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ABSTRACT 

A rapid clearance of a third of the number of Ollchocerca liellalis microfilariae 

injected into Simulium vittatum, a laboratory host, occurred within 2 hr post inoculation 

(pi) regardless of dose. A second injection, 2.5 hr after the first, resulted in a lower 

proportion of microfilariae eliminated, suggesting that availability of active factors were 

reduced after the first inoculation. Microfilariae did not differ in their susceptibility to 

clearance as microfilariae that were recovered 2 hr pi and reinoculated into other flies 

were eliminated faster than unexposed controls. In S. jellllillgsi, a natural vector, rapid 

microfilariae clearance occurred similarly and many immotile microfilariae were 

observed (> 85 % at 12 hr pi). Rapid clearance and immobilization of microfilariae 

represent newly-described immune responses to macroparasites of black flies. Migration 

of O. liellalis microfilariae into the thorax of S. vittatum proceeded in 2 phases: 0-2 and 

6-12 hr pi. Migration success 12-24 hr pi was only 36%, indicating that a large 

proportion of microfilariae failed to reach the thorax. Migration success was density 

independent. Microfilariae that arrived into the thorax within 2 hr pi had similar 

migration potential to microfilariae that remained in the abdomen at this time. The 

number of micro filariae in the thorax at each time point, but not the proportion of 

microfilariae in the thorax, was negatively correlated with microfilariae loss, suggesting 

that microfilariae loss affected migration success. The behavioral responses of O. liellalis 

microfilariae to tissue factors of S. vittatum, were studied using a novel ill vitro bioassay. 
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Microfilariae accumulated towards thoracic tissues at densities 4 times higher than 

towards abdominal tissues. Microfilariae directed themselves toward the thorax rather 

than arresting their movement after they make contact with thoracic tissues as contact 

with thoracic tissues was not necessary. Chemical cue(s) provided principal guidance for 

microfilariae to locate thoracic tissues. Microfilariae lost their ability to differentiate 

between thoracic and abdominal tissues and reversed their differential response following 

experimental manipulation in chemical cue(s) distribution. Exposure of thoracic tissue 

increased its attractiveness but intact thorax attracted more microfilariae than excised 

abdomen. Abdominal tissue did not affect thorax attractiveness. Involvement of a large 

molecular weight protein(s) was suggested. 
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CHAPTER 1 

INTRODUCTION 

The Problem 

This study deals with two tightly linked processes that occur during the early 

infection of black flies with Onchocerca ~pp.: navigation of Onchocerca lienalis 

microfilariae (mt) in the black fly host and the early defense response mounted by the 

fly against this stage of the parasite. Ultimately, the "objective" of O. lienalis mf is to 

reach their final destination, the thoracic muscle fibers, the only tissue where they can 

continue their development. However, the fly host, which could be severely affected by 

this infection, mounts an effective defense against the parasite, usually resulting in a 

lower parasite burden. It is conceivable, therefore, that mf migrating in the hemocoel and 

being attacked by the fly's defenses are navigating under a time limitation and have 

evolved to be highly efficient in locating their anatomical target. Because many mf do 

not reach their target, the question arises whether mf failed to reach the thorax because 

they were attacked by the fly defense, or those mf that failed to quickly reach the thorax 

were targeted by the fly defense. 

Although the sites of development of filariid nematodes in their intermediate hosts 

are well known, the means by which they locate these anatomical targets have remained 

enigmatic. Through their journey, mf penetrate multiple compartments enclosed within 



13 

cells of different tissues, each with its own chemo-physical environment, and the inter-

cellular space is subjected to the turbulent flow of hemolymph. In such an environment, 

therefore, chemical or physical gradients may be maintained through short distances 

relative to the length of the abdomen. Thus, navigation through live insect tissues might 

involve different searching strategies than those employed by other type of nematodes in 

"static" environments (e.g., soil). This study is aimed at understanding how mt'search 

for their anatomical target within the insect host while emphasizing the effects of this 

unique environment on parasite migration. 

Objectives 

Black fly immunity against Onchocerca spp. is different from many other insects 

in the lack of melanization and encapsulation responses (Duke 1962, 1966, Ham and 

Bianco 1983, Lok et al. 1983, Ham 1986). Nevertheless, many of the worms that were 

either ingested or parenterally inoculated, are not recovered at the end of the 

development period (6-12 d in most situations). In early experiments, I observed that a 

substantial proportion of the mf injected into Simulium vittatum was lost within a few 

hours pi. The first objective was therefore to determine if mf loss represented an immune 

response mounted by the black fly host against mf. As evidence accumulated suggesting 

that loss of worms represents an immune response, a second series of objectives was 

pursued: describing the kinetics of mf loss, determining whether it is a density dependent 

process, assessing the impact of repeated injection on mf loss, and determining whether 
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mf differ in their susceptibility to this process. Finally, in order to compare the defensive 

response mounted by S. vittatum, a surrogate host, to that of a natural vector of O. 

liellalis, this process was compared in S. jennillgsi. 

The navigation of mf within the hemocoel of S. vittatu11l was studied under both 

ill vivo and ill vitro conditions. III vivo, the following objectives were pursued: (1) to 

determine whether mf travel passively, by drifting in hemolymph currents into the thorax 

or actively, by propelling themselves into this target; (2) to describe the kinetics of 

arrival into the thorax; (3) to determine whether migration success (Le., the proportion 

of mf that arrived into the thorax) is density dependent; (4) to determine whether mf 

differ in their migration potential; (5) to evaluate if mf loss is correlated with migration 

success and if a causal relationship between these variables exists. 

III vitro experiments had the following objectives: (1) to assess possible difference 

in mf migratory responses to thoracic and abdominal tissues; (2) to identify what types· 

of cues are involved; (3) to assess whether mf direct themselves to the thorax or only 

arrest their movement after they make contact with thoracic tissue; (4) and to determine 

whether abdominal tissue interferes with thoracic cues or their perception by mf. 

Rationale 

In a recent review on parasite behavior, Sukhdeo and Mettrick (1987), referring 

to the parasitic-stage behavior in the host, stated: "In a summary of site finding by 

helminths, Ulmer (1971) pointed out that the manner in which 'helminths recognize and 
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respond to those essential sites which are prerequisite to their establishment and survival 

constitutes an almost virgin field for parasitologists'. Fifteen years later this statement 

is still true.". Much more is known of the behavior of non-parasitic stages and free-living 

nematodes moving in soil, water, etc. This information should be useful for devising 

hypotheses and for comparing results obtained in studying parasitic and non-parasitic 

stages, as parasites respond to changes in their environment similarly to free-living 

organisms (see general discussion). However, the special environment of the host body 

may playa principal role in shaping parasite behavior. For example, in an environment 

composed of semi-permeable compartments, gradients probably are interrupted and may 

be reversed within certain segments of the space. Additionally, currents of hemolymph 

in an open circulatory system probably change gradient composition according to changes 

in the direction of blood flow due to frequent heartbeat reversals (Miller 1983: 310), 

distance from pulsatile organs, body deformation in the course of normal activity, etc. 

Finally, this environment is often reactive to the parasite and may change its own chemo

physical composition and affect the ability of the parasite to move or to perceive the 

information it requires for navigation. These are several of the problems navigating 

parasites face that are probably not faced by non-parasitic navigators. 

The convoluted migratory routes along which many parasites must pass in order 

to complete their individual life cycles overshadow in their complexity and apparent 

irrationality (in terms of evolutionary selective force) any free-living counterpart known 

to me. Additionally, the parasite's path is carved in an environment that is not just 
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dynamically changing, but is reactive to the traveller as explained above. Although many 

of these routes were described several decades ago, there is meager information on the 

navigation processes employed by parasites to locate their targets within their host. This 

study aimed at understanding some of the processes involved in one segment of the trail 

of one parasite traveller. However, the processes uncovered may be shared by other 

parasites navigating in the bodies of their hosts, or they could be used to compare 

strategies employed by different parasites or by the same parasite in different host 

systems. 

The nematode parasite O. Lienalis was the focus of this study. Black flies 

(Simulium spp.) serve as intermediate hosts where part of the parasite development takes 

place while cattle serve as definitive hosts, where parasite reproduction occurs. 

Onchocerca Lienalis is used as a common model for O. volvulus, the causative agent of 

human onchocerciasis (river blindness), a disease that severely affects human health and 

society in Africa and in Central and South America. Onchocerca Lienalis shares many 

characteristics with other filariid species, which are causative agents of diseases with 

important impact on human and animal welfare. Better understanding of parasite-host 

relationships of these organisms may have additional benefits in terms of reducing the 

int1uence of these agents on human welfare. 
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CHAPTER 2 

RAPID CLEARANCE OF MICRO FILARIAE 

WITHIN THE BLACK FLY, SIMULIUM VITTATUM 

17 

A rapid decrease of about a third of the number of Onchocerca lienalis 

microfilariae (mt) parenterally inoculated into Simulium vittatum black tlies occurred 

within 5 hr post inoculation (pi). The change of mf counts over time was modeled by a 

segmented linear regression. During 2 hr pi the slope was -3.5 mflh (p= <0.001) and 

between 2-24 hI' pi the slope was -0.1 mflh. Although significantly different from the 

former slope (p < 0.001), the latter was not significantly different from zero (p> 0.2). 

The decrease could not be attributed to excretion of mf. Mf (especially those heat-killed 

prior to inoculation) in intermediate stages of destruction were observed in tlies dissected 

5 hr pi but not immediately after injection. No short or long term (24 hr pi) effects of 

the injection procedure alone on mf survival were evident. A constant proportion of mf 

was eliminated regardless of dose within a range of 5 to 100 mf/fly during 24 hI' pi. 

However, a second injection of 50 mfltly 2.5 hr following an injection of the same dose 

resulted in a significantly lower proportion of mf eliminated. These results suggest that 

the availability of an active factor(s) in the tly was reduced 2.5 hr after the first 

inoculation. The change in the availability of this factor(s) may partly explain the change 
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in clearance rate occurring 2 hr pi. Soluble factor(s) rather than a sequence of cellular 

responses seems to be involved in the rapid clearance because it occurred in freshly 

killed flies at a similar rate to that observed in live flies. The hypothesis that mf differ 

in their innate susceptibility to rapid clearance was rejected as mf that were recovered 

2 hI' pi and reinoculated into other flies were eliminated faster than unexposed controls. 

It is concluded that the rapid clearance of mf represents an as yet undescribed immune 

response to macroparasites of the fly host. 

Introduction 

Quantitative studies on the course of infection of black flies with Onchocerca spp. 

have documented losses of the parasites during the extrinsic incubation period (Lewis 

1953, Duke and Lewis 1964, Duke 1966, Omar and Garms 1975, Collins 1979). Parasite 

loss has been primarily related to events occurring prior to penetration into the hemocoel: 

destmction by the cibarial armature in species that possess sllch a stmcture (Omar and 

Garms 1975, Colbo et al. 1979), excretion through the anus (Lewis 1953), and digestion 

of microfilariae (mt) with the blood meal (Lewis 1953, Duke and Lewis 1964). 

However, in intrathoracic ally inoculated flies, parasite losses have also been documented, 

although vaguely by reporting numbers of "developed larvae" that were smaller than the 

number presumably (no time 0 counts have been reported) inoculated (Ham et al. 1979, 

Reid 1979, Lok et al. 1980, Ham and Bianco 1983, Ham 1986, Wahl et al. 1991). 

Incompletely-developed larvae have been described (in studies using per os or 
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parenteral inoculation) as malformed L1 and L2 stages, usually found in the thorax three 

or more days post-infection (eg., Collins 1979, Tidwell et al. 1980). By recording only 

numbers of infective stage larvae, no consideration was given to whether the state of 

malformed larvae is the only fate of mf that penetrated into the hemocoel but failed to 

develop to L3. In this report, we describe a rapid clearance of Onchocerca lienalis mf 

injected into the hemocoel of Simulium vittatum, a laboratory vector of this parasite 

(Bernardo et al. 1986). The evidence indicates that rapid clearance is an as yet 

undescribed immune response of the fly host to macroparasites. 

Materials and Methods 

Adult female S. vittatum (1 day old) reared as described by Bernardo et al. (1986) 

were used throughout these experiments. Skin inhabiting O. lienalis mf were collected 

from animals at slaughter and cryopreserved in liquid nitrogen. They were injected as 

described by Lok et al. (1980). Thirty three intact mf were counted when each needle 

was loaded and injected (in ca. 0.8 ILl incubation medium, see above ref.) into the 6th 

abdominal segment of each fly if not otherwise stated. Flies were discarded if fluid was 

seen leaking out of the injection site. In experiments where heat-killed mf were injected, 

several mf were often left in the needle post inoculation (pi), thus flies were included 

only if they were injected with 25 or more mf after adjustment for the number left in the 

needle. Injected flies were kept individually in styrofoam cells screened with organdy 

(Lok et al 1980) and frozen (-70°C) at predetermined times in vials containing 6% 
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dimethyl sulfoxide. In early experiments, infected flies were frozen in liquid N2 using a 

computerized cryopreservation program (Cupp et al. 1989). To determine infection load, 

vials were thawed at 37°C and the abdomen, thorax, and head of each fly was dissected 

separately, in a drop of saline. Mf were counted under a light microscope (x40). Usually 

mf were intact and highly motile, but when parts of mf were observed they were counted 

based on their size and whether the part was anterior or posterior. For example, 2 small 

anterior parts were considered 2 mf, but 2 parts of the same size were considered as 1 

mf if one part was anterior and the other posterior. Dead mf were also included in the 

total mf count. 

Results 

Kinetics of mf clearance. The total number of mf counted in flies decreased 

rapidly within the first 5 hours pi followed by a very slow decrease until 24 h pi (Figure 

2.1). Microfilarial loss during the rapid clearance was 36% (n=48 flies in 3 experiments 

based on the period 6-12 hI') of the 33 mf loaded in the needle and 29% (n= 11 and 48 

flies for to and t6-12 hI' respectively) of the time 0 count. 

The change in the average mf count over time was evaluated by several statistical 

models using weighted least squares regression to account for the different number of 

flies among time-group means. Variation among the 3 experiments was accounted for by 

using experiments as blocks (Table 2.1). No significant interactions were found between 

experiment and time variables (p > 0.2) in all the tested models indicating an homogenous 
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response in the 3 experiments. Thus these interactions were omitted from the final 

models. Each model fit was assessed by its overall significance, examination of residuals 

and a lack-of-fit test (Neter et aI., 1985: 123-132). Linear regression, and quadratic 

polynomial regression were rejected based on all criteria (Plllodcl > 0.05, nonrandom 

residual distribution, and Plnck.or.fit < 0.05). Cubic polynomial and segmented regression 

(Neter et aI., 1985: 346-348) with an intersection point 2 hr pi were accepted based on 

all criteria (Table 2.1). A segmented regression model (with an intersection point 2 hI' 

pi) was accepted as the best model having a higher R2 despite being more parsimonious 

(Table 2.1), and having a better (trend less) spread of residuals. The segmented regression 

model implied that the rapid mf clearance occurred within 2 hI' pi in an average rate of 

3.41 111f/h, followed by a much slower (and not significantly different from 0) rate of 

0.11 mflh until 24 hI' pi (Table 2.1 and Fig 2.1) . However, the second phase might be 

significant if more data were available, especially on time points after 24 hI' pi (as the 

number of larvae recovered in 7 d pi flies is lower than in 24 hI' [Lehmann unpub!. 

data]). The difference in the number of mf loaded in needles and the number counted at 

"time 0" might also be related to mf clearance, which took place during the 5-25 min 

until freezing and during thawing (see below). Support for this was obtained in counting 

33 (+1-2) mf from loaded needles that were injected back into incubation medium; only 

rarely were (live) mf left in the needle pi (see methods for injection of dead mt). 

