CHAPTER TWO

IVERMECTIN RESISTANCE
GEN ES OF Ca e nor h a b d i tis
elegans.
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2.1. INTRODUCTION:
The total number of genes in C. elegans has been estimated
at around 17800 (Wilson, Ainscough et al., 1994).
Null or
hypomorphic mutations in the majority of these genes· are likely
to be mutationally silent or lethal «Wood, 1988); Baillie, Pers
Comm., 1995). At present, approximately 1200 genetic loci have
been defined by mutation in C. elegans (Wilson, Ainscough et al.,
1994) . As the number of genes defined by mutation increases
over time, some "new" phenotypes created by mutation have been
revealed to be previously unnoticed phenotypes conferred by
mutations in previously defined genes. One recent example is the
finding that the caffeine resistant mutations caJ-l(hf3) and caJ2(hf5), previously thought to represent unique loci, are alleles of
osm-3 and che-3 respectively (Starich, Herman et al., 1995).
Taking this point into consideration, mutants in a range of genes
defined by other phenotypes were screened for IVM resistance, to
investigate the nature of IVM resistance in C. elegans.
The mode of action of ivermectin (IVM) has been analysed
extensively with regard to its electrophysiology (Fritz, Wang et al.,
1979; Diggs, Feller et at., 1980; Kass, Wang et al., 1980; Scott and
Duce, 1985; Campbell, 1989; Martin and Pennington, 1989; Arena,
Liu et al., 1992), biochemistry (Diggs, Feller et al., 1980; Sani and
Vaid, 1988; Campbell, 1989; Schaeffer, Frazier et al., 1990; Arena,
Liu et al., 1992; Martin, Kusel et al., 1992) and pharmacology
(Campbell, 1989; Lacey, Redwin et al., 1990; Conder, Thompson e t
at., 1993).
Arena et al. (Arena, Liu et al., 1992) (1992)
determined that the IVM receptor in C. elegans is a glutamate
gated chloride ion channel, at which ibotenate and glutamate can
act as agonists and picrotoxin can act antagonistically.
It was
speculated that this type of channel is important to muscle
function, as the drug induced flaccid, irreversible paralysis (Kass,
Wang et at., 1980). Avery and Horvitz (Avery and Horvitz, 1990)
(1990) reported that IVM acted to decrease pharyngeal pumping
in C. elegans at concentrations far below the concentrations
needed to induce body musculature paralysis (ng/mL vs mg/mL).
A similar finding was reported by Geary (Geary, Sims et al., 1993).
Kim and Johnson (1991) (Kim and Johnson, 1991) reported t hat
the concentration of IVM included in nutrient growth media agar
(NGM) needed to prevent growth of wild type (N2) C. elegans was
around 2 ng/mL IVM. This figure is far below the concentration
needed to induce paralysis in the animals and is closer to the
concentrations reported to inhibit feeding (Avery and Horvitz,
1990).
Furthermore, IVM acts to prevent C. elegans developing
past the Ll (hatchling) stage and does not seem to prevent
movement of the worms for a number of days. The primary lethal
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effect of IVM on C. elegans therefore is inhibition of feeding and
not paralysis of body muscle.
To investigate the mode of action of IVM further, and to
analyse the mechanism of resistance to IVM, we began to
investigate the genetics of resistance to the drug using two
approaches.
The first was to select and screen a variety of known m uta n t
strains with a variety of phenotypes to see if any of these were
IVM resistant. Mutants with known defects in neuro-connectivity
or in neurotransmitter levels were initially chosen as the drug
appeared to effect neuromuscular processes in C. elegans. Two
mutants with an uncoordinated (Unc) phenotype, unc-33 and
unc-44, had already been determined to be IVM resistant
(Johnson, Pers. Comm., 1990). For this reason the bulk of the
mutants we initially screened were unc mutants.
In addition
mutants with low levels of octopamine (daf-IO, che-3 and osm-3
) and catecholamines and mutants with other neuronal defects
(cell lineage mutants and egg-laying defective mutants) were
screened.
A subset of the mutants tested for IVM resistance were also
tested for supersensitivity to the drug. 1.25 ng/mL IVM was th e
concentration used to distinguish between strains with wild type
IVM sensitivity (these grow at 1.25 ng/mL) and supersensitive
strains. This preliminary investigation of supersensitivity was
conducted in the hope that the nature of supersensitive mutants
might reveal more information about the mode of action of IVM.
The identification of a link between amphid defects and IVM
also led to experiments with IVM
resistance in C. elegans
resistant and sensitive strains of Haemonchus contortus. An IVM
resistant (CAVR) (LeJambre, 1993; LeJambre, Gill et al., in press)
and a sensitive strain (VRSG) (Lacey, Redwin et al., 1990; Gill,
Redwin et al., 1991) of H. contortus were available for study.
These strains were analysed using amphid neuron dye filling an d
electron microscopy, to detect differences in amphid morphology.
The second strategy employed was to observe mutants
selected for drug resistance, looking for associated pleiotropies
which might give some clues as to the mechanism of resistance.
Two classes of IVM resistant strains were available, high level
resistant strains (3 strains resistant to 50 - 500 X lethal dose) and
low level resistant strains (alleles of 25-30 loci which conferred
resistance to 2 - 15 X lethal dose) (Kim and Johnson, 1991). It was
decided to concentrate on the low level resistance strains for tw 0
reasons. Firstly, they were resistant to levels of the drug close to
those found in vivo
in animals treated with IVM as an
anthelmintic (Fink and Porras, 1989; Tesh and Guzman, 1990;
Wilson, 1993) and secondly, high level resistance has been shown
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to be mediated by a combination of mutant alleles in two of a set
of three loci (Johnson, Pers. Comm., 1990), whereas resistance in
parasites in the field had been observed to be conferred by single
mutations (LeJambre, 1993). Some preliminary observations of
pleiotropic phenotypes in IVM resistant strains are reported here
and further analysis of a subset of dominant IVM resistance
mutations is reported in chapter 3.
Observation of the ability of C. elegans to orient toward the
bacterial food source on IVM led to a preliminary experiment
investigating chemotaxis of worms sensItIve to IVM in the
presence of the drug. Evidence for an action of IVM on nematode
orientation is presented in the results section. The discussion will
also report on subsequent work undertaken by others in response
to these findings.

