continued)
Aedes aegypti

lactic acid b

Aedes aegypti

+/-

grooved-peg

Davis, 1984a
Davis, 1984b
Klowden etal.,
1987
Davisetal.,
1987

lacticacid-related stimuli

+

grooved-peg

Davis, 1988

Culexpipiens

lacticacid b
ethyl proprionateb

+
+

grooved-peg
sensilla trichodea
A2

Bowen etal.,
1988; Bowen,
1990

Culexpipiens

terpenes
green plant volatiles
fatty acid esters
4-methylcyclohexanol

+
+
+
+

sensilla trichodea
A2

Bowen, 1992

Aedes atropalpus

lacticacid b

+/-

grooved-peg

Bowen etal.,
1994

Aedes aegypti
Aedes epactius
Aedes atropalpus
Culex pipiens

lactic acid
butyric acid

+/+

short and long
length grooved-peg
sensilla

Bowen, 1995

Aedes aegypti
Aedes taeniorhynchus
Anopheles stephensi
Culiseta melanwa
Culex quinquefasciatus

co2
l-octen-3-ol

+
+

sensilla basiconia
(palpi)

Grant etal.,
1995;
Grant and
O'Connell,
1996

Aedes aegypti

Human skinwash
extracts, fractions
carboxylic acids
lactic acid
pentylamine

grooved-peg
+
+
+
+

Pappenberger
etal., 1996

•

a

+ represents excitation and - inhibition
studies in which the sensitivity of the olfactory receptor neuron was investigated in relation to the
physiological state ofthe mosquito
'•2Numbers depict sensilla responding tostimuli with acorresponding number.
*The morphological typesofA2 sensilla trichodea arereclassified inDavis (1974)

b
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Neuralencoding ofodoursininsects
Peripheralencoding
Two categories of olfactory receptor neuron cells have often been distinguished with
respecttoodour discrimination, thespecialist andthe generalist receptor cells. Specialists
cells are sensitive to only one key component. Although they can respond to chemically
related components, they often show clear-cut differences in sensitivity to compounds
within that group. Dose-response characteristics of the individual specialists to key
componentsaresimilar.Examples ofspecialists includethepheromone sensitive receptor
neurons. Generalists on the other hand, are broadly tuned to a wide spectrum of odours
that are not necessarily chemically related. Individual receptor cells display different,
partially overlapping response spectra. The distinction between these two cell categories
ishowever, not absolute and intermediate cells exist, exhibiting high sensitivity to akey
component but also responses to other components (Kaissling, 1987). These cells are
called specialised generalists and itwas suggested by Boeckh (1980) that most olfactory
receptor cells might exhibit properties between the two extremes of generalist and
specialistcells.
Two clear concepts of neural coding of odour quality exist. If the excitation of a
specialist cell evokes a specific behavioural response, this cell encodes information
according to the 'labeled line' concept. When receptor cells respond to components with
overlapping response spectra and each component evokes a characteristic response
profile, this is called an 'acrossfibrepattern'. These concepts are not mutually exclusive,
as there are examples of systems exhibiting both concepts (Boeckh, 1980; Kaissling,
1987).

Processing of odour informationin the central nervous system: the role ofolfactory
glomeruli
Information about odour molecules, detected at the olfactory receptor cell, is conveyed
along the cell's axon leading to the primary olfactory centre in the brain, the antennal
lobe. At the entrance of the antennal lobe axons intermingle and are regrouped, after
which they converge on a module called glomerulus. Each axon projects to only one
glomerulus and it is thought that the glomeruli function to sort the input of odour
information. Primary afferent axons of several olfactory receptor cells converge on one
12