Clearance of mf and excretion. To examine whether mf were excreted out of the 

body, the dorsal surface of the flies' thoraces were glued to applicator sticks immediately 
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after inoculation and the posterior portion of each abdomen was placed in an incubation 

medium contained within 60 mm petri plates. All flies survived the treatment and could 

be released intact from the dried glue, with occasional wing damage, prior to freezing. 

In a preliminary experiment only 2 mf were found 2 hI' pi in the incubation medium in 

which 7 flies were dipped. In a detailed experiment, 24 flies were examined 1 to 6 hI' pi, 

but no mf was found in the medium while mf clearance was evident (Fig. 2.1: exp. B). 

Therefore, the rapid clearance of mf could not be attributed to excretion of mf via the 

anus or escape via the injection wound, which was covered by the incubation medium 

in 19 of the treated flies. 

Rapid clearance of mf in freshly-killed flies. Similar rates of mf loss were 

observed in freshly-killed flies as in live flies (Fig. 2.2). Flies were killed by heat (55-

60°C for 1 minute) or were frozen (-70°C for 5 minutes or more) immediately prior to 

injection. Mf clearance was evident by a significant difference between time 0 and 5 hI' 

pi (F=7.9, df=l and p<O.009), but no significant difference (F=0.07, df=l, and 

p=O.8) was found 5 hI' pi between live and dead flies, regardless of whether flies were 

killed by heat or freezing. In another experiment (Table 2.2, see below) mf clearance 

rate was higher in dead flies than in live flies; however, this may be an exception. 

Because rapid clearance of mf occurred in ti'eshly-killed flies it is probable that under 

these experimental conditions the process involves heat-stable (55-60°C) and soluble 

factor(s) rather than a sequence of cellular responses, whereby cells activate each other 

(as in cellular encapsulation or cell mediated melanization [Boman and Hultmark 1987]). 
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The rapid clearance of mf by freshly-killed flies definitely could not be attributed to 

excretion, to digestion, or to cibarial damage. 

Destruction of mf. No apparent cases of mf undergoing destruction were seen 

during examination of flies. Presence of dead mf could not be used as an indicator of mf 

clearance because examination time affected mf survival, as mf that were left longer on 

the slide survived less than mf which were counted immediately (examination of a slide 

took ca. 45 min per fly). However, damaged mf were detected when heat-killed (ca. 

70°C) worms were injected. Figure 2.3 shows mf arranged in increasing severity of 

damage. 

Signs of damage were detected in multiple sites along the mf. In these sites, the 

body collapsed and lost some of its contents and rigidity, sometimes reSUlting in a 

"broken" zig-zag appearance (as opposed to the sinusoidal curvature of live or dead mt). 

This process may lead to the breaking of mf into fragments undistinguished, by visual 

examination, from the debris made of finely dissected fly tissue, thus, explaining the loss 

of mf. While few of the mf in a given fly were damaged, most of the rest were intact. 

Such damaged mf were rarely observed in flies inoculated with live mf, indicating that 

they occurred less frequently, or that they lasted for a shorter time. 

To assess damage associated with injection, live mf were injected into flies and, 

immediately thereafter, flies were teased apart in a petri dish containing incubation 

medium. The mf were collected and reinjected into drops of incubation medium on 

microscope slides or into microplate wells containing 100 J,tl of incubation medium and 
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placed in a 26°C incubator at a RH of > =90%. Out of 276 mf counted at time 0, all 

were counted at 4 hr pi and out of 35 mf left in the incubator for 24 hr, all were 

recovered intact and those left for 24 h remained highly motile. Thus, the injection 

process had no destructive effect on mf. The possibility that ti'eshly-killed mf are more 

fragile and thus, more susceptible to mechanical damage by injection is unlikely because 

no damaged mf were observed in time zero (6 flies). Furthermore, the signs of damage 

(below) appear different from mechanical damage (e.g. Fig. 2.3d). Nevertheless, that the 

symptoms are associated with killed mf has not been ruled out. 

Mf clearance in relation to mf dose and time pi. The clearance of mf over 24 hr 

pi (no counts were taken prior to this time in this experiment) was constant over a dose 

range of 5 to 100 mf per fly (Fig. 2.4). A constant, although slightly lower rate of loss 

was observed in other experiments, where mf counts were taken 5 hI' pi, following 

injection of 25, 33, and 50 mf per fly. All these results strongly suggested that the 

availability of a mf clearance nlctor(s) was not a limiting factor that determined the 

number of mf eliminated. 

To assess whether the clearance rate was constant following injection, groups of 

flies were either injected once and examined 2.5 hI' or 5 hr pi, or injected twice (2nd 

injection 2.5 hI' after the first). Injection dose was 50 mf throughout. Flies were either 

live or dead (killed by 1 minute exposure to 60°C shortly before inoculation). The 

proportion of mf loss (based on the number loaded, i.e., 50 mf per injection), was 

significantly lower in flies receiving 2 injections compared with flies receiving one 
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injection regardless of whether examination took place 2.5 hI' or 5 hI' pi (Table 2.2). This 

effect occurred homogeneously in live and dead flies as was evident by the nonsignificant 

interaction (Table 2.2). No significant difference in mf loss was found between groups 

examined 2.5 hI' and 5 hI' pi. This experiment, however, differed from others showing 

a higher clearance rate in dead flies than in live flies (Table 2.2). 

The effect of repeated mf injection on mf clearance indicated that the availability 

of the clearance factor(s) was partly depleted 2.5 hI' after the first inoculation. The 

average mf loss in the 2nd injection was calculated assuming that the clearance in the 1st 

inoculum (in flies inoculated twice) was equivalent to values of the comparable groups 

injected once, as maximum loss of mf occurred within 2.5 hI'. Thus, the average loss in 

the 2nd injection was 15.6% in live flies instead of 28.0% in the 1st injection and, in 

dead flies, 22.2% instead of 34.6%, respectively. These values expressed a reduction in 

efficacy of 40 % in the clearance rate of the second injection compared with the 

equivalent rate of the 1st. The decrease in mf loss in the second of two sequential 

injections (2.5 hI' after the first injection) suggested that the decrease in mf clearance rate 

over time following one injection (Fig 2.1. and Table 2.1) could be partly explained by 

a depletion of mf clearance factor(s). 

Differential susceptibility of mf to rapid clearance. The relatively constant 

clearance of mf over the wide dose range described above (following one inoculation) 

and other reports showing heterogenous population of Onchocerca spp. mf in terms of 

antigenic markers (Edwards et a!. 1990) and morphology and development (Holdsworth 
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1987) suggested that mf may differ in their susceptibility to rapid clearance. According 

to this hypothesis, about a third of the mf population used in our experiments was 

susceptible. To select for resistant mf, flies were dissected 2 hr pi in petri-plates 

containing incubation medium. Microfilariae were immediately reharvested and 

reinoculated into flies. The mf were collected separately from abdomens and thoraces. 

Mf from the same source and preparation that were not exposed to fly tissues, served as 

a control. No difference in motility of mf was apparent among the groups prior to the 

second inoculation. No decrease in mf loss was observed in flies inoculated with mf that 

were collected either from the thorax or the abdomen compared with flies inoculated with 

control mf (Table 2.3). In fact, clearance of mf ii'om both treatment groups was higher 

than in the control group, suggesting that the exposure to fly tissue for a 2 hr period 

reduced resistance to mf clearance rather than selected for resistant mf. 

Discussion 

Parenteral inoculation of O. lienalis mf into S. vittatum was followed by a rapid 

decrease in mf count within 2 hr pi and resulted in a loss of a third of the mf inoculated. 

During the period 2 hr to 24 hr pi, a slow (but nonsignificant) trend of decrease was 

observed. Segmented linear regression provided the best fit to the kinetics of mf 

elimination out of 4 statistical models examined, despite being a simplified description 

due to the punctual change. A gradual change might be evident if data were collected at 

a shorter time interval (eg., 30 min). This model, however, confined the phase of rapid 
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clearance to 2 hr pi (on the average). The loss of mf could not be attributed to excretion 

of mf or to any of the destructive mechanisms which are known to occur in the 

alimentary canal. 

Although uncommon, damaged mf were observed (particularly heat-killed mt) 

showing multiple sites of injury, which may lead to fragmentation. Mf clearance in black 

flies represents a unique defence among arthropods as an immediate (as opposed to 

acquired, see below) lytic response to macroparasites. The damage to the mf is extensive 

enough to preclude the visual identification of their remnants in the debris made by the 

host tissue. The high hydrostatic pressure typical of nematodes (Bird and Bird 1991: 160) 

may predispose the mf to extensive disfigurement following relatively small damage to 

the integument. 

Partial explanation for the time course of the rapid mf clearance may have been 

provided by the lower clearance of mf injected 2.5 hI' after a preceding injection of the 

same dose. Given the constant clearance rate following a single injection over a wide mf 

dose range (Fig. 2.4), the results of repeated injection indicated that the availability of 

clearing factor(s) was reduced 2.5 hI' pi. The cessation of the rapid phase could be only 

partly explained by depletion of active factor(s) because the average clearance rate of the 

second inoculum was 60% of the normal rate, whereas no significant decrease was 

detected between 2.5 hr and 24 hr pi following a single injection (Fig 2.1 and Table 2.1). 

Thus, the inability of flies to eliminate mf 2.5 hI' pi, despite being capable of eliminating 

newly inoculated mf in the same time period (but at a reduced rate), suggested that mf 
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become protected against clearance. This hypothesis is supported by the homogeneity of 

the mf population in respect to susceptibility to clearance (Table 2.3). This protection 

may be achieved by penetration into less hostile environments, for example, penetration 

into cells would confer protection if the clearance factor(s) is found in the hemolymph. 

Indirect evidence indicated that the rapid clearance is hemolymph dependent. 

Heat-killed mf, which are not displaced from the area of injection (Lehmann, unpub!. 

data) were injected either into the thorax or the abdomen. No difference was found in the 

clearance of dead mf from thoraces and abdomens (p > 0.28), although clearance of dead 

mf was at a higher rate than clearance of live mf (p < 0.013). These results suggested that 

mf clearance is neither thorax nor abdomen specific and that the inability of mf to move 

may be associated with higher susceptibility to clearance. Because mf clearance occurred 

in freshly-killed flies (Fig. 2.2 and Table 2.2), it is conceivable that soluble factor(s) 

rather than a sequence of cellular responses is involved. Less conclusive results showed 

rerluced clearance of mf in flies that were perfused (with Schneider's tissue culture 

medium) and killed prior to inoculation, but no significant effect was found in live tlies 

which passed the same treatment (Lehmann, unpub!. data). 

To what extent the rapid clearance of mf from the hemocoel represents an 

effective immune mechanism in the natural modulation of infection remains unclear. 

Injection could induce an injury response (Boman and Hultmark 1987), which may 

release or activate a mf clearing factor(s) that might not be invoked during natural 

infection; or ingested mf, exposed to the gut environment, may acquire resistance against 
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this response or may not induce it. Iqjury response has been demonstrated in S. o1'l1atum 

expressing strong release of active proteases within an hour post trauma (Ham 1992). To 

what extent internal trauma by mf burrowing their way through the gut wall is similar 

to external trauma by injection remains unclear. 

Black fly immunity differs from that of many other insects in the absence of 

melanization and encapsulation in response to such macroparasite infection as Onchocerca 

~pp. (Duke 1962, Duke 1966, Ham and Bianco 1983, Lok et al. 1983, Ham 1986). 

Nevertheless, an effective black fly defense expressing substantial reduction in the load 

of developing larvae has been described (Ham 1986). This acquired response was evident 

in flies receiving hemolymph from infected flies (4 d pi) or in flies inoculated twice (at 

4 d interval), but not in sham injected flies. In addition to the acquired response, an 

immediate response was suggested by in vitro assay of mf motility incubated with 

hemolymph from different black fly species (Ham and Garms 1988). This assay showed 

significant differences in mf motility in relation to hemolymph from different black fly 

species. Mf survival rates also differed when worms were exposed to the hemolymph of 

different species. Humoral factors were suggested to be involved in black fly killing of 

mf as synthetic cecropin showed microfilaricidal activity in vitro and in vivo, an effect 

that could be blocked using antibody to the cecropin-like peptide (Ham 1992). Although 

no loss of mf was observed in the in vitro assay, decreased motility and survival may 

result from the same process(es) that leads to mf clearance as both are immediate 

responses. 
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Various reports h~lVe indirectly implied that early clearance of mf occurs in 

natural situations. Duke (1962), observing O. volvulus and S. damnosum s.l., stated that 

"Parasites with a low developmental potential disappeared during the first two days after 

ingestion, and did not pass beyond the microfilarial stage". Because the flies in his study 

were infected per os, he could not separate loss within the midgut from loss in the 

hemocoel. Eichner et al. (1991) injected O. volvulus into S. damnosum s.1. and 

commented that "Up to 30% of the mff and sausage stages may have been missed in our 

observations,". Although, they might have missed 30% of the mf due to observation 

error, they recovered less than 20% of the mf injected in the 1st day pi and their higher 

counts in later days were lower than 40%. Thus, rapid mf clearance may be responsible 

for this unaccounted loss of at least 30 % of injected mf (over and above the reported 

30% observation error, which by itself could be related to mf clearance). 

If rapid clearance of mf occurs in black flies naturally infected with Onchocerca 

spp., it would require tight control of time pi to assess the intake of mf post-feeding on 

an infected source. In many previous studies the initial intake was estimated by dissection 

of flies 0 to 6 hI' pi, or even longer. Thus, variation among flies was inflated and bias 

was introduced skewing the data to the low infection side as dissection time pi was 

lengthened. Freezing the flies can be a practical solution for these problems. 



31 

TABLE 2.1, Comparison of cubic polynomial regression and segmented regression to 
model the kinetics of O. lienalis mf clearance (see text for comparing these with other 
tested models and more details). 

II 

b 

C 

d 

Modelll Type df Lack of 
fitb 

Cubic 

Segmented 
intersection = 2h 

5 

4 

0.11 

0.18 

R2 

69.1 

70.2 

Parameter 
name 

ExpC 

Time 

Time2 

Time3 

Expc 

Time until 
2h 

Time after 
2h 

Parameter 
estimate (p) 

--- (0.026) 

-2.01 (0.008) 

0.21 (0.015) 

-0.006 (0.02) 

(0.025) 

-3.41 (0.005) 

3.29d (0.009) 
-0.11 (>0.2) 

Models were constructed as weighted least squares regression using no. of flies 
of each mean as weights (total df=17, total flies = 128). 
The test referred to the regression on individuals flies (total df= 127), which 
allowed determination whether the regression function fits the data. 
Expresses variation among separate experiments, each has a different intercept. 
This estimate (and p value) refers to the change in the slope after 2 hr. 
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TABLE 2.2, Effects of S. vittatum state (dead or live) and repeated injection on 
Onchocerca lienalis mf clearance rate (proportion of eliminated mf was transformed 
using the angular transforation). 