2.2. METHODS:
2.2.1.

Determination

of resistance

status.

The IVM resistance
status of a large number of m u tan t
strains of C. elegans was determined. The strains used and the
source(s) from which they were obtained are gIven in Appendix
one.
About ten worms were placed on an IVM agar pl~te seeded
with a lawn of Escherichia coli OP50. The C. elegans strain was
defined as being resistant to the concentration of IVM used if
adult, reproductively active progeny were present after a
maximum of twelve days. The result was usually obvious well
before this time. All experiments were carried out at 20°C except
for experiments involving strains carrying dauer constitutive
mutations which were conducted at 15°C. Concentrations of IVM
used varied between experiments investigating supersensi ti vity,
mild resistance or higher levels of resistance.
Initially, worms
were screened only for resistance at 5 ng/mL IVM agar. Later
experiments involved testing for resistance at 3.75 ng/mL, 3.0
ng/mL and 2.5 ng/mL IVM (concentrations which are lethal to N2)
and at 1.25 ng/mL and 0.625 ng/mL IVM (concentrations at
which wild type N2 worms will grow).

2.2.2. Preparation of agar plates containing IVM.
Commercially available Ivomec™ (injectable formulation for
cattle [10 mg/mL in propylene glycol] - MERCK Pty. Limited) was
diluted 11100 or 111000 in DMSO (dimethyl sulfonate) and used
for making IVM-NGM agar. IVM was added to warm NGM agar
using the appropriate volume of a stock solution; for example 50
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~L of 11100 dilution was added to 1 L of media to make 5 ng/mL

plates.
Concentrations used in this report refer to the initial
concentration of IVM in the warm agar and make no attempt to
allow for concentration changes due to drying of the plates,
shrinkage on cooling or loss of drug adhering to container surfaces.
Results should only be compared between experiments where
plates were prepared in the manner outlined above, comparisons
between concentrations in agar and in liquid are not valid. N2
worms were used as controls in each experiment; if N2 worms
grew on 2.5 ng/mL, 3.0 ng/mL, 3.75 ng/mL or 5 ng/mL IVM, or if
they failed to grow on 1.25 ng/mL or 0.625 ng/mL IVM plates
results were not recorded and the experiment was repeated with
a fresh batch of plates.
2.2.3. Amphid
strains.