General introduction

glomerulus, where they make contact with neurites of olfactory lobe neurons, mainly
local interneurons. Local interneurons interact synaptically with other olfactory lobe
neurons and connect with different glomeruli. Local interneurons also interact with
projection neurons,which extend axons to one or morehigher-order olfactory foci inthe
protocerebrum (Hildebrand, 1996).
Recently, theprojection ofthe antennal and maxillary palp afferents were studied
inAedesaegypti(Anton, 1996;Distler and Boeckh, 1997).It was found that afferents of
the antennal flagellum project into all glomeruli of the ipsilateral antennal lobe, with
exception of an defined glomerulus, which is innervated by the maxillary nerve (Distler
and Boeckh, 1997). In the antennal lobe ofAedesaegypti,more than 35 distinguishable
glomeruli weredescribed,which areinnervated byslightly morethan2000chemosensory
neurons from the antenna and maxillary palps (Bausenwein and Nick, 1998).In addition
it was reported that males have fewer glomeruli than females (Bausenwein and Nick,
1999).
Themost extensively studied glomerulus complexoftheantennal lobe in insects is
the sexually dimorphic macroglomerular complex of themale moth Manduca sexta.The
macroglomerular complex comprises at least two distinct glomeruli, the toroid and the
cumulus to which the axons of the highly specialised pheromone receptor cells project.
Axons of the olfactory cell specific for pheromone component A project to the toroid,
while the axons of the olfactory cell specific for pheromone B project to the cumulus
(Hansson etal., 1991;Christensen etal., 1995;Hildebrand and Shepherd, 1997).
In contrast to the specialist pheromone-tuned glomeruli, glomeruli receiving
projections of generalist olfactory receptor cells are thought to process information
according to the "complex labeled line" (Shepherd, 1992; Hildebrand, 1996). These
glomeruli receive projections from olfactory receptor cells with the same odour spectra,
buttheyalsoreceiveprojections ofolfactory receptor cellswithdifferent, but overlapping
response spectra. Some glomeruli are only receiving input from very narrowly tuned
olfactory receptor cells, like the pheromone sensitive cells, while others receive
projectionsfromdifferent olfactory receptorcellswithoverlappingresponse spectra.
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Contextofthepresentresearchproject
Thisstudywasthefirst withinaresearchprogramentitled: 'Odour guidedhostfindingby
haematophagous mosquitoes', which consisted of three PhD projects. The study
described within this thesis has focussed on the identification and neural encoding of
host-odours used inthe host-seeking behaviour ofAn.gambiaes.s.Inthe second project
the peripheral coding in three sibling species with different host-preferences, the
anthropophilic An. gambiaes.s., the opportunistic An. arabiensisand the zoophilic An.
quadriannulatuswascompared.ThisstudywasconductedbyI.V.F.VandenBroekatthe
Department of Animal Physiology, University of Groningen. The third project consisted
ofabehavioural study onhost-attractants for female An.gambiae,performed by M.A.H.
BraksattheLaboratory ofEntomology,Wageningen University.

Outlineofthethesis
The first goal ofthis PhDproject was to reveal the neural encoding ofhost odours used
by females of the mosquito Anophelesgambiae Giles s.s. to locate a suitable host. In
particular, the receptor neurons innervating the grooved-peg sensilla and the sensilla
trichodea were subject of this study. A second goal was the identification of
semiochemicals involved in the host-seeking behaviour of An. gambiae. This was
accomplished by chemical analysis of the headspace of human sweat samples followed
byscreening for olfactory activitybymeansofelectroantennogramrecording.
To reveal the neural encoding of host odours, we first made scanning electron
microscopic photographs (SEM) of the different types of sensilla on the antennae of
female An. gambiae. The distribution of the grooved-peg sensilla, large sensilla
coeloconica, small sensilla coeloconica, different subtypes of sensilla trichodea, sensilla
ampullacea and the sensilla chaetica were described and the function of these sensilla
withrespecttotheneuralencodingwasdiscussed (chapter2).
Next, we investigated theperipheral sensory responses of antennal olfactory cells
offemaleAn.gambiaebymeansofelectroantennography.Therefore thetechnical aspects
of the EAG recording technique were more closely examined. Furthermore, doseresponse profiles were established for the carboxylic acids 3-methylbutanoic, pentanoic,
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hexanoic, heptanoic, octanoic, nonanoic, decanoic, dodecanoic, tetradecanoic and
hexadecanoic acid (chapter3).
The following step was to perform single sensillum recordings on antennal
receptor neurons innervating oneormoresubtypes ofthe sensillatrichodea population in
response to short chain carboxylic acids and l-octen-3-ol. Carboxylic acids evoked
inhibitory or excitatory responses of the olfactory receptor cells, while l-octen-3-ol
evokedexcitation.Wefocussed onthecarboxylic acid-inhibited celltypeanditstemporal
pattern ofresponse to different dosesofthecomponents. In order to allow a comparison
of the stimulatory effectiveness at equivalent doses, corrections were made for
differences involatilitybetweenthedifferent compounds(chapter4).
Identification ofpotential kairomones for host-seekingAn.gambiaewasthe next
phase of research. Fresh and incubated human sweat wastested onthe behavioural- and
on the EAG level. Comparison of the compounds present in the headspace samples of
freshly collected sweat with that of incubated sweat and subsequent
electroantennographic studies led tothe identification of several compounds as olfactory
stimulants(chapter5).
Finally, we document the presence of olfactory receptor neurons responsive to
incubated sweat and sweat-borne components on the antennae of female An. gambiae.
Single cell recordings revealed functionally different subpopulations of receptor neurons
within the grooved-peg sensilla and the sensilla trichodea. The dose-response profiles of
theresponsive olfactory receptorneuronsweredetermined (chapter6).
The thesis is concluded with a general discussion, in which the results are
summarized and the neural coding ofthe sweat-borne components is discussed (chapter
7). Results areplaced in abroaderperspective andarediscussed with respect to putative
neural coding mechanisms on the level of the central nervous system. The peripheral
codingofpotential kairomones isviewed inthe context ofolfactory guided host-seeking
behaviouroffemaleAn.gambiae.
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Abstract
The antennal segments of a female anopheline mosquito possess six distinct types of
sensilla. Here we show scanning electron microscopic (SEM) photographs of the large
sensilla coeloconica, small sensilla coeloconica, grooved peg sensilla, sensilla trichodea,
sensilla ampullacea and the sensilla chaetica. Observation of the various subtypes of
sensillatrichodearevealedtwosubtypeswhichresemblesubtypeDandEasclassified for
An. stephensi.The distribution ofthevarious sensillar types on the antennal segments is
discussed inthecontextoftheelectrophysiological studiesinthefollowing chapters.