" 

b 

Effect" 

Fly state (dead, live) 

Injection 

Fly-state*Injection 
Contrasts (proportion eliminated) 

1 injection: 5 hr vs 2.5 hr 
dead: (0.348) (0.344) 
live: (0.252) (0.308) 

1 injection vs 2 injections 
dead: (0.346) (0.284h

) 

live: (0.280) (0.218h
) 

df 

1 

2 

2 

1 

1 

SS F P 

0.0392 9.26 0.006 

0.0352 4.15 0.028 

0.0055 0.65 0.53 

0.0044 1.04 0.3 

0.0307 7.26 0.013 

Effects were estimated by ANOV A and contrasts to test the effect of repeated 
injection. The model had dfmodcl=5, dfcrror =24, F=3.77, p=0.012, and 
n?=44.0%, each group had 5 flies. 
Note that this proportion includes both injections. See text for calculated mean
proportions attributed to the second injection alone. 
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TABLE 2.3, Effect of 2 hr pre-exposure to fly's hemocoel and time pi on O. lienalis mf 
clearance rate d~1I()dcl=5, dfcrror =18, F=3.17, p=0.032, and R2=47.0%. 

Effect 

Time 

Mf source 

Time*mf-source 

Contrasts (mf count means) 

From Abdomen vs from Thorax 
(13.0) (13.8) 

From Control vs from Ab & Th 
(17.4) (13.2) 

df 

1 

2 

2 

1 

1 

ss 
60.2 

94.1 

7.6 

0.6 

93.5 

F 

5.9 

4.6 

0.4 

0.06 

9.2 

p 

0.026 

0.024 

0.7 

0.8 

0.007 
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FIGURE 2.1, The change in O. lienalis mf count over time as was observed in 3 
experiments (A-C). Groups of S. vittatum flies were dissected in different times pi. 
Group means were plotted against time with +/- SE of the means based on the pure error 
term. Predicted values were based on the segmented linear model. The model was fitted 
simultaneously to all data using experiments as blocks (see text and Table 2.1). 
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FIGURE 2.2, Effect of time and fly's state (live, dead) on O. lienalis mf count. Lines 
show SE of the means estimated by an ANOV A using each experiment as a block. In 
each experiment, time 0 counts for live and dead flies were merged (L+D) due to the 
small no. of flies and because no significant difference was detected (nor expected) 
between these fly groups. 
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FIGURE 2.3, O. lienalis mf observed in dissections 4-6 hr pi showing signs of damage. 
a: Intact mf, although heat-killed prior to inoculation (x200, Nomarski). b: Damaged 
heat-killed mf shriveled in two sites (arrows) (x400, Nomarski). c: Damaged heat-killed 
mf having "broken" appearance and two shriveled areas near the posterior end (x200, 
Nomarski). d: Damaged heat-killed mf showing extensive injury and complete 
disfigurement of the whole anterior part (big arrow) and several shriveled sites along the 
posterior part (small arrows) (x200, Nomarski). e: Damaged live-injected mf showing 
"constriction" sites near the posterior end and in center (arrows); the posterior end is 
missing (x400, phase). 
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FIGURE 2.4, O. lienalis mf count 24 hI' pi in relation to mf load. Constant rate of mf 
loss (48 %) was observed over a range of 5 to 100 mf/fly. Regression line was forced 
through the origin. Dots represent individual fly's counts, duplicated values were jittered 
horizontally. 
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CHAPTER 3 

A COMPARISON OF MICROFILARIAL LOSS 

BETWEEN SIMULIUM JENNINGSI AND S. VITTATUM 

42 

Black fly immunity differs from that of mosquitoes in the absence of melanization 

and encapsulation in response to macroparasitic filarial infection (Duke 1962, Duke 1966, 

Ham and Bianco 1983, Lok et al. 1983b, Ham 1986). Nevertheless, a defensive response 

against Onchocerca :,pp. has been observed. At least part of this response results in a 

significant reduction in parasite number within the hemocoel (Duke 1962, Ham 1986, 

Lehmann et al. 1994), in vitro immobilization and killing of microfilariae (mt) (Ham and 

Garms 1988, Ham 1992), and an acquired immune response upon second infection (Ham 

1986). 

The recently reported rapid clearance of Onchocerca lienalis mf in Simulium 

vittatum (Lehmann et al. 1994 and Chapter 2) may represent a common defense 

mechanism among black flies rather than a unique iminune response of this species. To 

compare O. lienalis mf loss that occurs in the hemocoel of S. vittatum, a surrogate 

vector, to that of S. jenningsi, a natural vector (Lok et al. 1983a), both species were 

inoculated with mf and the change in mf counts over time was analyzed using the 

experimental scheme and methods described previously (Lehmann et al. 1994). Simulium 

jenningsi adult females were collected during July, 1993, at a site described earlier (Lok 
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et al. 1983b), transported to our laboratory, and infected 2 d after being captured 

concurrently with 2-d-old laboratory-reared S. vittatum females (S. vittatum females were 

kept at 4uC during the first day and at room temperature during the second day). Both 

black fly species were inoculated parenterally with 25 mflfly using the same O. Lienalis 

mf preparation. 

Rapid clearance of 3.75 mf/h occurred within 2 hr post inoculation (pi) in S. 

vittatum (Fig. 3.1 and analysis of variance (ANOVA) contrasts To vs. T2: P < 0.02, To 

vs. T7: P<O.OI, To vs. T12 : P<0.008, and To vs. T24 : P<0.005) followed by a much 

slower rate of mf loss of 0.14 mf per hour, which did not differ significantly from zero 

loss (T2 vs. T24 : P > 0.63). These results were expected based on a previous study 

(Lehmann et al. 1994). Comparison of mf count means in S. jenningsi to the concurrent 

means in S. vittatum showed significant difference only at 24 hr pi (Pcolilrasl < 0.001 and 

see Fig. 3.1) while all the other pairs of means did not differ significantly (Pclllllrasl>0.08 

and see Fig. 3.1). It is noteworthy that time zero counts were, in fact, taken from 5 to 

20 minutes pi for S. jenningsi and from 5 to 10 minutes pi for S. vittatum and that 

special care was given to verify that no more than 1 mf was left in the needle; otherwise, 

the fly was discarded. Despite the low time zero count for S. jenningsi, there is a 

significant difference between this and later time point counts (ANOV A contrasts To vs. 

T2-TI2 : P<0.018, To vs. T24 : P<O.OOI), but no significant difference between 2 and 12 

hr pi (P>0.087). Overall, the rapid clearance of mf occurred similarly in both species 

accounting for a loss of almost a third of the mf inoculated within 2 hr pi. 
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Profound differences in mf motility (proportion of motile mt) were observed 

between the black fly species. In contrast to the highly motile mf observed in abdominal 

dissections of S. vittatum throughout the 24 hr period (> 90 %), those mf observed from 

2 hr pi in abdominal dissections of S. jenningsi showed a decreasing proportion of motile 

mt, reaching less than 15% at 12 hr pi (10 of 81 counted in 5 abdomens). However, 

most of the mf in S. jenningsi thoraces (and the few in the head) were motile (15 of 19 

mf counted in 11 flies comprising the 12 and 24 h pi groups). Moreover, during 12 to 

24 hr pi most of the immotile mf were eliminated in S. jenningsi, reducing the mean 

count from 16 mfper fly that was stable in the period 2 - 12 hI' pi to 5 (Fig. 3.1). Both 

immobilization and, presumably, killing of m1' and the late (12-24 hI') elimination of mf 

were not observed in S. vittatum. Thus, it is conceivable that the rapid mf loss and mf 

immobilization followed by late elimination represents at least 2 separate physiological 

mechanisms. 

The modulation of parenteral infection by S. vittatum continues for several days 

after the rapid mf clearance. Malformed larvae (first and second instal') are frequently 

found in the thorax (unpubl. observations), and their condition probably reflects this 

response (flies in which such larvae occur may lack a necessary factor required by some 

larvae). A similar phenomenon was consistently observed in other natural neotropical 

vectors of O. volvulus, e. g., S. metallicum (Collins 1979) and S. exiguum (Tidwell et al. 

1980). In O. lienalis parasitized S. jenningsi, however, the modulation of parenteral 

infection is essentially complete in less than 12 h pi resulting in 91 % of the parasites lost 
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or killed (of 150 mf inoculated into 6 tlies dissected at 24 hr pi only 13 were alive), a 

similar rate to the 87% loss of mf and/or larvae occurring under natural infection (13 % 

of mf developed to third stage larvae) as described by Lok et al. (1983a). Such a 

comparison, however, is valid assuming that this process is not dose dependent and that 

variables such as physiological age of the tlies have a minimal role (see below regarding 

the mode of mf inoculation). The physiological defense response mounted by S. jenningsi 

seems much more efficient than that resulting in larval malformation mounted by species 

such as S. vittatum and S. exiguum, because mf damage in tlight muscles (studied in 

mosquitoes parasitized by Brugia pa/langi [Lehane and Laurence 1977]) and possibly in 

abdominal tissues would be minimized by the early mf immobilization followed by 

killing. 

The immobilization of mf in vivo by S. jenningsi is remarkably similar to in vitro 

immobilization of O. lienalis mf (Ham and Garms 1988) by several palearctic black fly 

species. Physiological and biochemical mechanisms involved in the lytic immune 

response mounted by an insect host against macroparasites have not been generally 

recognized, although Ham (1992) noted that trauma induces a strong release of active 

proteases into the haemolymph of S. ornatum within an hour to two. A correlation 

between killing of mf and proteolytic activity (that is not accompanied by melanization) 

of hemolymph was also reported there. 

Both S. jenningsi and S. vittatum feed on cattle (Adler and Kim 1986) and appear 

to have a similar rapid mf clearance response. However, only S. jenningsi is an 
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important vector of O. LienaLis while S. vittatum, although it may encounter the parasite, 

does not play an important role in its transmission. Clearly, therefore, rapid mf clearance 

is not associated with the difference in vectorial competence. Simulium vittatum is 

autogenous and prefers to feed in the ears of cattle where O. LienaLis mf are uncommon. 

Moreover, females of this species posses a cibarial armature (Colbo et al. 1979) that 

destroys over 95 % of ingested mf (Lehmann unpubl. data). Thus, S. vittatum expresses 

a rapid clearance of mf, but seems to lack the mf immobilization defense response. 

Simulium jenningsi lacks a cibarial armature, but possesses in addition to similarly 

effective rapid mf clearance response, a mf immobilization defense response that 

apparently results in killing and later elimination of dead mf. It is noteworthy that, in 

spite of being regularly exposed to microfilariae invading the hemocoel, the rapid 

response in S. jenningsi is not more effective than in S. vittatum. These observations 

suggest that in black fly species lacking a protective cibarial armature a more efficient 

physiological defense system may have evolved (as the mf immobilization defense 

response in S. jenningsi). Data, however, are currently insufficient to critically examine 

this hypothesis. 

It is uncertain whether these defense responses against parenteral infection are part 

of the natural modulation of infection of black flies against Onchocerca spp. Injection 

trauma, or the fact that these mf have not passed through the midgut may be important 

factors inducing an unnatural response. Nevertheless, they represent a set of as yet 

undescribed defense responses against a macroparasite: a rapid mf clearance occurring 
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in both species within 2 hr pi; in vivo immobilization and killing occurring in S. jenningsi 

within 12 hr pi; late dead mf clearance occurring in S. jenningsi 12 to 24 hr pi; and 

resistance to development of first and second stage larvae expressed as malformed larvae 

occurring in S. vittatum and other species after 3d post infection (described elsewIlere, 

see refs above). The biochemical basis for these defensive responses awaits elucidation. 
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FIGURE 3.1, Changes in counts of O. lienalis mf over time pi in S. vittatum and S. 
jenningsi. Star represents a significant difference between species means of the same time 
interval. Number of flies inoculated for each species was 25. 
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CHAPTER 4 

ANALYSIS OF MIGRATION SUCCESS OF ONCHOCERCA LIENALIS 

MICROFILARIAE IN THE HEMOCOEL OF SIMULIUM VITTATUM 

Abstract 

50 

Migration success (i.e., the proportion of worms that reach the thorax) of 

Onchocerca lienalis microfilariae (mt) in the hemocoel of Simulium vittatum was studied 

by inoculating mf into the posterior abdomen, and recording their distribution in the 

black fly body at predetermined time points. Mf apparently arrive into the thorax by 

active locomotion rather than by drifting in hemolymph currents. Migration into the 

thorax was completed by 12 hr post inoculation (pi) but was not continuous throughout 

this period. Migration proceeded in 2 phases; the first occurred 0-2 hI' pi and the second 

at 6-12 hI' pi. Overall, migration success 12-24 hI' pi was only 36 %, indicating that a 

substantial number of mf failed to reach the thorax, either because they were eliminated 

by the fly's defensive response or simply because they remained in the abdomen. 

Migration success was linearly dependent on mf load in the range of 5-100 mflfly and 

thus was density independent. Mf that arrived into the thorax within 2 hI' pi did not differ 

in their migration potential from mf that remained in the abdomen at this time. Analysis 

of the variation in migration success among flies dissected at the same time showed that 

the number of mf in the thorax was negatively correlated with mf loss, indicating that 



51 

migration success was linked to mf loss. Moreover, the proportion of mf in the thorax 

was not correlated with mf loss, suggesting that mf loss affected the number of mf that 

migrated successfully, rather than the reverse causal relationship. 

Introduction 

Migration success of microfilariae (mf) can be assessed from the kinetics of 

arrival into their anatomical target, but is narrowly defined, as the proportion of mf that 

ultimately reach their target from the inoculum (or mf count in the thorax, if flies were 

inoculated with the same number of mt). This proportion expresses the probability of an 

individual microfilaria to reach the thorax successfully, given an homogenous mf 

population. Migration success of mf migrating into the vector's thorax varies among 

different vector hosts of a given filariid species (Ewert 1965, Mellor 1975, Owen 1978) 

and also between different studies of the same host-parasite system. For example, the 

percentage of O. volvulus mf that arrived into the thorax of Simulium da11lllosum senSll 

lato was estimated to be 10% by Lewis (1953), 56% by Duke and Lewis (1964) and 75% 

by Laurence (1966). From the host's standpoint, this variation represents the presence 

of barriers the parasite faces prior to the beginning of the journey in the hemocoel (e.g., 

cibarial armature) and during the journey (e.g., immobilization and killing of mf; Ham 

and Garms 1988, Ham 1992, Lehmann et al. 1994). From the parasite's standpoint, it 

represents the difficulty of navigation in the living insect's body. 

Migration success and vector defense may be linked in two ways: parasites that 
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can migrate successfully fail to do so because they are attacked by the insect's defense 

system; alternatively, parasites are destroyed by the defense system because they do not 

reach the thorax fast enough (either because they had poor navigation ski~l or because 

random variation alone in the length of migration time). That mf are being eliminated 

(Lehmann et aI. 1994, Chapters 2 and 3) and immobilized (Ham and Garms 1988 and 

Chapter 3) within a few hours pi suggest that the black fly's defense system plays an 

important role in determining mf migration success. 

Although the sites of development of filariid nematodes in their intermediate host 

are well known, the means by which they locate these anatomical targets have remained 

enigmatic. Filarial species that develop to the infective stage (3rd stage larva) in the 

flight muscles of their dipteran host (e.g., Onchocerca !'pp. and Brugia !,pp.) follow a 

typical route in the body of their vector hosts, which include black flies, biting midges, 

and mosquitoes. The mf ingested with the blood meal penetrate through the wall of the 

posterior midgut into the abdominal hemocoel and move anteriorly into the thoracic 

muscles, where they invade individual cells (Laurence and Pester 1961, Esslinger 1962, 

Laurence 1966, Eichler 1973, Mellor 1975). Although this qualitative description holds 

in many vector-filaria systems, such quantitative aspects as the kinetics of movement 

from one body part to another and the overall migration success have been found to vary 

among different vector-filaria systems. 