neuron

staining

of Haemonchus

contortus

After finding that many of the C. elegans
mutations
responsible for IVM resistance had a pleiotropic Dyf phenotype,
an attempt was made to discern differences in amphid neuron
staining between IVM resistant and senSItIve strains of H.
contortus. The strains chosen were VRSG, a strain resistant to
benzimidazole (BZ) and levamisole (LEV) anthelmintics
but
sensitive to IVM, and the CAVR strain which is sensitive to BZ and
LEV but resistant (8 fold in vitro - (LeJ ambre, 1993)) to IVM.
Larval stages of both strains, and adults from a field acquired
infection of Haemonchus, were stained.
2.2.3.1. Staining of Ll and L2 larvae with DiO.
Faeces containing H. contortus eggs (VRSG and CAVR) was
collected for five hours from infected sheep, and cultured in glass
jars as outlined in (Ministry of Agriculture, 1987) at 26°C for
approx. 48 hours (to obtain L2 larvae) or 24 hours (to obtain L 1
larvae). The jars were then filled with water, inverted onto petri
plates and left overnight at room temperature. Larvae collected in
the liquid contained in the petri dish were concentrated by 1 5 s
centrifugation (2,500 rpm). The pellet of larvae was then cleaned
by floating the larvae on a 60% sucrose solution followed by
centrifugation (2,500 rpm) for five minutes.
Larvae were then
washed twice in M9 worm buffer «Wood, 1988)) and stained in
10 ~g/mL DiO (3,3'-dioctadecyloxacarbocyanine perchlorate
(Haugland, 1992)) in M9 worm buffer for three hours at 20°C.
This method is modified from that of (Hedgecock, Culotti et al.,
1985) for staining C. elegans with FITC. Stained animals were
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observed under fluorescent light on 2% agarose pads containing
0.1 % sodium azide as an anaesthetic.
2.2.3.2. Staining of L3 H. contortus with FITC.
L3 H. contortus (VRSG and CAVR) were obtained from L.
Lelambre (CSIRO Div. Animal Health - Armidale, 1993).
Larvae
were either used straight from storage or exsheathed using NaOO
(following the method outlined in (Ministry of Agriculture, 1987)
for exsheathment of larvae prior to cryopreservation).
Some
larvae (McMaster strain) were also used which had bee n
exsheathed using high C~ conditions (according to the method of
(Rogers and Sommerville, 1960» and these were obtained from B.
Wagland (CSIRO Div. Animal Health - Glebe, 1993). Exsheathment
of larvae using C02 more closely approximates the physiological
conditions of the rumen, where H. contortus L3 larvae exsheath in
vivo. Larvae were stained in 0.4 mg/mL FITC (5-fluorescein
isothiocyanate) for three hours in ice-cold M9 buffer, as per
(Hedgecock, Culotti et ai., 1985) and observed as for L1 and L2
larvae above.
2.2.3.3. Staining of Adult Haemonchus

with DiO.

Adult Haemonchus (field isolate) were obtained from the
abomasal contents of slaughtered infected sheep. The nematodes
were removed from the abomasal wall and placed in pre-warmed
phosphate-buffered
saline (37°C) within fifteen minutes of
slaughter of the host. Worms were treated individually in 2 em
microtitre wells for the remainder of the procedure. The worms
were washed twice in warm PBS and then suspended in 500 JlL of
10 Jlg/mL DiO in PBS. Staining was over four hours at 37°C. After
this time, worms were washed twice more in warm PBS and
observed as for the other stages.

2.2.4. Electron Microscopy
contortus larvae.

of amphids

of L2 Haemonchus

L2 larvae were isolated as above, cut transversely jus t
below the head and the heads fixed using 3% glutaraldehyde and
post-fixed with 0.5% OS04 according to published protocols (Ward,
Thomson et ai., 1975; Wood, 1988).
This work was done in
collaboration with Dr. N. Watson (University of New England, Dept.
of Zoology), who prepared and photographed thin sections from
the anterior of the fixed heads.
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2.2.5. Analysis of IVM resistant
additional phenotypes.