Introduction
The antenna of the mosquito AnophelesgambiaeGiles sensustricto bears six different
types of sensilla: large sensilla coeloconia, small sensilla coeloconica, grooved peg
sensilla, sensilla trichodea, sensilla ampullacea and sensilla chaetica (Mclver, 1982;
Ismail, 1964).The female antenna possesses sensilla on all thirteen segments contrasting
themaleantennawhich exclusively bearssensillaonthetwotopsegments.Nevertheless,
alldistincttypesofsensilla arerepresented inthemalealso.
The large sensilla coeloconica are restricted within the mosquito species to the
anophelines and although to date no electrophysiological studies are reported on An.
gambiae s.s. revealing the function of this type of sensillum, studies on other insect
species, like the desert locust Schistocerca gregaria, Drosophila melanogaster and
Bombyxmoriimply that neurons innervating this sensillum type are sensitive to odours
(Ochieng and Hansson, 1999; Clyne et al., 1997; Pophof, 1997). For An. gambiae
electrophysiological recordings (this thesis chapter 4 and 6; Meijerink and Van Loon,
1999; Meijerink et al., submitted; Van den Broek and Den Otter, 1999) from neurons
innervatingthegroovedpegsensillaandsensillatrichodeahaveshownthatthesereceptor
neurons are responsive to odours. Also for Aedes aegyptiseveral studies have reported
responses of olfactory neurons innervating these two types of sensilla (Pappenberger et
al., 1996; Bowen, 1995; Davis, 1988; Lacher, 1967). Neurons innervating the grooved
peg sensilla ofAedesaegyptiaresensitiveto lacticacid, astimulus knowntobe involved
inhostseekingbehaviour ofthismosquitospecies(Davisand Sokolove, 1976).
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Although itwas assumed that the grooved peg sensillum ofAe. aegypticontained
anapicalpore (Mclver, 1982)through which odour molecules could enter the sensillum,
later studies showed thattheporeswererestricted tothearea ofthe grooves andthatthis
sensillum did not contain an apical pore like contact-chemoreceptor sensilla (Cribb and
Jones, 1995).Forthe samemosquito speciesstimulus-conducting structures consisting of
pores, pore kettles and pore tubules have been demonstrated for the sensilla trichodea.
This indicates that the general mechanism of odour molecule entrance and transport,
finally leadingtothe interaction with molecular receptors inthe dendritic membrane can
beextendedtomosquitoes(MuirandCribb, 1994).
Single cellrecordings from Ae. aegypti, revealed that receptor neurons within the
small sensilla coeloconica areresponsivetoheat (Davis and Sokolove, 1975).One ofthe
receptor neurons innervating this sensillum responded by an increase in the spontaneous
spike frequency in responseto an increase intemperature while asecond neuron showed
a increase in spike frequency in response to a decrease in temperature. Based on the
morphological similarity of the inner structure of the small sensilla coeloconica and the
sensilla ampullacea, receptor neurons innervating the latter sensilla are thought to be
thermo-sensitive as well (Mclver, 1982).The sensilla chaetica or bristles are considered
tofunction asmechanosensilla.
Although the morphology of the various sensilla on the antennae of mosquitoes
species likeAe. aegypti, An.stephensietc.hasbeenextensively studiedbyMclver (1982)
and others (Boo, 1980a, b) hardly any morphological data exist on An. gambiae. This
study shows the first scanning electron microscopic photographs of the various types of
sensilla and reveals the distribution of the different types of sensilla on the different
segmentsonthefemale antennaeofAn. gambiae.