To understand the navigation mechanisms of mf migrating within the vector host, 

studies were undertaken to characterize mf migration in vivo. The migration of O. 
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lienalis mf toward the thoracic muscles of S. vittatum, a laboratory host, was investigated 

focusing on the following questions: 1. Can mf travel passively to the thorax by drifting 

in hemolymph currents? 2. What are the migration kinetics and how efficient is the 

migration of mf? 3. Does migration success depend on mf load? 4. Do mf differ in their 

migration potential? 5. What is the relationship between migration success and mf loss? 

Materials and Methods 

Simulium vittatum rearing, O. lienalis mf source and preparation, injection 

procedure, and maintenance of infected flies were described previously (Lehmann et al. 

1994, Chapters 2 and 3); however, a brief description is given below with details of the 

method used to derive migration results. The migration assay consisted of parenteral 

inoculation of 33 O. lienalis mf in ca. 0.8 {tl of incubation medium (unless otherwise 

stated) into the sixth abdominal segment of 1 d old S. vittatll11l adult females. Infected 

flies were dipped in 0.5% Photo-flo (Kodak) surfactant solution and then in 0.85% NaCI 

before being frozen (-70"C) at predetermined times in vials containing 6 % dimethyl 

sulfoxide. In early experiments, infected flies were frozen in liquid N2 using a 

computerized cryopreservation program (Cupp et al. 1989). To determine the distribution 

of mf, vials were thawed at 37°C, and the abdomen was separated from the thorax using 

a razor blade under the dissecting microscope. Likewise, the head was separated from 

the thorax before each part was dissected separately in a drop of 0.85% NaCI. Mf from 

each part were counted under a light microscope (x40). Usually mf were intact and 
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motile, but when parts of mf were observed they were counted based on their size and 

whether the part was an anterior or posterior end. For example, 2 small anterior parts 

were considered 2 mf, but 2 parts of the same size were considered as 1 mf if one part 

was anterior and the other posterior. Dead mf were also included in the total mf count. 

Results 

Migration and hemolymph currents. To examine whether mf travel passively to 

the thorax by drifting in hemolymph currents, flies were inoculated with either freshly 

heat-killed (ca. 70"e for 5 min), or live mf (from the same preparation) into the posterior 

abdomen as described above. Freshly-killed mf remained in the abdomen even after 24 

hI' pi, but live mf arrived into the thorax in considerable numbers (Fig. 4.1). The results 

support the hypothesis that mf actively travel through the abdominal tissue of the fly. 

Freshly-killed mf are identical to live mf in their size and specific gravity, but differ in 

motility, and thus, the passive travel hypothesis, although less likely, could not be ruled 

out entirely. 

Migration kinetics. Migration kinetics were expressed as the number of mf in the 

thorax along a time course pi. Migration into the thorax was completed at 12 hI' pi (Fig. 

4.1). Most notably, migration occurred in two distinct phases: an early phase, 0-2 hI' pi, 

and a late phase, 6-12 hI' pi, while the number of mf in the thorax did not change 

significantly 2-6 hI' pi and 12-24 hI' pi (Figs. 4.1, 4.2 and Table 4.1). Homogenous 

migration behavior among the 3 experiments was evident by the insignificant interaction 
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(P>0.9, Table. 4.1) between experiment and time. This pattern was corroborated by the 

behavior of mf that were inoculated into the thorax, which moved first into the abdomen, 

but "returned" into the thorax only after 6 hI' pi (Fig 4.1). The movement of mf 

inoculated into the thorax or the abdomen paralleled each other 1.5-20 hI' pi. 

Furthermore, the final migration success of mf inoculated into the thorax was apparently 

similar to that of mf inoculated into the abdomen. Because mf did not arrest their 

movement upon direct inoculation into the thorax and because a larger number of mf 

arrived into the thorax 6-12 hI' pi than 0-6 hI' pi, it is probable that the ability of mf to 

recognize the thorax changed during the 12 hI' pi. 

At the end of the migration period (12-24 hI' pi), the mean number of mf in the 

thorax was 11.5. Thus, overall migration success in these 3 experiments was 35% out 

of 33 mt'inoculated. If the mf loss that occurred during the first 2 hI' pi (Fig. 4.3, and 

Lehmann et al. 1994) is not considered, the comparable migration success was 63 % out 

of the total number of mf recovered. Overall, however, migration success of O. lienalis 

mf in S. vittatum, under these conditions is rather low, expressing a substantial number 

of mf that fail to reach the thorax (65%), even when eliminated mf are not included in 

the estimate of migration success (37%). 

Migration success and mf load. Groups of flies were inoculated with doses of mf 

varying from 5 to 100 mflfly. Mf were injected throughout this range in ca. 0.85 J.tl of 

complete medium using calibrated glass needles. The linear relationships between the 

number of mf that arrived into the thorax and mf load (Fig. 4.3) indicated a constant rate 
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(36 % of the number inoculated) of migration success 24 hI' pi. The aptness of the linear 

model was verified using a lack of fit test (P> 0.45). 

Variation in mf migration potential. To test the hypothesis that mf differ in their 

migration potential, success of an "enriched competent migrators" mf population was 

compared with that of "enriched incompetent migrators". The "enriched competent 

migrators" group was collected from thoraces of flies 2-3 hI' pi, while the "enriched 

incompetent migrators" group was collected from abdomens of the same flies. Then nies 

were inoculated with 25 mf/tly from these groups or from a control group that was not 

previously injected into flies. Migration success was assessed 6 and 24 hI' pi. In contrast 

to the hypothesis, migration success was not different (P> 0.39, Table 4.2) between 

"competent migrators" and "incompetent migrators" (Fig. 4.5). Both groups had lower 

success (P=0.047, Table 4.2) than that of the uninjected control (Fig. 4.5). These results 

suggest that mf do not differ in their migration potential; and assuming that the repeated 

injection itself did not affect the mf, exposure to the tly hemocoel reduces migration 

success of mf. 

The relationship between migration success and mf loss. The variation in 

migration success (the number of mf in the thorax) among flies dissected at the same 

time point pi (excluding time 0) was the focus of this investigation. Variation in 

migration success among flies of the same time group was large (Figs. 4.3 and 4.4). 

Because migration of mf occurred in 2 phases, separated by an intermission (Figs. 4.1 

and 4.2 and Table 4.1), the relationship between mf loss (expressed as 33 - total mf in 
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the fly) and migration success was examined separately in the following time periods: 1-

2, 2.5-6, 8-12, and 20-24 hr pi (flies were dissected only within these time intervals). 

Simple correlation coefficients were calculated between the number of mf in the thorax 

and mf loss for each period, and between the z scores of these variables to adjust for 

differences in the means and the variances among time points and among experiments. 

Using z scores rather than counts allows pooling of fly values from different time points 

and experiments without introducing bias into the correlation coefficient. Despite the 

inclusion of the number of mf in the thorax in the total mf of the fly, the correlation 

coefficient between these variables could, theoretically, take any negative or positive 

value (see also below). 

The correlation coefficients were significantly negative regardless of whether the 

periods were pooled or considered separately (Table 4.3 and Fig. 4.6). The negative 

association in the early periods was especially important because mf loss occurred during 

the first 2 h1' pi (Fig. 4.4, Chapters 2 and 3, and Lehmann et al. 1994), and because the 

low numbers of mf in the thorax could not comprise the majority in the body. The 

negative correlation established a linkage between mf migration success and the intensity 

of mf loss in a fly, but not a causal relationship. This linkage may express that in a fly 

that mounted a strong defensive response, resulting in high mf loss, fewer mf remained 

to reach the thorax. Conversely, the correlation can mean that when more mf migrated 

into the thorax, mf loss was lower because successful migrators (in the thorax) gained 

protection from the fly's defense. 
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If the second interpretation is true, it implies that the proportion of mf in the 

thorax will be also negatively correlated with mf loss. This implication is derived from 

the assumption that mf in the thorax gain protection that is responsible for their overall 

higher rate of survival when more of them migrated successfully. The correlation 

coefficients between the proportion of mf in the thorax and mf loss were about zero 

(Table 4.3 and Fig. 4.6), however, indicating that mf survive similarly in thorax and 

abdomen. The lack of relationship between the proportion of mf in the thorax and mf 

loss was evident by examination of Fig. 4.6, verifying that non-linear relationships that 

could be present, but not detected by the Pearson correlation test, were not present. 

Because there was no negative relationship between the proportion of mf in the thorax 

and mf loss the second explanation was dismissed. 

Discussion 

Onchocerca lienalis microfilarial migration in S. vittatum is difficult to measure 

because mf count in the thorax is a product of 2 or possibly 3 processes: the movement 

from the abdomen into the thorax exceeds both the movement backwards (indicated by 

movement into the abdomen of mf inoculated into the thorax) and loss of parasites from 

the body. When considered alone, the proportion of mf in the thorax is entirely 

misleading in describing migration success. According to this proportion, 2/3 of the mf 

were in the thorax 20-24 hI' pi, while in fact, it represents only 1/3 of the mf inoculated. 

Because freshly-killed mf did not arrive in the thorax, most mf probably are 
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actively propelling themselves into this area rather than passively drifting through 

hemolymph currents. Furthermore, because most of the live mf that were inoculated into 

the thorax were found in the abdomen 1 hI' pi, it is unlikely that such hemolymph 

currents will also transfer mf in the opposite direction i.e., from the abdomen into the 

thorax. Finally, hemolymph currents alone cannot explain the fact that migration 

occurred in 2 separate phases (Fig. 4.1). In histological sections of infected flies, mf 

were found penetrating every tissue in the abdomen (Esslinger 1962). Their presence in 

cells of most abdominal tissues during their migration, together with our experimental 

data, suggest that mf arrival in the thorax results primarily from their active locomotion. 

Migration of mf into the thorax was completed at 12 hr pi (Fig. 4.1), despite the 

fact that many motile mf remained in the abdomen. Apparently, after 12 hr pi, these m1' 

have a minimal chance to locate the thorax. Migration of O. LienaLis mf to the thorax of 

S. ornatum, a natural vector, was completed at 6 hI' post feeding, when 25 % of the mf 

arrived into the thorax (Eichler 1973 [reported as O. gutturosa (Anderson 1992)]). 

Migration of O. volvulus mf in Simulium damnosum sensu lato was completed at 6 hI' 

post feeding, when 75 % of the mf arrived into the thorax (Laurence 1966). Migration 

of O. cervicaLis mf in Culicoides nubeculosllS, a natural vector, and in C. variipenis, a 

laboratory vector, was completed at 16 hI' post feeding (Mellor 1975). Migration success 

in that system was 60% and 40% respectively. In these studies, however, mf that failed 

to migrate into the thorax remained in the midgut rather than in the abdominal hemocoel. 

The common interpretation, that mf were arrested by the peritrophic membrane, cannot 
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explain why parenterally inoculated O. lienalis mf had a similar migration success (or 

failure) even when the presumed gut barrier was bypassed. 

Migration did not occur continuously, but occurred in two distinct phases. The 

early migration phase occurred during the first 2 hr pi and the late phase occurred 6-12 

hr pi. Although the first migration phase resulted in an average of ca. 5 mf in the thorax, 

while the second phase resulted in an increase of ca. 7 mf during a period that may be 

3 times longer (fewer time points 6-12 hr pi might illustrate a longer phase than it really 

is), the second migration phase is apparently of greater migratory importance. This 

interpretation is based on the fact that during the second migration phase ca. 2/3 of the 

mf remained in the body as a whole and 1/6 of those were already in the thorax. Thus, 

the second migration phase involved a considerably larger proportion of mf. Moreover, 

mf that were injected into the thorax did not arrest their movement but moved into the 

abdomen, and eventually had similar migration success to that of mf inoculated into the 

posterior abdomen. Thus, mf ability to locate the thorax was higher during the second 

migration phase. It is unclear whether the mf that reached the thorax during the first 

phase actually remained there or were moving in and out. The ability of mf to locate the 

thorax could be changed by internal or external factors. Internally, the capacity of mf to 

sense or respond to thoracic cues could be changed. Externally, however, target 

molecules or mf sensory organs could be masked by compound(s) ti'om the injection 

medium (20% fetal bovine serum, 79% RPMI 1640, and 1 % antibiotics). A two-phase 

migration pattern was indicated in O. lienalis mfmigrating in S. ornatum (Eichler 1973). 
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The first migration phase occurred 15 min to 1 hI' post feeding, and the second phase 4-6 

hr post feeding, although mf escaped the midgut in less than 1 hr post feeding. This 

similarity suggests that the change in the mf ability to locate the thorax within the 

hemocoel was controlled internally. Onchocerca volvulus mf migrating in Simulium 

damnosum (Laurence 1966) and O. celvicalis in Cu. nubeculosus and in Cu. variipenis 

(Mellor 1975), however, had a continuous I-phase migration. 

Migration success was linearly dependent on mf load (Fig. 4.2). Therefore, 

migration success was density-independent, and no facilitation nor limitation (Dye 1992) 

seemed to be involved. The constant proportion of mf found in the thorax 24 hI' pi, while 

a substantial number of motile mf were in the abdomen, raised the question of what 

limits migration success. A possible answer was provided by the hypothesis that ca. 113 

of mf represent competent migrators, while 2/3 represent incompetent migrators. This 

hypothesis agrees with other studies indicating that while passing from the uterus to the 

skin, mf mature, morphologically (Mellor 1974, Holdsworth 1987), antigenically 

(Fuhrman et al. 1987), and in terms of development potential in the vector (Kartman 

1953, Mellor 1974, Hollanda et al. 1982). Although we used only skin-inhabiting 111f, 

some heterogeneity may remain in this subpopulation. This hypothesis was rejected, 

however, because mf that represented competent migrators (recovered from thoraces 2-3 

hI' pi), had similar migration success as had mf that supposedly represented incompetent 

migrators (recovered from abdomens of the same flies). Nevertheless, recovering mfthat 

reached the thorax in the first 2 hI' pi could select only for "competent" migrators of the 
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first migration phase. These mf may not represent the migrators of the second phase (see 

above), thus this hypothesis deserves further investigation. 

The variation in migration success among flies dissected at the same time point 

(Figs. 4.3 and 4.4) was partially due to variation in mf loss. This interpretation is based 

on the negative correlation between mf count in the thorax and mf loss (Table 4.3), 

showing that these phenomena were linked, and on the zero correlation coefficient 

between the proportion of mf in the thorax and mf loss (Table 4.3), showing that 

differences in mf loss could not be caused by differences in migration success. The 

possibility that a "third factor" is involved that enhances mf loss and also reduces mf 

migration success over and above the reduction in total mf count should also be 

expressed in a negative correlation between the proportion of mf in the thorax and mf 

loss. Such a relationship was evidently not present (Table 4.3 and Fig. 4.6). Thus, the 

immune defense has an effect that should not be neglected when analyzing mf migration. 

The failure of substantial numbers of surviving mf to migrate successfully might result 

from another immune response, which is not correlated with mf loss. 

Twelve to 28 % of the variation in mf count in thoraces of flies dissected at the 

same time was accounted for by the variation in mf loss during the first and the second 

migration phases (see above) as indicated by the squared correlation coefficients. 