C. elegans

mutants

for

2.2.S.1. Staining of amphid neurons of IVM resistant strains.
Worms were grown on NGM plates at 20°C. When plates
were crowded with adult worms and larvae, the worms were
washed off using M9 worm buffer and stained with 0.4 mg/mL
FITC at 4°C according to the method outlined by (Hedgecock,
Culotti et al., 1985).
Animals were then observed under
fluorescent light on 2% agarose pads containing 0.1 % sodium azide
as an anaesthetic.
2.2.S.2. Analysis of che-3CnrS) for dauer formation.
Adults of the strains N2, che-3(nrS) and daf-lO(eI387)
were placed on NGM plates (three plates per strain, 20 worms per
plate) at 2SoC. After five days the plates had become depleted of
bacteria, and predominantly first, second and third stage larvae
were present. The worms were washed from the plates into M 9
worm buffer, pelleted by centrifugation, washed twice in the same
buffer, then suspended in 1 mL of this buffer in IS mL tubes. 1
mL of M9 buffer containing 2% SDS (Sodium Dodecyl Sulfate) was
added, then mixed by inverting the tube.
After 30 minutes
incubation at 20°C, worms were washed twice in M9 buffer, an
aliquot was placed on the surface of an unseeded NGM plate and
worms were scored as alive or dead. Live worms were recorded
as dauer larvae.
2.2.S.3. Complementation testing of che-3CnrS) with che-3(e 1124)
and che-13(eI80S) for IVM resistance.
Male worms of the genotypes che-3(eI124)/+ and che13(eI80S)/+ were generated by crossing N2 males with che3(e1124) and che-13(eI80S) hermaphrodites. These males were
then crossed to dpy-5 (e61 )av r-l (nrS) hermaphrodites on seeded
NGM plates overnight.
After mating, dpy-5(e61 )avr-l (nr5)
worms were placed into liquid media containing E. coli OPSO in 9 6
well tissue culture trays. The hermaphrodites were allowed to lay
eggs overnight and IVM was added to the wells the next day.
Growth of outcrossed nonDpy F} worms in wells containing IVM
indicated a failure of complementation for IVM resistance
between the Dyf (che-3(e1124) or che-13(eI80S)) allele carried
by the male parent and nrS.
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2.2.5.4. Growth of Dyf mutants at 25°C.
The viability of a selection of Dyf mutants and two unc-44
mutants was assayed at 25°C on NGM media and on media
containing 5 ng/mL IVM. This experiment was conducted in much
the same manner as that described above, except that replicate
plates were grown on IVM media and NGM at both 25°C and 20°C
for the duration of the experiment.

2.2.6.
Chemosensory
behaviour
elegans
strains on IVM.

of

IVM

sensitive

c.

Casual observation of sensitive nematodes on IVM plates
indicated that worms often wandered far from the lawn of
bacteria provided.
As a preliminary investigation into thi s
apparent disruption of chemosensation in C. elegans by IVM, a
synchronous culture of the wild type N2 strain and a strain th at
shows a severe bordering phenotype (bor-l (g320» were grown.
The bordering phenotype refers to worms that accumulate at the
edge of the bacterial lawn where it is thickest, and do not spread
evenly over the bacteria, as do wild type animals. Synchronous
adult cultures were obtained by taking an aliquot of mixed stage
worms and treating them with alkaline hypochlorite solution to
produce eggs (as in (Wood, 1988»; eggs were then allowed to
hatch and worms were grown at 20°C for four days. Worms were
then washed from the plates in M9 worm buffer (Wood, 1988) and
concentrated by centrifugation.
100 ilL of concentrated adult
worms were then placed onto the central bacterial lawn on ei ther
a 5 ng/mL IVM plate or a standard NGM plate. Within a fifteen
minutes the worms were photographed using a standard 35 m m
camera fitted with a wide-angle lens coupled with a 2X
magnifying lens. The plates were illuminated from below usmg a
dark-field light source.

2.3. RESULTS:
2.3.1.

Resistance status of mutant strains.

The resistance status of a large number of strains carryIng
many different mutations was assayed. The rationale for tes ting
each class of mutants is outlined below. As a general rule, strains
which grew at 5 ng/mL IVM are considered to be resistant as this
concentration is greater than twice the dose which prevents
growth of wild type worms. Strains which grew at 2.5 ng/mL
and/or 3.0 ng/mL IVM but not 5 ng/mL have been assigned to an
intermediate category of ultra-low level resistance: results for
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these strains often varied between experiments, so it was decided
to consider these strains separately from strains resistant to 5
ng/mL IVM. Strains which consistently failed to grow on 1.25
ng/mL IVM were considered to be super-sensitive to IVM: wild
type animals grow at 1.25 ng/mL IVM. These classifications are
based on dose response data for the wild type strain N2 (Grant,
Pers. Comm., 1992).
2.3.1.l. Strains carrying mutations
neuronal defective mutants.