Material andMethods
Insects
Anophelesgambiaes.s. originated from Suakoko, Liberia (courtesy of Prof. M. Coluzzi,
Rome). Mosquitoes were reared at 27 °C, 80%R.H. and 12:12 L:D photo /scotophase.
Adults were kept in gauze cages (30 x 30 x 30 cm). They had access to a 6% glucose
solution andwere giventheopportunity tofeed onahumanarmtwice aweek.Eggswere
laid on wet filter paper and transferred to water trays. Larvae were fed Tetramin® fish
food.
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Scanningelectronmicroscopy
Two different fixation procedures were used to prepare antennae for viewing. For the
tetrachloromethane fixation females were cooled in a freezer (- 5 °C) for ± 1.5 min.
Heads were cut off and fixed in pure tetrachloromethane by boiling the preparations 4
timesduring30-60sec,after whichtheheadswereair-dried(Cuperus, 1986).Headswere
embedded in silver, coated with gold-palladium for 2min and subsequently examined in
aPhilips 535Mscanningelectronmicrosope.
For the acetone fixation heads were fixated in acetone for 2-5 days (Hardie et al., 1994).
After critical-point drying,headswere coated with gold-palladium for 2min and viewed
witha Philips 535Mscanningelectronmicrosope.

Results andDiscussion
Fig. 1A-Fshowthescanningelectron microscopicphotographs ofthesixdistincttypesof
sensilla present on a female antenna. An overview of one ofthe thirteen segments of the
antenna isshowninFig.1G.
Large sensilla coeloconica were only present on segment 1to 9 which is in line
withstudiesperformed byIsmail (1964).Grooved pegsensillawereobserved onsegment
5 to 13.The number per segment increases gradually towards the apex of the antennae.
Ismail (1964) mentioned the presence of two grooved peg sensilla on segment 4,
however,ourSEMphotographs neverrevealedany groovedpegsonthis segment.
ForAn. stephensifivedifferent subtypes ofsensilla trichodea, namely A, B,C,D,
and E, have been described (Boo, 1980a). For An. gambiae most subtypes of sensilla
trichodea arenot easily distinguished. However, on segment 3to 11,but more frequently
on the basal segments, a subtype sensillum trichodeum was observed with a very
pronounced appearance (Fig2A,B).Itresembles subtype DinAn. stephensibyhavinga
roundtip.Alsothediameter ofthe sensillum, like inAn. stephensi, hardly changes along
its entire length. We have not made any recordings from this subtype sensillum
trichodeum. Similar subtypes in othermosquito species,however, havebeen found tobe
sensitivetooviposition site-related odours(DavisandBowen, 1994).Fig.3showsaSEM
photograph of the shortest subtype sensillum trichodeum. In several cases receptor
neurons innervatingthis sensillum subtyperesponded byexcitation to indole,3-methyl-126
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butanol and occasionally to 6-methyl-5-hepten-2-one. Receptor neurons were most
sensitive to indole (chapter 6).Neurons innervating a similar subtype were found to be
inhibited by short chain carboxylic acids (chapter 4).This subtype sensillum trichodeum
is most comparable to subtype E in An. stephensi. Possible other subtypes within the
remainingsubtypes ofsensillatrichodeawerehardtodistinguish asthey exhibit agradual
transition in both form as well as sensillum length. Nevertheless, sensilla trichodea
subtypes housing receptor neurons responsive to either geranyl acetone or indole and to
3-methyl-l-butanol,6-methyl-5-hepten-2-one (chapter6)andshortchaincarboxylic acids
(chapter 4) displayed an intermediate length and therefore mostly resemble subtype Cof
An. stephensi. In general, the total number of sensilla trichodea per segment increases
towardsthetopoftheantenna.
Being the smallest among the six types of sensilla, the sensilla ampullacea were
only occasionally observed on segment 1, 2, 3, and 6. Moreover, small sensilla
coeloconica were found atthetopofsegment 13.Thesensilla chaetica occur inwhorlsat
the base of segments 2-13. Fig. 4 shows a SEM photograph of the first segment of a
female antenna exhibiting numerous microtrichia and scales. Segment 2 and 3 possess
fewer of these structures and they are totally absent on segments 4-13. According to
Mclver(1982),microtrichia arenot innervated.
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Fig. 1(continued) Scanning electron microscopic photographs showing the distinct types of sensilla of a
female An. gambiae antenna. (E) sensillum ampullacea, scale bar 1 u.m and (F) sensilla chaetica,
indicated bys.ch.,x482 (G) SEMphotograph showing apart ofthe sixth segment of afemale antenna.
Letters point to grooved peg sensillum (gp), large sensillum coeloconica (lc), sensillum ampullacea (sa)
and sensillatrichodea (st.)and sensillum trichodeum subtype D(st.d),scalebar, 10u.m.
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