Currently, most of the remaining variation (72-88%) is not understood. Random variation 

may account for a large segment of the unaccounted variation. 

Navigation by filariids within the abdominal hemocoel is rather different than 
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navigation by other free-living nematodes through "static" environments (e.g., soil). 

Through their journey, mf penetrate multiple compartments enclosed within cell 

membranes of different tissues, each with its own chemo-physical environment, and the 

intercellular compartment is subjected to the turbulent flow of hemolymph. In such an 

environment, therefore, it is conceivable that chemical or physical gradients will be 

maintained only across short distances. Thus, mf may need to move "randomly" in the 

abdomen until they are within perceptual distance of the thorax, a distance that is very 

short compared with the abdomen length (ca. 5 mm in our S. vittatum). If this is the 

situation, random variation may generate much of the large unexplained variation. 

Whether this host-parasite system is a suitable model for studying migration of 

mf cannot be answered until comparable results regarding natural systems are available. 

Preliminary data comparing migration success of parenterally inoculated O. LienaLis mf 

in S. vittatum to that in S. jenningsi, a natural vector (Lok et al. 1983), indicated that 

migration success was higher in S. vittatum (Lehmann unpubl. data and Chapter 3). 

Additionally, cryopreserved (12 hI' in liquid N2) mf had similar migration success 

(P > 0.84, Lehmann unpubl. data) to that of mf from the same skin, but that were not 

cryopreserved. The effect of the passage of mf through the alimentary canal with the 

blood meal on migration success, and other factors that differ in our laboratory system 

from the natural situation, await evaluation. 
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TABLE 4.1, Migration kinetics of O. lienalis mf into the thorax of S. vittatum: ANOVA 
table. 

II 

b 

Source df MSII F P 

Model 17 103.0 8.2 0.001 

Error 111 12.6 

Block (expb) 2 8.8 0.7 0.497 

Time 8 184.0 14.7 0.001 

Time * Block 7 1.8 0.14 0.995 

Calculations were based on type IV SS (SAS/ST AT 1990) to consider that few 
cells were missing (not all time points were included in each experiment). When 
the interaction terms was removed or when time points were collapsed to five 
values such that each experiment includes all time levels - ANOV A results were 
very similar. 
Results of experiments A (excluding dead mt' and thorax injected flies), B, C, 
shown in Figs. 4.1 and 4.4 were analyzed together, blocking by experiment. 
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TABLE 4.2, Migration success of O. lienalis mf recovered from thorax vs. abdomen of 
previously inoculated flies. 

" 

Source df MS F P 

Model 3 18.3 3.4 0.037 

Error 20 5.4 

Time 1 10.7 2.0 0.174 

Mf group" 2 22.2 4.1 0.032 

Contrasts: 

Abdo vs Thor 1 4.0 0.75 0.398 

Cont vs A & T 1 24.1 4.5 0.047 

Abdomens and thoraces of flies 2-3 hr pi were separated and dissected in different 
petri plates containing complete medium. Mf were collected from the thoraces 
(Thor), the abdomens (Abdo), or from the original mf preparation (Cont) used to 
infect the flies 3 hI' previously. 



66 

TABLE 4.3, Relationship between O. lienalis mt'migration success and mt'loss. 

II 

Period pi (N) 

1-2 h (24) 

2.5-6 h (46) 

8-12 h (26) 

20-24 h (21) 

1-24 (117) 

Correlation between mf loss and 

mf count in thorax mf proportion in thorax 

rll pa r" p" 

-0.53 (-0.57) 0.008 (0.004) -0.14 (-0.15) 0.50 (0.48) 

-0.35 (-0.30) 0.017 (0.041) 0.02 (0.16) 0.88 (0.27) 

-0.57 (-0.49) 0.002 (0.011) 0.01 (0.07) 0.96 (0.73) 

-0.80 (-0.94) 0.001 (0.001) -0.09 (-0.35) 0.68 (0.13) 

-0.51 0.001 -0.03 0.72 

Values without parenthesis refer to correlation between the z-scores of the counts 
and values within parenthesis refer to correlation between the counts. Z-scores 
were calculated based on the mean and the standard deviation of each time point 
separately for each experiment as follows: (individual count - mean)/standard 
deviation. 
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FIGURE 4.1, Arrival of live and freshly-killed O. lienalis mf into the thorax over time. 
Flies were inoculated with live mf into the abdomen (Exp. A, B, C) or into the thorax 
(Thorax inj.), or with freshly-killed (ca. 70°C) mf into the abdomen (Dead mt). Groups 
of flies were dissected at different time points pi. The change in the mean number of mf 
in the thorax is plotted over time. 
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FIGURE 4.2, Time dependent group means of O. lienalis mf count in the thorax and 
their 95% confidence intervals (CI) showing that migration occurred in 2 discrete phases. 
Calculation of CI is based on pooled variance estimated in Table 4.1. 
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FIGURE 4.3, The number of O. lienalis mf that arrived into the thorax in relation to mf 
dose 24 h pi. The linear relationships between the number of mf that arrived into the 
thorax and mf load indicates a constant rate of migration success (36 %). Regression was 
forced through the origin and carried out on fly group means, dots represent individual 
fly's counts, duplicated values were jittered horizontally. 
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FIGURE 4.4, The simultaneous change in the median O. lienalis mf count in the whole 
fly (indicating loss), in the abdomen, and in the thorax for each experiment. Individual 
thoracic counts are shown as dots (partial jittering allowed separation of no more than 
2 duplicated values). Abdominal counts include infrequent mf that were counted in the 
head. 
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FIGURE 4.5, Migration success of O. UenaUs mf that were recovered from thorax vs. 
abdomen of previously inoculated flies. Mf were collected either from thoraces (inj thor) 
or abdomens (inj abdo) of previously injected flies (2-3 hI' pi), 01' from the original mt' 
preparation (uninj cont) , then inoculated into flies. Their migration success was 
determined 6 and 24 hI' pi. (see also Table 4.2). Numbers above bars show number of 
flies per group. 
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FIGURE 4.6, Relationship between O. lienalis mf success and mf loss during the 
migration phases indicated by Figs. 4.1 and 4.2). Negative relationships is shown 
between z-scores of mf count in the thorax and mf loss, but not between the z-scores of 
the proportion of mf in the thorax and mf loss (see also Table 4.3). 
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CHAPTER 5 

CHEMICAL GUIDANCE OF ONCHOCERCA LIENALIS MICROFILARIAE 

TO THE THORAX OF SIMULIUM VIITATUM 

Abstract 

79 

The behavioral responses of Onchocerca lienalis microfilariae (mt) to tissue factors of 

the surrogate black fly host, Simulium vittatum, were studied using a novel in vitro 

bioassay. Mf accumulated towards thoracic tissues to a density up to 4 times higher than 

towards abdominal tissues, despite the larger surface area and volume of abdominal 

tissues. Mf accumulated toward thoracic tissues regardless of whether or not contact 

with thoracic tissues was possible. Therefore, mf directed themselves toward the thorax 

rather than arresting their movement after they make contact with thoracic tissues. 

Chemical cue(s) provided a principal guidance for mf to locate thoracic tissues. Mf lost 

their ability to differentiate thoracic and abdominal tissues following addition of thoracic 

attractant(s) to excised abdomens and reversed their differential response when excised 

thoraces were depleted of chemical cue(s). Mf did not respond to salivary gland product, 

but to other thoracic factor(s), as was evident from the low numbers that accumulated 

towards salivary gland lysate compared with thorax-conditioned PBS. Additionally, high 

numbers of mf accumulated towards thoraces regardless of whether or not their salivary 

glands were removed. Intact thorax that was connected to 1-2 abdominal segments 
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attracted considerably less mf than excised thorax. However, intact thorax attracted more 

mf than excised abdomen. Abdominal tissue size did not affect thorax attractiveness. 

Involvement of a large molecular weight protein(s) was suggested by the high 

attractiveness of the 100 kD Centricon concentrator retentate and complete precipitation 

of attractant(s) by ethanol. 

Introduction 

Although the sites of development of filariid nematodes in their intermediate host 

are well known, the means by which they locate these anatomical targets have remained 

unknown. Filarial species (e.g., Onchocerca spp. and Brugia spp.) that develop to the 

infective stage (3rd stage larva) in the flight muscles of their dipteran host follow a 

typical route in the body of their vector hosts (primarily black flies, biting midges, and 

mosquitoes). The microfilariae (mf) ingested with the blood meal penetrate through the 

midgut wall into the abdominal hemocoel and move anteriorly into the thoracir. muscles, 

where they invade individual cells (Lawrence and Pester 1961, Esslinger 1962, Laurence 

1966, Eichler 1973, Mellor 1975). Although this qualitative description holds in many 

vector-filaria systems, such quantitative aspects as the kinetics of arrival into different 

compartments and the overall migration success, i.e., the proportion of mfthat eventually 

reach their target have been found to vary among different vector-filaria systems. 

To understand the navigation mechanisms of mf migrating within the vector host, 

studies were undertaken on migration in vivo, on mf responses to fly tissue factors in 
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vitro, and on the behavioral searching strategy of mf using videotape analysis of their 

movement in vitro. Studies on mf responses to fly tissue factors in vitro are reported, 

focusing on the following questions: 1. Do mf respond differently to thoracic tissues than 

to abdominal tissues? 2. Do mf require contact with thoracic tissues or can they 

recognize the thoracic muscles location prior to such contact? 3. What type of cues are 

involved? 4. If a chemical cue is involved, what type of molecule is it? 5. Do mf respond 

to salivary gland product(s) or to other thoracic component(s)? 6. What is the effect of 

exposure of thoracic tissues on thorax attractiveness? 

Materials and Methods 

S. vittatum rearing and O. lienalis mt' source and preparation were described 

previously (Lehmann et al. 1994, Chapters 2 and 3). 

Bioassay. The bioassays used throughout this study measured the accumulation 

of mf, randomly mixed in Matrigel (Collaborative Biomedical Products, Bedford, MA), 

toward different treatments, which were placed over the surface of the gel. Treatments 

were applied on small tubes that were placed over the gel (Fig. 5.1 a). Matrigel is a 

solubilized basement membrane preparation extracted from mouse sarcoma tumors. It is 

rich in extracellular matrix proteins, such as laminin and collagen IV. Mf (500-600) 

suspended within ca. 5 J.d complete medium (78.5 % RPM I 1640 [Hyclone, Logan UT], 

20% fetal bovine serum, and 1.5% antibiotics comprising 100 units Penicillin and 0.1 

mg Streptomycin/ml saline [Sigma chemical, St. Louis MO]) were injected into 680 J.tl 
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liquid Matrigel, mixed gently and spread over 20x20 mm well of a 2-well chamber slide 

(Nunc). All Matrigel preparations were diluted into complete medium (1 mg/ml Matrigel 

with 5.2 ml complete medium). The chamber slide was incubated for 30 min at 37°C 

(4% CO2, relative humidity> 90%) to solidify the Matrigel. A membrane filter (8 /-tm 

pore diam., polyvinylpyrrolidone free [Nucleopore]) was placed on the gel containing the 

mf. Tubes (2.5 mm [±0.23 SD, N=18] long by 1 mm inner diam.) were cut from a 

Butterfly infusion set (Abbott Lab.) and filled with mf-free matrigel (from the same 

liquid preparation and gelled under the same conditions) were placed on the membrane. 

The 8 /-tm pore diam. membrane provided support for the tubes and allowed mf to pass 

into the tubes. Another membrane filter, either an 8 or 2 /-tm pore diam. (as specified) 

was placed on the upper opening of the tube. Membranes were cut to the proper size 

using microscissors under a dissecting microscope. Samples to be tested were applied on 

this upper membrane (Fig. 5.1a). In an earlier version of this assay (used in a few of the 

experiments described), no tubes or membranes were used and tissues were placed 

directly on the gel. After treatment application, mf were incubated for 1.5-4 hr (as 

specified) at 26°C, 4% CO2, and relative humidity >90%. Following incubation, tissue 

treatments were removed for later dissection, tubes were separately transferred into wells 

(96 well round bottom plate) containing 150 /-tl complete medium for later counting of 

mf using an inverted microscope (x40). After being removed, the tubes left a well 

defined spot on the 8 /-tm pore diam. supporting membrane. All mf within this spot, 

which marked the area covered by the tube, were counted using a dissecting microscope. 
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Thus, total mf count per treatment included mf within the tissue (if tissue treatment was 

used), within the tube on which the treatment was applied, and under the tube. 

Tissue preparation. One d old female black flies (2 and 5 d old were used in a 

few experiments) were stunned momentarily in 70% ethanol and their legs and wings 

were cut (leaving short stubs) using fine microscissors immediately after the ethanol 

evaporated. Excised thoraces were prepared by cutting a cross section through the body 

at the posterior half of the metathorax. Excised abdomens were prepared by cutting a 

cross section through the middle of the second abdominal segment. Intact thoraces were 

prepared by cutting a cross section through the middle of the second abdominal segment 

(if not otherwise stated) and using the thorax that remained connected to 1-2 abdominal 

segments. Immediately after the cut and before placement on top of the tube, the surface 

of the exposed tissue was dipped in complete medium in order to establish a liquid 

contact for cue(s) to pass into the tube. The continuum between the tissue and the tube 

prevented desiccation of the tissue, which occurred, although rarely, in early experiments 

with tubes. 

To prepare thorax-conditioned medium (PBS, pH;=7.4 filtered through 0.45 /-tm 

pore diam. filter was usually used), ca. 20 excised thoraces were placed over a 2 /-tm 

pore diam. membrane, which was floating on 150 /-tl of medium in a well of a 4-well 

plate (Nunc). Excised thoraces were dipped in the corresponding medium prior to being 

placed on the membrane. Usually 4 wells were prepared simultaneously and the plate was 

incubated for 2.5-3.5 hI' at 26°C, 4% CO2, and relative humidity> 90%. Finally, ca. 
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115 J.d from the liquid under the membrane of each well were withdrawn using an 

Eppendorf pipette. Although the thorax-conditioned medium itself was attractive for mf, 

the sample was often concentrated by Centricon concentrators (Amicon) with a cutoff 

filter of 3, 30, or 100 kD (as specified). The samples (0.25-0.68 ml) were centrifuged 

at 5°C in 7500 g for 2 hI', 5000 g for 1 hI', and 1000 g for 1 hI', respectively. One /11 of 

a liquid treatment was placed on the membrane covering the upper opening of the tube 

using a Hamilton syringe. 

Proteins were precipitated by adding absolute ethanol (10 fold dilution) to thorax

conditioned PBS containing bovine serum albumin (BSA, Sigma) to constitute 0.1 % of 

the final volume. The mixture was held at -20°C for 1 hI', centrifuged at 11000 g for 10 

min at room temperature. BSA was added to the supernatant to constitute 0.1 % of the 

final volume. Both the precipitate and the supernatant were dried under N2 and 

reconstituted in PBS. The effect of trypsin on attractiveness of thorax-conditioned sample 

was assayed as follows. Samples were incubated with either 0.1 mg trypsin / ml PBS, 

or with 0.1 mg trypsin and 1 mg soy bean trypsin inhibitor (SBTI) / ml PBS for 30 min 

at 37°C. SBTI was then added to the sample incubated with trypsin alone. In another 

experiment samples were incubated for 30 min at 37"C with either trypsin (same 

concentration) or trypsin inactivated by 5 min incubation at 98°C. At the end of the 

incubation both samples were subjected to 98°C for 5 min. 