III

un c

genes

and

other

Mutations that caused neuronal abnormalities in C. elegans
were assayed for IVM resistance.
Specifically targeted in this set
of experiments were mutations that resulted in misdirection of
neuronal outgrowths and/or changes in the neuronal cell lineages
(see table 1). unc-54(e190), unc-52(e444), unc-87(e1216), unc60(e723), unc-45(e286) and lin-15(n309)
are non-neuronal
mutant strains that were included as controls in the event that all
neuronal mutants should be IVM resistant.
The mutants unc33(e204) and unc-44(e362) were included as positive controls as
these mutants also affect neural function and had been previously
shown to be IVM resistant (Johnson, Pers. Comm., 1990).
The results (Table 2.1) showed that a variety of mutations
with a range of different neuronal phenotypes did not confer IVM
resistance.
The control strains unc-3 3(e204) and unc-44( e 3 62)
were resistant to IVM at all concentrations used. The only strain
found to be IVM resistant apart from the controls was CB450
which carries unc-13(e450).
Later experiments showed that
CB450 contains a separate nonUnc mutation responsible for IVM
resistance (W. Grant Pers. Comm., 1992).
2.3.1.2. Neurotransmitter defective strains.
Strains carrying mutations which cause animals to have unusual
levels of certain neurotransmitters (Horvitz, Chalfie et al., 1982)
were tested for IVM resistance at three concentrations of th e
drug. Strains with abnormally low levels of octopamine (che-3
(el124), daf-10 (e1387) and osm-3 (p802)) were found to be
IVM resistant.
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Table 2.1. - Mutations in un c genes
defective
mutants tested for IVM
concentrations of the drug.

and other neuronal
resistance at three

IVM
concentration
(ng/mL)

IVM
concentration
(ng/mL)
Gene (allele)

2.5

3.75 5.0 Gene(allele)

unc-33(e204)AB

+

+

+

unc-31(e169)JK

unc-44( e362)AB

+

+

+

unc-34(e315)C

unc-13( e450) dyf-

+

+

+

unc-40( e271)C
unc-43(e408)CK

?(au9)

unc-45( e286)FK

-

Iin-32(u282)E

-

lin-39(n709)EK

-

mab-5(e1751 )E

-

-

deg-1(u38)E
lev-8(x15)
Iin-15(n309)

-

-

unc-47(e307)C
unc-51(e369)ABC
unc-52(e444)F
unc-54(e190)F
unc-60(e723)F
unc-61 (e228)B
unc-62(e644)C
unc-71(e541 )BC

2.5 3.75 5.0

-

-

-

-

-

-

-

-

-

-

unc-3(e151)D

-

-

-

unc-73(e936)BC

unc-5(e152)CD

-

-

unc-76(e911 )AC

unc-6(e78)ABCD

-

-

unc-85(e1414)

-

unc-86( e 1416)IK

-

-

unc-98(su130)BFK

-

-

-

unc-104(e1265)G

-

unc-116( e231 O)G

-

unc-9(e1 01)
unc-9( ec27)H

unc-22( e66)F

-

unc-25(e156)C

-

unc-30(e191 )CD

-

unc-13( e51 )BJ
unc-14( e57)K
unc-18(e81 )J

-

unc-79(e1068)H

unc-87(e1216)F

-
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-

-

-

-

-

-

-

-

-

-

Legend - Table 2.1.

+

Indicates growth at the appropriate concentration of IVM
Indicates failure to grow at the particular drug concentration