Design and analysis. Four tubes were placed in each corner of the square well 

(Fig. 5.1b). Usually, sets of 4 treatments were replicated in each corner. The position 
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of treatments in each set were changed, but with the constraint that each treatment 

appeared equally (usually 2) in the tube pair near the center of the chamber and in the 

tube pair near its walls (Fig. 5.1b). However, corners could not be considered as valid 

replications because they were not independent of each other. Adjacent tubes within a 

corner, near the center of the well, were a similar distance from each other as they were 

from the tube of the adjacent corner (Fig. 5.1 b). Thus all the tubes carrying the same 

treatment in a well were considered as subsamples. 

Because the number of mf per tube was not independent from that of other tubes 

in the same well and more than 2 treatments were usually tested, log linear models 

(Knoke and Burke 1980, Demaris 1992) were used on total mf count per treatment 

(summed over all tubes carrying each treatment). Contrasts were specified to compare 

treatments. For data presentation purposes, the median of mf count per tube, for each 

treatment was chosen as the best summary statistic. In a few experiments, when 

treatments within a well were represented by a different number of tubes, treatment 

comparison was adjusted accordingly via the weights of the treatments specified in the 

contrast. Analysis was carried out using PROC CA TMOD of the SAS system 

(SAS/STAT 1990). 

Results 

The Matrigel volume of each tube was ca. 2 J-tl and, after adding 16 tubes to the 

690 J-tl Matrigel in the well, the total volume was ca. 720 J-tl. Within 2 hr after treatment 
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application, 45-70% of the mf that previously were randomly distributed in the Matrigel 

layer under the tubes, were concentrated within and under the tubes, which represented 

2-6% of the available space. For example, in the experiment described by Fig. 5.4, 54% 

of the mf were concentrated in 5 % of the Matrigel space comprised by the tubes. This 

concentration expresses an efficient mf navigation response. 

Differential responses of mf to black fly tissues. Mf accumulated in excised 

thoraces to densities 4 times higher than in excised abdomens (Fig. 5.2). The difference 

was found consistently in separate experiments and was highly significant (Exp. 1: 1 

well, 9 pairs of tissues, Goodness of fit with 1:1 X2 =35.9, P<O.OOl, and Exp. 2: 4 

wells, 26 pairs of tissues, Goodness of fit with 1:1 )(2=55.5, df=1, P<0.001), despite 

the larger surface area and volume of the excised abdomens. In both experiments, 

excised thoraces and abdomens were placed directly on the gel and were arranged in 

pairs, such that an abdomen and a thorax were adjacent to each other (2-3 mm away). 

In experiment 1, only mf within the tissue were recorded and pair members were chosen 

from different flies. In experiment 2, mf within and under the tissue were recorded and 

pair members were from the same fly. 

Movement arrest versus directed movement to locate the thorax. Intact thoraces 

were prepared by cutting across the second abdominal segment, such that the thorax 

remained connected to 1-2 abdominal segments. These were placed on either a 2 or 8 j.tm 

pore diam. membrane, such that only abdominal tissue was exposed on the membrane. 

Mf penetrated through the 8 j.tm pore diam. membrane but not through the 2 j.tm. Mf 
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accumulated in similar numbers in tubes carrying thoraces regardless of whether or not 

contact with thoracic tissue was possible (Fig. 5.3, P>0.19, and Table 5.1). This 

implied that mf directed themselves toward the thorax rather than only arrested their 

movement after they made contact with thoracic tissues. That mf did not enter into tubes 

indiscriminately was evident by the low number of mf in control tubes (Figs. 5.3, 

P < 0.001, and Table 5.1). Mf response to previously frozen thorax was similar to their 

response to live thorax (Figs. 5.3, P < 0.074, and Table 5.1), suggesting that a chemical 

attractant was involved. The attractiveness of previously frozen thorax was stronger in 

one of the wells while that of live thorax with 8 ItIn pore diam. membrane was somewhat 

weaker in that well (not shown). These differences between the wells are expressed in 

the significant interaction term. However, as the X2 values (Table 5.1) indicate, the major 

source of variation was the difference between control and the other treatments. 

Importance of chemical cue(~. In order to establish the importance of a chemical 

cue(s) in mf response to thoracic tissues it is necessary to demonstrate that following 

manipulation of the distribution of chemical cue(s), the differential response of mf to 

thoracic vs. abdominal tissue is lost. 

A conditioned tube was one that carried an excised thorax or abdomen placed on 

a 2 ",m pore diam. membrane for 2 hI' before the tissue preparation was removed and the 

tube was transferred into the well containing mf. Thorax-conditioned tubes were much 

more attractive than control tubes, carrying nothing, or abdomen-conditioned tubes (Fig. 

5.4, P<O.OOl, and Table 5.2). Excised thorax was more attractive than thorax-
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conditioned tubes (Fig. 5.4, P<O.OOl, and Table 5.2). Abdomen-conditioned tubes were 

more attractive than control tubes (Fig. 5.4, P<O.OOl, and Table 5.2). The attractiveness 

of thorax-conditioned tubes provided direct evidence that mf responded to a chemical 

cue(s). The difference between thorax-conditioned tube and thorax could be explained 

either by the difference in concentration of attractant(s) or by additional, non chemical 

cue(s) emitted by live thorax. Mf response in both wells was homogenous, although more 

mf were found in tubes of the second well (Table 5.2). 

In order to manipulate the distribution of a chemical cue(s) the following 

treatments were established: (1) An excised abdomen was placed on a drop of 1 p.1 of 

concentrated thorax-conditioned PBS, which was the retentate of a 100 kD Centricon 

concentrator. Activity of the retentate was demonstrated in a previous assay (Fig. 5.8). 

This treatment represented an excised abdomen with thoracic chemical cue(s). (2) An 

excised thorax was first placed floating over complete medium for ca. 20 min to 

withdraw attractant into the medium and then was transferred onto the tube. This 

treatment represented a thorax partly depleted of attractant. The viability of the excised 

thorax was evident by its movements. Other treatments included (3) excised thorax and 

(4) excised abdomen that .were cut and placed on the tube. The last 3 treatments were 

placed over 1 p.l of complete medium. 

The number of mf in tubes carrying abdomen with thorax-conditioned PBS was 

much larger than in tubes treated with excised abdomen alone (Fig. 5.5, P < 0.001, and 

Table 5.3). Moreover, the attractiveness of abdomen with thoracic chemical cue(s) was 
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similar to that of live thorax (Fig. 5.5, P>0.16, and Table 5.3), demonstrating that 

manipulating only the distribution of chemical cue(s) caused mf to lose their differential 

response to thoracic and abdominal tissues. Furthermore, the attractiveness of abdomen 

with thoracic chemical cue(s) was larger than tubes treated with thorax partly depleted 

of chemical attractant(s) (Fig. 5.5, P<0.002, and Table 5.3) demonstrating that mf 

reversed their choice following manipulation of only chemical cue(s). 

Mf response to salivary gland products. Several studies pointed to the possibility 

that black fly saliva deposited in the vertebrate host skin is attractive for Onchocerca mf 

(Lavoipierre 1958, Shelley et aI. 1979). It was important, therefore, to examine whether 

mf responded to salivary gland products of the vector, which could imply that mf 

response to thoracic tissue represented behavior of mf locating the vector's mouthparts 

while in the vertebrate skin, rather than navigation toward the vector's thoracic muscles. 

Concentrated salivary gland lysate (50 glands in 50 III saline) alone attracted very 

few mf as opposed to thorax-conditioned PBS (Fig. 5.6, P<O.OOl, and Table 5.4). 

Likewise, thoraces from which salivary glands were removed (together with their head) 

were as attractive as intact thoraces (Fig. 5.6, P>0.14, and Table 5.4). The effect of 

head removal was also not significant (Fig. 5.6, P>O.077, and Table 5.4). Thus, in this 

system, mf did not respond to salivary gland products, but to other thoracic factor(s). 

The effects of thoracic tissue exposure and abdominal tissue size on thorax 

attractiveness. Because thoracic tissue is encountered by mf only after migration, it was 

important to examine how mf respond to an intact thorax. Perception of cues released by 

._-----.. -------
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an intact thorax may be affected by the distance of mf from the thorax, which is 

equivalent to the "length" of abdominal tissue separating the thorax from the mf. Intact 

thoraces were prepared by cutting across the second abdominal segment, such that the 

thorax remained intact and still connected to 1-2 abdominal segments. Intact thorax was 

placed on a tube such that only abdominal tissues faced the membrane. To assess the 

effect of abdominal tissue size, this treatment was compared with another, consisting of 

intact thorax prepared by cutting across the fifth abdominal segment, such that the intact 

thorax remained connected to 4-5 abdominal segments. 

Intact thorax was similarly attractive regardless of the size of the abdominal tissue 

attached (Fig. 5.7, P>0.5, Table 5.5). However, intact thorax was substantially less 

attractive than excised thorax (Fig. 5.7, P<0.001, Table 5.5). Nevertheless, intact 

thorax was more attractive than excised abdomen alone (Fig. 5.7, P < 0.001, Table 5.5). 

Thus, abdominal tissue may interfere with the attractant(s) or its perception by mf, or, 

alternatively, the intact thorax releases less attractant when thoracic tissue is not exposed 

directly on the membrane. A negative effect of abdominal tissue on mf was not suggested 

by the increased attractiveness of excised abdomen when concentrated thoracic attractant 

was added (Fig. 5.5 and Table 5.3). However, it is possible that a negative abdominal 

effect could not be expressed with a high concentration of thoracic attractant(s), but 

would be expressed with one individual thorax. 

To assess whether abdominal tissues interfere with thoracic cue(s) or its 

perception, excised thorax was placed together with excised abdomen on the same tube 
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and the attractiveness of this treatment was compared with that of excised thorax and that 

of intact thorax. In contrast to the interference hypothesis, excised thorax together with 

excised abdomen was much more attractive to mf than excised thorax alone (Fig. 5.S, 

P < 0.001, Table 5.6). Abdominal tissue, therefore, did not interfere with thoracic cue(s) 

or with its perception by mf. This conclusion was also suggested by the high 

attractiveness of excised a,bdomen, which was treated with thorax-conditioned PBS (Fig 

5.5 and Table 5.3). Indirectly these results supported the hypothesis that the presence of 

the abdomen causes a lower rate of attractant(s) release from the intact thorax. The high 

attractiveness of excised thorax together with excised abdomen was probably due to the 

release of fluid by the excised abdomen that served as an efficient "mobile phase" 

carrying thoracic attractant(s) through the tube. Although excised thorax attracted more 

mf than intact thorax, there was no significant difference between them (Fig. 5.8, 

P > 0.3, Table 5.6). The apparent discrepancy between this and the previous experiment 

is discussed below. 

Characterization of chemical cue(s). The attractant(s) was soluble in aqueous 

solutions such as PBS, RPMI 1640, and complete medium (Fig. 5.9). Thorax-conditioned 

PBS was more attractive than complete medium (x2=9.9, P<0.002, Fig. 5.6) and 

although it appeared to attract more mf than thorax-conditioned RPMI-1640 the 

difference was not significant (x2=0.3, P>0.57, Fig. 5.9). Attractant(s) concentrated by 

30 kD Centricon filter was precipitated by ethanol, while the supernatant was only as 

attractive as the PBS control (Fig. 5.10, X2=0.OS, P>O.77). Thus, the difference 
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between the pellet and the supernatant was highly significant (Fig. 5.10, X2=39.8, 

P < 0.001). Heating for 1 hr at 56°C increased the attractiveness of the thorax-conditioned 

PBS compared with the original sample (P < 0.001, data not shown), while heating for 

5 min at 100°C overall increased attractiveness slightly over the original sample 

(P<0.03, data not shown). Thus, the attractant(s) was heat resistant. Incubation of 

thorax-conditioned PBS with trypsin appeared to slightly reduce its attractiveness 

compared with the inhibited trypsin control (either by soy bean inhibitor or by 100°C), 

although, the difference was not significant (X2=2.1, P > 0.14, data not shown). Thorax

conditioned PBS was fractionated using 100, 30, and 3 kD Centricon (Am icon) filters 

such that the filtrate of the former step was fractionated by the next filter in the series. 

The retentate of 100 kD was most attractive (Fig. 5.11, X2> 9.8, P < 0.002 for all 

comparisons with other fractions), while the other 3 fractions did not differ significantly 

(Fig. 5.11, P>0.18 for all comparisons). In other experiments, 30 and 3 kD filtrates 

were more attractive than PBS alone (P < O. 008, data not shown), although the retentates 

were most attractive (P < 0.001, data not shown). These data support that mUltiple 

attractants were present in different molecular weight fractions. 

Discussion 

Onchocerca lienalis mf migrated toward thoracic tissues to densities up to 4 times 

higher than towards abdominal tissues (Fig. 5.2). This differential response is probably 

the key for their migration success, i.e., arrival into the black fly thoracic muscles, the 
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only anatomical target where their development can proceed. 

Chemical cue(s) provided a principal, if not the principal, guidance for mf to 

locate thoracic tissues (Figs. 5.4 and 5.5). This was validated by the loss of differential 

response by mf to thoracic and abdominal tissues following the addition of thoracic 

attractant(s) to excised abdomens and reversal of mf choice when that treatment was 

compared with excised thoraces that were depleted of chemical cue(s) (Fig. 5.5, Table 

5.3). However, mf navigation within the t1y host may rely on additional cues that were 

not expressed in this ill vitro system (see below). Mf migrated toward thoracic tissues 

regardless of whether or not contact with thoracic tissues was possible. Therefore, mf 

directed themselves toward the thorax rather than arresting their movement after they 

made contact with thoracic tissues. 

A fundamental aspect of the bioassays used throughout this ill vitro study is that 

mf response to a given treatment was dependent on the other treatments present. For 

example, excised thorax was the most attractive treatment in many experiments, usually, 

attracting over 30 mf per tube (Figs 5.4, 5.5, 5.7). But when excised thorax was located 

adjacent to excised thorax together with excised abdomen, it was not much more 

attractive than excised abdomen alone and statistically not different from intact thorax 

(Fig. 5.8 and Table 5.6). This relative, rather than absolute, response to each treatment 

resulted from the interaction between treatments that is confounded in the treatment 

estimate, and implied that treatments should be compared only within an experiment or 

between experiments with identical treatments. Treatment comparison across experiments 
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using a "reference treatment" may be misleading because the response to the "reference" 

may be affected by other treatments used. 

The bioassay developed in this study was sensitive in terms of allowing hundreds 

of mf (usually comprising over 50% of the inoculum), randomly spread in a layer of ca. 

700 ",I of Matrigel to concentrate in less than 32 ",I within 2 hI' post treatment 

application. Thus, this assay allowed comparison of treatments with considerable 

statistical power (which is heavily dependent on sample size). A possible disadvantage 

of this design is that it does not allow mf to correct their early decision. Thus, it may 

measure early rather than finalmf decisions. Mf that entered a tube carrying an abdomen 

probably cannot perceive that after that abdomen there is no thorax and will not leave 

the tube and go against the local cue(s) gradient that was established within the tube and 

its close vicinity. Mf decision was probably affected by its location between the tubes. 

In addition to that possible "bias", the environment provided by the Matrigel gel could 

affect mf decisions. Its rich chemical composition could mask certain stimuli while others 

would stand out (e.g. because of protein carriers). Thus, mf behavior, as studied by such 

assays does not necessarily mirror their behavior in vivo, although their behavior 

probably expresses the same orientation mechanisms. 