Alterations in Neuronal process placement identified by staining amphid
neurons with FITC (Wood, 1988)(Hedgecock, Culotti et ai., 1985).
B - Alterations in Neuronal process placement identified by staining with antihorseradish peroxidase (Wood, 1988).
C - Alterations in Neuronal process placement identified by staining with antiGABA (Gamma amino butyric acid) (Wood, 1988).
D - Alterations in Neuronal process placement identified by electron
microscopy (Wood, 1988)(Hedgecock, Culotti et ai., 1990).
E - Neuroblasts (neuronal precursor cells) degenerate (deg-1(u38)), migrate
incorrectly (mab-5 (e1751)), adopt incorrect fates (Iin-32(u282)) or die (Iin39(n709)) (Wood, 1988).
F - These mutants effect muscle structure (Wood, 1988).
G - Kinesin (unc-116 ) or a kinesin-like (unc-104 ) gene.(Otsuka,
Jeyaprakash et al., 1991; Patel, Thierry-Mieg et al., 1993).
H - Previously reported to be resistant to IVM (unc-9(ec27)) or supersensitive
to IVM (unc-79(e1068)) (Sedensky and Meneely, 1987).
I - The unc-86 gene codes for a neuron-specific transcription factor (Xue,
Finney et ai., 1992»).
J - Pharyngeal pumping is abnormally slow (unc-13, unc-18 ) or is
constitutive (unc-31 ) (Wood, 1988) ..
K - These mutants have an associated egg-laying defective (Egl) phenotype
(Wood, 1988)(Trent, Tsung et al., 1983).

A-
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Table 2.2. - Mutations which cause animals to h a ve
unusual levels of certain neurotransmitters
and w h i c h
were tested for IVM resistance at three concentrations.
Gene(allele)

Resistance
IVM
concentration status
(ng/mL)
2.5 3.75 5.0

octopamine
deficient
che-3(e1124)
daf-1 O( e 1387)
osm-3(p802)

+
+
+

+
+
+

+
+
+

resistant
resistant
resistant

-

-

-

sensitive
sensitive
sensitive
sensitive

-

-

-

catecholamine
defective
ca t -1 (e 1111 )
cat-2(e1112)
cat-4(e1141)
cat-6(e1862)

-

serotonin
deficient
eg/-44(n 1080)
eg/-46(n 1127)
unc-86(eI416)

+

-

-

-

sensitive
sensitive

Indicates growth at the appropriate concentration of IVM
Indicates failure to grow at the particular drug concentration

Strains defective in catecholamine levels and strains with lowered
serotonin however were not IVM resistant (table 2.2.).
2.3.1.3. Dyf mutations confer IVM resistance.
The link between the three octopamine deficient mutations
(che-3 (e1124), daf-10 (eI387) and osm-3
(p802)) and IVM
resistance was unclear, so the resistance status of a number of
strains with phenotypes in common with these mutants was
determined.
che-3, daf-10 and osm-3 mutations confer four
phenotypes (Perkins, Hedgecock et a!., 1986):
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1) Defective chemotaxis (Che).
Mutants
fail to orient
toward attractants (eg E. coli) or to avoid repellents (eg solutions
of high osmotic strength)
2) Defects in male mating.
Male mutants fail to find
and copulate with hermaphrodites
3) Abnormal amphid neurons (Dyf).
Detectable by failure of
the neurons to take up DiO or FITC
4) Failure of development of dauer larvae under dauer-inducing
conditions (Daf-d).
Dauer larvae fail to form
under crowded conditions when little food is available.
All these phenotypes are caused by abnormal amphid neuron
development or function. To discover which may be important in
IVM resistance, a number of mutants which possessed subsets of
these phenotypes were tested for IVM resistance (Table 3).
Eleven of mutants which are chemotaxis defective but not
Dyf were examined for IVM resistance (see Table 3). None of
these were resistant to 5 ng/mL IVM, however five mutations
(che-14(eI960), osm-11(nI604), tax-2(p671), tax-4(p678) and
tax-5(p672» are ultra-low level resistant strains, growing at 2.5
ng/mL IVM but not 3.75 ng/mL. Three additional unc mutants
with fainter than normal dye filling of amphid neurons and
chemotaxis defects were also tested and found to be resistant to 5
ng/mL IVM. Two of these (unc-33 and unc-44 ) had been
previously identified as IVM resistance mutants by Johnson (Pers.
Comm., 1992).
Two nonDyf dauer formation defective mutants, daf18(e1375) and daf-12(m20), tested for IVM resistance were not
resistant to IVM at any of the concentrations used.
Dauer
formation-constitutive mutants of daf-11, a gene which may act
in the amphid sensory neurons (Vowels and Thomas, 1992) were
also tested for IVM resistance and are sensitive to the drug.
Finally, twenty seven Dyf mutants which have variable
defects in chemotaxis, male mating behaviour and dauer
formation, as well as being Dyf (Perkins, Hedgecock et aI., 1986;
Starich, Herman et ai., 1995), were tested for IVM resistance. All
of these mutants were found to be resistant to IVM at 5 ng/mL,
including some which were normal with respect to male mating
behaviour
(dyf-2(mI60),
dyf-3(m185),
dyf-6(mn346),
dyf10(eI383)
and daf-6(eI377», chemotaxis (che-12(eI812) and
mec-8(e398» or dauer formation (dyf-10(eI383), dyf-12(sa127)
and dyf-13(mn346».
Additionally one mutant, (daf-19(m86»
which is unusual in that it is Dyf and dauer formation-constitutive
(Daf-c - ie. forms dauer larvae even when there is plentiful
bacteria on plates) is also IVM resistant.
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2.3.1.4. Mutants of C. elegans which are Supersensitive to IVM.
Wild type (N2) C. elegans is sensitive to 2.5 ng/mL IVM but
grows at 1.25 ng/mL IVM. To further investigate the nature of
IVM resistance in C. elegans, it was decided to test a number of
mutant strains for sensitivity to 1.25 ng/mL IVM. Mutants were
chosen for testing from a number of categories including
uncoordinated mutants (unc), cell-lineage mutants (lin & mab),
dumpy mutants (dpy), chemotaxis defective mutants (che, tax, bor
& mec), dauer formation defective mutants (daf) and pharyngeal
pumping (eat) mutants.
unc mutants tested for supersensitivity included a n urn ber
of mutations which can interact with Dyf mutations to produce a
synthetic dauer-constitutive phenotype, unc-3, unc-31 and unc104 (Vowels and Thomas, 1992; Katsura, Suzuki et al., 1994).
These are unusual mutations in that they are able to reverse the
effect of the dyf mutations which cause a Daf-d phenotype. unc116 which is a kinesin mutation, and unc-104 which has been
identified as a mutation in a kinesin-like gene (Hall and
Hedgecock, 1991; Hedgecock and Hall, 1991; Otsuka, Jeyaprakash
et al., 1991; Patel, Thierry-Mieg et al., 1993), were also tested;
these suppress IVM resistance in some dyf strains (Chapter 4).
Also included were unc-79 which had previously been reported
to be IVM supersensitive (Sedensky and Meneely, 1987; Boswell,
Morgan et al., 1990), unc-86 which encodes a transcriptional
regulatory protein and may have an effect on amphid neuron
function
(Xue, Finney et ai., 1992).
unc-86
alone was
supersensitive to IVM (table 2.4.).
Two cell lineage mutants known to affect neuronal lineages
(mab-5 and lin-15 - (Wood, 1988» were supersensitive to IVM
(table 2.4.).
A number of dumpy mutants were shown in this study to
suppress IVM resistance (Chapter 4) and so a selection of d p y
mutants was tested for supersensitivity to IVM. None of the dpy
mutants tested was supersensitive to IVM (table 2.4.).
Several mutants with defects in chemotaxis (che, tax, bor &
mec ) were tested for IVM resistance. Strains already identified
as being resistant to IVM were not tested. One of these mutants,
che-7(e1128) was found to be supersensitive to IVM (table 2.4.).
daf mutants tested for supersensitivity to IVM were daf11(m47), daf-ll(m84), daf-12(m20) and daf-18(eI375).
The
mutants
daf-12(m20)
and
daf-18(eI375)
are
dauer
formation
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Table 2.3. Dye filling
defective
mutants,
other chemosensory
mutants and dauer defective mutants of C. elegans
and their
sensitivity to three concentrations of IVM.
Gene(allele)

IVM concentration Gene(allele)
ng/mL
2.5
3.75 5.0

IVM concentration
nJllmL
2.5 3.75 5.0

Chemo~~nsQQl

00 mutations
che-2( e 1033)

+

+

+

def~Qtive strain~

che-3(e1124)

+

+

+

che-1(e1861)

che-10(e1809)

+

+

+

che-5( e 1073)

che-11(e1810)

+

+

+

che-7(e1128)

che-12(e1812)

+

+

+

che-6(e1126)

-

che-13(e1805)

+

+

+

che-14(e1960)b

+

daf-6(e1377)

+

+

+

osm-11(n1604)b

+

daf-10(e1387)

+

+

+

tax-2(p671)b

+

daf-19( m86)