Abdomen attractiveness as compared to control treatment (Fig. 5.4 and Table 5.2) 

probably results from a cue(s) released by the thorax. Thus, mf could respond to a 

weaker cue(s) gradient due to their higher sensitivity or initial location near the tube. It 

is also possible that the same cue(s) may also be produced by the abdomen in lower 
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quantity. Additionally, mf may be attracted by a cue(s) unrelated to the migration into 

the thorax. 

Similar numbers of mf accumulated in tubes carrying either previously frozen 

thoraces or live thoraces (Fig. 5.3 and Table 5.1). In earlier experiments, however, (data 

not shown), where tissues were placed directly on the gel, mf accumulated in and under 

frozen (and freshly heat treated [65°C]) thoraces in very low numbers (median = 1, 

range:0-6) compared with accumulation in live thoraces (median = 13, range:4-22). 

Moreover, in the experiment described in Figure 5.3, many fewer mf penetrated into the 

frozen thorax itself (median=2 range:0-7) compared with their numbers in live thorax 

(median=6 range: 1-20). This differential response occurred despite the presence of an 

8 11m pore diam. membrane only under the live thorax. One possible explanation is that 

the process of tissue penetration is different from that of target (thoracic tissue) location. 

Another explanation is that frozen thoracic tissue may be more difficult to penetrate by 

mf. 

The 30 kD retentate of thorax-conditioned PBS was much more attractive to mf 

than concentrated salivary gland lysate. Furthermore, thoraces that had their salivary 

glands removed prior to being cut were as attractive as excised thoraces. Had mf 

responded to salivary gland product(s) the interpretation of the differential response to 

thoracic and abdominal tissues could be different. One possible interpretation of the in 

vitro results would center on mf locating the vector mouthparts, while it feeds on the 

vertebrate host, rather than on mf locating the vector's thorax, while in its abdominal 
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hemocoel. Nonetheless, this possibility was disproved. 

Mf respond to thoracic cue(s) without previous passage through the vector's gut, 

despite being found in an environment that generally resembles bovine (their natural 

vertebrate host) connective tissue. This suggests that mf found in cattle skin do not use 

a "hierarchical searching program", whereby finding the previous target is required 

before initiating search for the next target. Additionally, mf may not need an activation 

stimulus to change their behavioral repertoire from the environment of the vertebrate skin 

to that of the vector hemocoel. Incubation at either 26° or 37(}C did not affect mf 

response to excised thoraces (data not shown). Such an activation stimulus may have been 

provided, however, by several drastic temperature changes from the time their host was 

slaughtered and until the assay was completed. These changes included cryopreservation, 

thawing and incubation at 37°C, inoculation into Matrigel at QOC, incubation at 37°C, 

and finally assaying at 26°C. 

Intact thorax was considerably less attractive than excised thorax, regardless of 

the size of the abdominal tissue (Fig. 5.7, Table 5.5). Nevertheless, it was more 

attractive than excised abdomen. This implies that some bioactive product is released 

from the intact thorax into the abdomen. The anatomical constriction between the thorax 

and the abdomen, together with thoracic tissue being concealed (by cell membranes and 

surrounding basement membrane) from the abdominal hemocoel may attenuate the release 

of chemical cue(s) into the abdominal hemocoel by virtue of restricting the flow of 

attractant(s). Another explanation is that mf respond to an essentially intracellular 
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molecule such that exposed thoracic tissues release much more attractant(s) than intact 

tissue. 

In vitro, mf directed themselves into the thorax, rather than only arresting their 

movement after contact with thoracic tissues was made. Although excised thorax was 

considerably more attractive than intact thorax, this directed movement was observed 

towards intact thorax that remained connected to 1-2 abdominal segments (where only 

abdominal tissue was in contact with the membrane). Whether mf direct themselves in 

a similar manner into the thorax in vivo, over a substantial distance ii'om their target, is 

yet unclear. In vivo, mf have a rather low migration success (Eichler 1973, and Chapter 

3), even after much longer time periods than these in vitro assays lasted. Navigation 

within the abdominal hemocoel by this nematode species seems rather different than 

navigation through "static" environments e.g., soil, and Matrigel layer. During their 

journey, mf penetrate multiple compartments enclosed within cell membranes of different 

tissues, each with its own chemo-physical environment, and the inter-cellular space is 

subjected to turbulent flow of hemolymph. In such an environment, therefore, it is 

conceivable that chemical or physical gradients will be maintained only across short 

distances. Thus, mf may need to move "randomly" in the abdomen until they are within 

perceptual distance of the thorax, a distance that supposedly is very short compared with 

the abdomen length (ca. 5 mm in our S. vittatum). 

The chemical nature of the attractant(s) was not fully clarified by our experiments. 

Involvement of a large protein(s) was strongly suggested by the high attractiveness of the 
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100 kD Centricon concentrator retentate (Fig. 5.8), and by precipitation of attractant( s) 

by ethanol. Furthermore, various homogenate preparations of thorax, abdomen, and 

whole fly body failed to attract mf. Although in several of these experiments 

antiproteolytic agents were added (1 mM EDTA, 0.5 mM PMSF, and 0.5 f.tg/ml 

Pepstatin), it is likely that the lack of attractiveness was due to proteolytic degradation 

that was not prevented. Nevertheless, the results did not rule out the possibilities that the 

cue(s) is a small (not only peptidic) attractant(s) bound to a large protein(s), or that 

partial degradation of a large protein(s) produced fragments that retained attractiveness, 

or that several different types of molecules affect the response of mf. 
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TABLE 5.1, The effect of contact with thoracic tissues on its attractiveness to O. lienalis 
mf (see also Fig. 5.3). 

n 

h 

Source 

Well 

Treatment!l 

Well *Treatment 

Likelihood Ratiob 

Treatment comparison: 

Live thorax: 2 p.m vs 8 p.m membs 

Control vs Live thorax (2 p.m memb) 

Frozen vs Live thorax (2 p.m memb) 

df 

1 

3 

3 

0 

1 

1 

1 

X2 

20.0 

92.3 

25.3 

1.69 

74.1 

3.2 

P 

0.001 

0.001 

0.001 

0.194 

0.001 

0.074 

Treatment included tube with only 8 p.m pore diam. membrane (control), intact 
thorax with either 2 or 8 p.m pore diam. membrane (th-Iive 2 p.m th-Iive 8 p.m, 
respectively) and frozen intact thorax placed with no membrane. 
This statistic compares the specified model with the saturated model and provides 
an appropriate goodness-of-fit test for the specified model. Since here the 
specified model is also the saturated model the test has no degrees of freedom, 
but see below. 
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TABLE 5.2, Involvement of a chemical attl'actant(s) in O. lienalis mf response to 
thoracic tissue. 

Source df X2 p 

Treatment 3 167.3 0.001 

Well 1 20.2 0.001 

Likelihood Ratiob 3 1.6 0.656 

Treatment comparison: 

Control vs TH -conditioned 1 82.7 0.001 

TH-condition vs excised TH 1 14.3 0.001 

TH-conditioned vs AB-conditioned 1 30.2 0.001 

Control vs AB-conditioned 1 46.3 0.001 

II Treatment included thorax (TH) -conditioned tube, abdomen (AB) -conditioned 
tube, excised thorax, and tube carrying nothing (control). All treatments were 
applied over 2 J.tm pore diam. membrane. 

b See Table 1. 
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TABLE 5.3, The effect of manipulating attractant distribution on tissue attractiveness to 
O. lienalis mf. 

Source 

TreatmentU 

Likelihood Ratiob 

Treatment comparison: 

Unmanipulated: TH vs AB 

AB+attractant vs AB 

AB + attract vs depleted TH 

AB + attractant vs TH 

Depleted TH vs TH 

Depleted TH vs AB 

df 

3 

o 

1 

1 

1 

1 

1 

1 

P 

52.0 0.001 

40.1 0.001 

27.9 0.001 

10.3 0.002 

1.9 0.168 

20.2 0.001 

5.5 0.019 

Treatments included excised thorax over 1 /-tl complete medium, excised abdomen 
over 1 /-tl complete medium, excised thorax that was previously placed floating 
on complete medium for 20 min, over 1 /-tl complete medium (thorax -attractant), 
and excised abdomen over 1 /-tl of 100 kD retentate of thorax-conditioned PBS 
(abdomen +attractant). TH stands for thorax and AB -for abdomen. 
See Table 1. 
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TABLE 5.4, Attractiveness of salivary products. 

" 

h 

Source 

Treatment" 

Likelihood Ratioh 

Treatment comparison: 

Saliv gl lysate vs thorax-cond PBS 

Thorax w/o Saliv gl vs exci thorax 

Thorax w/o head vs excised thorax 

df 

3 

a 

1 

1 

1 

81.1 

21.6 

2.2 

3.1 

P 

0.001 

0.001 

0.141 

0.077 

Treatments included 1 ILl salivary gland lysate (50 glands/50 ILl saline), 30 kD 
retentate of thorax-conditioned PBS, thorax that its salivary glands (and head) 
were removed, thorax that its head was removed, and excised thorax. TH stands 
for thorax and AB -for abdomen. 
See Table 1. 
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TABLE 5.5, The effect of abdominal tissue size on thorax attractiveness. 

Source 

Skinu (well) 

Exposure timeb 

Skin*Exposure time 

TreatmentC 

Skin *Treatment 

Exposure time*Treatment 

Likelihood Ratiod 

Treatment comparison: 

Excised TH vs excised AB 

Intact TH: 2 vs 5 AB segment 

Excised AB vs intact TH (2&5) 

Excised TH vs intact TH (2&5) 

df 

1 

1 

1 

3 

3 

3 

3 

1 

1 

1 

1 

X2 

4.0 

0.7 

2.1 

100.3 

17.3 

4.35 

4.4 

72.2 

0.4 

12.2 

59.5 

P 

0.045 

0.401 

0.149 

0.001 

0.002 

0.226 

0.225 

0.001 

0.523 

0.001 

0.001 
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Mf were prepared from 2 different cow skins. Mf from each preparation were 
placed in a different well and were subjected to the same treatment design. 
Because 1 well was used for each skin these factors are confounded. 
Accumulation of mf was assessed 2.25 and 3.5 hr after treatment application. 
Tubes from 2 opposite corners (along a diagonal) were removed at the above 
times from each cell. 
Treatments included excised thorax, excised abdomen, intact thorax connected to 
2 abdominal segments, and intact thorax connected to 5 abdominal segments. TH 
stands for thorax and AB -for abdomen. 
See Table 1. 
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TABLE 5.6, The effect of abdominal tissue on thoracic cue(s) or their perception by O. 
lienalis mf. 

Source df X2 P 

Well 1 13.8 0.001 

Treatment" 3 80.6 0.001 

Likelihood Ratiob 3 0.2 0.977 

Treatment comparison: 

Excised TH vs excised AB 1 8.8 0.003 

Intact TH vs excised AB 1 4.12 0.042 

Intact TH vs excised TH 1 0.92 0.337 

Excised TH&AB vs excised TH 1 27.8 0.001 

" Treatments included excised thorax, excised abdomen, intact thorax connected to 
2 abdominal segments, and excised thorax placed side by side with excised 
abdomen. TH stands for thorax and AB -for abdomen. 

b See Table 1. 
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FIGURE 5.la, Schematic diagram showing the arrangement of an individual tube with 
a treatment in the bioassay well. Note that the 8 J.tm pore diam. supporting membrane 
was "lifted" from the surface of the Matrigel gel, on which it was placed, for visual 
simplicity. 
FIGURE 5.lb, Arrangement of the 16 tubes in a well. Each circle represents an 
individual tube. 



FI GURE 5.1 a 

plastic 
tube filled 
with Matrigel treatment 

without mf ~ ........ 
2 or Bum pore diam. 

I 
Bum pore diam. 

~- - - - j 
~ ~ ~ ~ / / ; ; , , , , ; , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , 
, ; , , , , , ; ; ; ; , ; ; ; ; ; ; ; ; ; I I I I I I I I I I I I I I I I , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , 

5.1 b 

0 
0 

0 0 0 0 
0 0 

0 0 
0 

0 0 0 

0 0 

106 



107 

FIGURE 5.2, Differential response of O. lienalis mf to thoracic and abdominal tissues. 
Accumulation of mf in excised thoraces and abdomens that were applied directly on the 
Matrigel. In experiment 1, 9 pairs of excised thoraces and abdomens were arranged at 
random and only mf within the tissues were recorded. In experiment 2, 26 pairs were 
arranged at random in 4 wells and mf under and within tissues were recorded. Mf were 
exposed to the tissues for 4 and 2.5 hI' respectively. Difference was highly significant 
(P < 0.001, see text for details). 
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FIGURE 5.3, The effect of contact with thoracic tissue on its attractiveness to O. lienalis 
mf. Treatments included tubes with only 8 IJ.m pore diam. membrane (control), intact 
thorax with either 2 or 8 IJ.m pore diam. membrane (th-live 2 IJ.m th-live 8 IJ.m, 
respectively) and frozen intact thorax placed with no membrane. See table 1 for treatment 
comparison. 
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FIGURE 5.4, Attractiveness of thorax-conditioned tubes showing the involvement of 
chemical cue(s). Treatments included thorax-conditioned tube, abdomen-conditioned 
tubes, excised thoraces, and tubes carrying nothing (control). All treatments were applied 
over 2 p,m pore diam. membrane. See table 4.2 for treatment comparison. 
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FIGURE 5.5, Effect of manipulating chemical cue distribution on O. lienalis mt' 
response. Treatments included excised thorax over 1 ",I complete medium, excised 
abdomen over 1 ",I complete medium, excised thorax that was previously placed floating 
on complete medium for 20 min, over 1 ",I complete medium (thorax -attractant), and 
excised abdomen over 1 /l-I of 100 kD retentate of thorax-conditioned PBS (abdomen 
+attractant). See table 4.3 for treatment comparison. 
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FIGURE 5.6, Attractiveness of salivary products. Treatments included 1 Itl salivary 
gland lysate (50 glands/50 Itl saline), 30 kD retentate of thorax-conditioned PBS, thorax 
that its salivary glands (and head) were removed, thorax that its head was removed, and 
excised thorax. See table 1 for treatment comparison. 
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FIGURE 5.7, Effect of thoracic tissue exposure, and abdominal tissue size on thoracic 
attractiveness. Treatments included excised thorax, excised abdomen, intact thorax 
connected to 2 abdominal segments, and intact thorax connected to 5 abdominal 
segments. See table 1 for treatment comparison. 
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FIGURE 5.8, The effect of abdominal tissue on thoracic cue(s) or their perception by O. 
lienalis mf. Treatments included excised thorax, excised abdomen, intact thorax 
connected to 2 abdominal segments, and excised thorax placed side by side with excised 
abdomen. 
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FIGURE 5.9, Solubility of attractant in different solutions. Solutions included complete 
medium (eM), RPMI 1640, and PBS. Treatment referred to incubation of excised 
thoraces with the medium as described in Material and Methods. See text for treatment 
comparison. 
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FIGURE 5.10, Attractant(s) precipitation by ethanol. Treatments included PBS +0.1 % 
BSA (control), thorax-conditioned PBS not concentrated +0.1 % BSA (th-cond PBS + 
BSA), the pellet (th-30 kD pellet +0.1 % BSA), and supernatant (th-30 kD 
supernt+0.1 % BSA) of concentrated thorax-conditioned PBS (the retentate of 30 kD 
Centric on concentrator) subjected to ethanol precipitation procedure. See text for 
treatment comparison. 



FIGURE 5.10 

24 

20 

.... 
C 
::S 16 
0 
(.) 

-... 
E 12 
C ca 
:a 
Cl) 8 
~ 

4 

0 

CONTROL 
PBS+BSA 

TH-COND 
PBS+BSA 

TH-30 kD 
PELLET 

TH-30 kD 
S.UPERNT 

f--l 
tv 
.p,. 



125 

FIGURE 5.11, Attractiveness of thorax-conditioned PBS fractionated by molecular size. 
Thorax-conditioned PBS was fractionated using 100, 30, and 3 kD Centric on (Amicon) 
filters such that the filtrate of the former step was fractionated by the next filter in the 
series. See text for treatment comparison. 
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CHAPTER 6 

GENERAL DISCUSSION 

This chapter describes an overall picture of Onchocerca lienalis microfilariae (mt) 

navigation in Simulium vittatum by interpreting findings from previous chapters and by 

placing this information in a broader context of parasite behavior. Because various 

aspects of this picture were already discussed only new and complementary points will 

be raised here. 

Major Findings 

Onchocerca lienalis mfmigrate actively within the black fly hemocoel, propelling 

themselves through abdominal tissues into the thoracic muscles. The living body 

environment of the fly host is hostile to mf, and considerable numbers of worms fail to 

reach their target because of being eliminated or immobilized by fly defenses. Mf have 

similar migration potential to each other and their migration success is density 

independent. In vivo, their migration success is rather low (36%), and their arrival into 

the thorax occurs in two separate phases. An early migration phase occurs 0-2 hr pi, and 

a late phase occurs 6-12 hr pi, which involves a larger proportion of mt'. In vitro, mf 

discriminate between abdominal and thoracic tissues and navigate much better than in the 

in vivo environment. Mf do not require contact with thoracic tissues to locate the thorax, 
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and their navigation relies on chemical cues. However, tracking a chemical gradient(s) 

may not be possible throughout the abdomen (see below). Thus, there are 3 major 

components that demonstrate the tight linkage between the host environment and parasite 

navigation. First, the environment of the black fly body is hostile to the parasite. Second, 

parasite migration success is significantly affected by the hostile nature of the 

environment. Third, the high navigation capability of mf in vitro, is not demonstrated by 

mf migration success in vivo. Although they are related, each contains information that 

is not expressed by the others. 

These components suggest that the environment of the host cannot be considered 

simply as a living substrate in which the parasite follows certain gradients. This 

environment, distinctive ti'om the soil or water habitats navigated by other nematodes, 

has a profound impact on parasite performance. Thus, in vitro study alone may be 

misleading because it ignores the role of the host environment. To what extent parasite 

navigation may be shaped by the special problems presented by this environment is the 

focus of the last part of this discussion. 

Simulium vittatum may not represent an "ideal" model for simuliid hosts of 

Onchocerca spp. Simulium vittatum is not a natural vector of O. lienalis. It is an 

autogenous species, having nearly mature eggs at the time of inoculation. The relative 

volume of the abdomen of a gravid female is larger than that of an anautogenous species, 

especially considering the. reduced volume of the abdominal hemocoel when the midgut 

is fully distended by the blood meal. The physiological status of tissues in a gravid 
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female is different from that of tissues in the non-gravid, post-blood meal situation. 

Finally, more nutritional resources are available for 1 d old S. vittatum than for 

anautogenous species of a similar age. In addition, S. vittatum possesses an efficient 

cibarial armature that precludes routine per os infection as a practical method. Therefore, 

it will be valuable to compare the results obtained with S. vittatum to results obtained 

with natural vectors. 

The Black Fly Body Environment 

Evidence accumulated thus far indicates that O. lienalis mf migrating in the 

hemocoel of the black fly host face a hostile environment. Rapid clearance of mt' 

occurred within 2 hI' pi in S. vittatum and S. jenningsi (Chapters 2 and 3, Lehmann et 

al. 1994), and in vivo immobilization and killing occurred in S. jenningsi within 12 hr 

pi (Chapter 3). Whether these responses are part of the natural response exhibited by 

black flies infected per os with Onchocerca spp., remains uncertain, but the results 

reported here are supported by other studies. An acquired defense response against O. 

lienalis was studied in S. ornatum, a natural vector of that parasite, showing that lower 

numbers of infective stage larvae occurred in previously infected flies or recipients of 

hemolymph from previously infected flies (Ham 1986). An immediate defense response 

was demonstrated by an in vitro assay in which decreased mf motility and survival 

followed incubation with hemolymph from different black fly species (Ham and Garms 

1988). Massive disappearance of O. volvulus occurred in S. damnosum sensu lato during 
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the first two days after ingestion (Duke 1962), and similarly, extensive loss of mf 

occurred in O. volvulus injected into S. damnosum (Eichner et al. 1991). If, despite this 

circumstantial evidence, nlf clearance and mf immobilization do not occur in the natural 

situation, then understanding the factors that control the expression or effect of these 

responses on the parasite is also important. Such possible factors include an injury 

response induced by the injection, a change in the susceptibility of mf during the passage 

through the alimentary canal, and an effect of blood feeding on the capacity of black flies 

to mount effective responses. 

If injury response as induced by the injection (Boman and HuItmark 1987) is 

responsible for mf clearance, such a response is also likely to be induced naturally by mf 

burrowing their way through the gut wall. In addition, in flies harboring infective larvae, 

an injury response is probably induced by these larvae burrowing their way through the 

membranous cuticle of the mouth parts (Lavoipierre and Ho 1966, 1973, McGreevy, et 

aI. 1974). 

What other parasites may be affected by these defenses? Mermithid nematodes 

represent such a group and they commonly infect black flies (Lawrence and Undeen 

1987). The infective larvae of these nematodes penetrate through the cuticle of the black 

fly larvae (Poinar 1983) and thus, introduce themselves to the black fly defense system 

similarly to parenterally inoculated mf. 

Rapid mf clearance and in vivo mf immobilization are not the only evidence for 

the detrimental effect of the black fly hemocoel on mf. Migration success of mf was 
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much higher in vitro than in vivo suggesting that navigation or motility of the survivors 

of the clearance were impaired by the t1y defense response. In vivo, ca. 63 % of the mf 

recovered 12-24 hr pi reach the thorax although the thorax comprises over 35 % of the 

total t1y volume (using weight measurements). Additionally, migration occurred mainly 

after 6 hr pi. III vitro, however, despite being spread into a much larger volume, over 

50 % of the mf were usually concentrated in 5 % of the available volume within 2-3 hI' 

of exposure to treatments. The "delay" in migration into the thorax that was observed ill 

vivo, but not in vitro, may also be related to a transient effect of a defense response on 

mf navigation or motility. However, ill vitro bioassays lasted no more than 4.5 hr (after 

application of the treatments) and usually 2-3 hr. Thus, complete comparison could not 

be extended beyond 4 hr. 

Navigation Cues 

Cephalic and caudal sensory organelles of mf correspond in their position and 

structurally are similar to amphids and phasmids of adult filarial worms (McLaren 1972). 

These sensory organs and the 8 cephalic papillae are innervated by nerve axons 

originating from the nerve ring (McLaren 1972). The amphidial and phasmidial cilia are 

directly exposed to the external environment and were suggested to function as 

chemoreceptors, while the cilia of the cephalic papillae are not exposed to the exterior 

and were suggested to function as mechanoreceptors. The presence of 2 chemoreceptors 

in some distance from each other may be used by mf to compare intensity of stimuli and 
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to direct themselves toward the side of the stronger stimulus. 

Although chemical cues provide the prime source of information for O. LienaUs 

mf differential response to thoracic and abdominal tissues in vitro (Chapter 5), additional 

cues may be relevant in vivo. Many parasitic nematodes, including third and fourth stage 

larvae of Dirofilaria immitis, also a filariid nematode, migrated toward higher 

temperatures in in vitro assays (Mok et aI. 1986). Thermal cues may playa role in mf 

navigation into the thorax as this tissue generates heat, especially in flying or actively 

moving insects (Heinrich 1980, 1993:361-367). High sensitivity of Nippostrongylus 

brasiliensis (and other helminths) to temperature differences of less than 1.8°C/cm (36-

52°C over 24 cm) has been shown (McCue and Thorson 1964), suggesting that the worm 

detected 0.3 0 C difference across their body. Many experiments have shown the 

accumulation of nematodes at one or the other end of a light gradient, but too often the 

heat or infra-red portion of the light was not eliminated (Parker and Haley 1960). The 

black fly thoracic cuticle is more sclerotized than the abdominal cuticle, and light 

probably passes through the intersegmental membranes of a distended abdomen after a 

blood meal but not through the thoracic cuticle. However, many dipteran vectors are 

nocturnal, and even diurnal vectors, like black flies, find a dark shelter immediately after 

blood feeding. Thus, mf cannot rely on light as a constant stimulus, but they may require 

only a short term stimulus to keep on to its direction. Migration of third stage larvae of 

the filariid nematode Brugia pahangi in Aedes aegypti may be determined by mechanical 

stimuli as worms arrested further movement after arrival into a confined space (Lindsay 



133 

1986). This suggestion was based on a significant increase in numbers of larvae in the 

abdomen in the presence of the blood meal or matured eggs in the abdomen at the time 

when the infective larvae were beginning their migration out of the thorax. However, this 

is only one of many possible explanations for these observations. Mechanical stimuli, 

i.e., bending back of the labium, were suggested as the most important signals for the 

emergence of infective stage larvae from the mosquito mouthparts (Lavoipierre and 1-10 

1966, 1973, McGreevy, et al. 1974). The accumulation of O. gutturosa (probably O. 

LienaLis, see chapter 4) mf in Tyrode's solution around glass wool was interpreted as a 

tactile response (McDiarmid and Matthews 1982). Larvae of Trichostrongylus 

retortaeformis moved to the cathode of an agar bridge in currents of 10-40 rnA, while 

Litomosoides carinii mf and larvae of Pelodera strongyloides migrated to the anode in 

serum-Tyrode' s solution (Croll and Matthews 1977). 

Such information cannot fully explain how these parasites navigate in their hosts, 

but it provides evidence that helminths, despite their parasitic mode of life, retain similar 

capacities to respond to changes in their environment as free-living organisms. Therefore, 

studies of helminth navigation should examine the involvement of such cues. 

In contrast to the scanty information available on responses of helminths to 

physical cues, there is ample evidence demonstrating responses to chemical cues. For 

example, chemotaxis of Ancylostoma caninu11l to a dog serum factor, showed worm 

movement up a gradient toward dog serum and PBS; accumulation occurred only with 

serum (Wauters et al. 1982). 
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Plant parasitic nematodes, Rotylenchulus renijormis, Anuina agrostis, and 

Meloidogyne javallica responded positively (i.e., toward the source) to tomato seedlings 

(Riddle and Bird 1985). The insect parasitic nematode Neoplectana catpocapsae 

responded positively ill vitro to basic pI-I, Na\ Cs+, Mg++, Ca"I"+, Cl-, C03 __ , cAMP, 

and several gram negative bacteria, and "ignored" such compounds as trehalose, 

histidine, glycine, and proline (Pye and Burman 1981). The chemical composition of the 

environment affected N. catpocapsae responses showing inhibition and potentiation of 

various salt backgrounds to certain chemical gradients. For example, CI- reduced the 

response to Na+ and C03--. Although many studies focused on responses of plant parasitic 

nematodes to defined compounds (e.g. NaCI) and demonstrated the capability of 

nematodes to respond to chemical gradients, they have had as yet little success in 

understanding host location and related behaviors (Dusenbery 1983). 

Pheromones, especially sex attractants, seem to play an important role in 

nematode communication, having been demonstrated in more than 30 species of 

nematodes (Huette I 1986, Hasseb and Fried 1988). The sexes of the free-living nematode 

Pallagrolaimus rigidus move towards each other when separated by a cellophane barrier, 

but such movement does not occur when members of the same sex are separated (Greet 

1964). Both sexes of Nippostrongylus brasiliensis living in a rodent's gut secrete 

pheromone(s) that attracts members of the other sex (Roberts and Thorson 1977). Thus, 

chemical cues are extensively used by navigating helminths to locate different targets. 
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Parasite vs. Free-Living Navigators 

Orientation and navigation behavior have been studied mostly in free-living 

animals that can be observed directly e.g., Caenorlzabditis elegalls (Ward 1973). Animals 

that can be observed continuously have obvious advantages for such a study, but they 

may not be representative of other species. Parasites navigating in the host face different 

problems than those faced by a typical free-living organism. The host environment 

presents two types of special problems to the parasite: (a) defense responses against the 

parasite that may affect parasite mobility, perception of cues or other navigation skills 

and (b) compartmentalized body structure. As the first problem was discussed above, 

only the second problem is discussed below. 

The host body environment is a collection of cellular compartments, many of 

which differ in their chemo-physical conditions. Complex interactions exist among 

adjacent compartments and between each one and the inter-cellular fluid which increases 

the spatial heterogeneity. Blood flow may be directional or not, depending on whether 

the circulatory system is open or closed, its intensity varies in time and space, affecting 

gradient polarity. Within the whole body, therefore, gradients probably are interrupted 

and even may be reversed within certain segments of the space. In the case of parasites 

that are confined to one compartment e.g., gut parasites, this complexity may not be 

relevant. Likewise, this structure is of limited relevance to the navigation of immotile 

parasites e.g., viruses, that may select their anatomical sites by specific attachment. 

However, the compartmentalized structure may present a formidable problem in the case 
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of actively moving organisms that cut their way through multiple compartments e.g., O. 

lienalis mf. Because gradients are probably interrupted and even reversed in some 

sections of the pathway, a principal problem that such navigators face is separating local 

information that is "compartment specific" from the inter-local information that may be 

target specific. This target specific information mayor may not be present. Parasites that 

cross through many compartments must be prepared for interruption or even reversal in 

gradient cues. How such parasites cope with the discontinuity of the gradient they follow 

is a very challenging question. They may ignore abrupt changes in gradient polarity or 

directionality that probably express "compartment specific" information. This is 

supposedly combined with a sense of memory to keep with target specific information 

when it is not being sensed. 

Thus, parasites may be influenced differently by the compartmentalization of the 

host's body. The greater the number of different compartments they pass (in a given 

time) to reach their target, the greater the problem they face. Because in different 

segments of the journey different modes of navigation are probably being used by the 

same individual parasite, the distinction above is between navigation through one (or very 

few) and many compartments, rather than between parasite species. 

An important aspect of parasite navigation would be efficient scanning of the 

environment until trackable cues are found. The scanning phase in the site-finding 

behavior may be longer, in terms of time, distance traveled, and linear distance 

separating the target from the point of origin of the journey than the phase where the 
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animal follows a cue gradient. It may be more complex in terms of behavioral 

mechanisms involved and thus, a more difficult phase to study. Moreover, this may be 

the phase that most determines parasite migration success. In the case of parasites that 

actively cut their way through multiple compartments, moving against continuous 

gradients cannot be expected to be the only mode of navigation for long distances. 

Similarly, O. lienalis mf that pass through cells of different tissues and are affected by 

nondirectional flow of hemolymph currents probably follow the attractant gradient(s) over 

a relatively short distance from the thorax. 
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