+

+

+

tax-3(p673)

-

mec-8(e398)

+

+

+

tax-4(p678)b

+

osm-1(p808)

+

+

+

tax-5(p672)b

+

osm-3(p802)

+

+

+

tax-6(p675)

-

osm-5(p813)

+

+

+

osm-6(p811 )

+

+

+

nQn-00 Oauer

dyf-1(mn335)a

NO

NO

+

defective strains

dyf-2(m160)a

NO

NO

+

daf-12(m20)

dyf-3(m185)a

NO

NO

+

daf-18(e1375)

dyf-4(mn332)a

NO

NO

+

dyf-5(mn400)a

NO

NO

+

dyf-6(mn346)a

NO

NO

+

dyf-7(m537)a

NO

NO

+

Unc mutant~ with

dyf-8(m539)a

NO

NO

+

faint amQhid staining.

dyf-9(n 1513)a

NO

NO

+

dyf-10(e1383)a

NO

NO

dyf-11(mn392)a

NO

dyf-12(sa 127)a
dyf-13(mn396)a

-

-

-

-

-

-

daf-11(m84)

NO

NO

daf-11(m47)

NO

NO

-

unc-33( e204)

+

+

+

+

unc-44( e362)

+

+

+

NO

+

unc-101(m1 )a

NO

NO

+

NO

NO

+

NO

NO

+
a tested by Warwick Grant, b - partial resistance (ie. resistant to less t han
two fold above the Wt lethal concentration).
Any strains resistant to 2.5
ng/mL IVM (which is lethal for N2) but not resistant to 5 ng/mL IVM were
placed in this category. N D - not done
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defective and nonDyf. The two alleles of daf-ll
tested for
supersensitivity are dauer formation constitutive and so these
experiments were conducted at lye. None of these mutants was
supersensitive to IVM.
Other mutants chosen for testing for supersensitivity were
bli, mor and vab mutants. These confer morphological defects in
the head region of the worm.
These mutants were selected
because the resistance associated with dyf mutants could be
associated with specific defects in amphid neurons or, more
simply, associated with the isolation of the amphid neurons from
the external environment.
Some head morphology mutants may
therefore confer supersensitivity to IVM (those that caused
increased exposure of amphid neurons) whereas others might
confer resistance (those that caused decreased exposure of amphid
neurons). One of the mutants tested in this category, vab-3(e648)
was sensitive to 1.25 ng/mL IVM. A mutant with smaller than
wild type body size, sma-5(n678), was also found to be IVM
supersensi ti ve.
2.3.1.5. Some mutants with defects
slightly resistant to IVM.

III

head morphology are

Some mutants with abnormal head morphology were tested
for IVM resistance. These mutants were from three phenotypic
classes; bli, for blister mutants, mor, for head morphology mutants
and vab, for variable abnormal mutants.
Only mutants with
abnormalities associated with the head region of the worm were
chosen for testing.
The mutants bli-l(e769), bli-2(e768), bli-3(e767), bli4(e937), hli-5(e518) and hli-6(sc16) have fluid-filled blisters in
their cuticle which are often concentrated around the head region.
bli-l(e769), bli-2(e768) and bli-5(e518) are slightly resistant to
IVM, (resistant
to 2.5 ng/mL
IVM but not at higher
concen trations).
vab-l (e2), vab-2(e96), vab-10(e698) and vab-3(e648) all
share a notch phenotype characterised by an abnormally short
head region that is dented on one side. The notch phenotypes of
vab-l (e2) and vab-2(e96) are severe and these mutants are
slightly resistant to IVM. vab-10(e698) has only a slight notch
defect and is wild type with respect to drug resistance.
va b3(e648) also has a severe notch phenotype and pleiotropic male
spicule-less and other cell-lineage defects. This mutant is supersensitive to IVM (see also figure 1.).
mor-l (e 1071)
and
mor-2 (e 1125)
are
mutants
wi th
abnormally rounded heads and some chemotaxis abnormalities.
Both of these mutants exhibit slight IVM resistance.
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Table 2.4.
IVM.

Mutants

of C. elegans

which

are Supersensitive

A. Mutants tested which had an IVM supersensitive
sensitive to 1.25 ng/mL IVM)

eat

m uta n ts

eat-l(ad427)
eat-2(ad465)
eat-3(ad426)a
eat-6(ad467)
eat-7(ad450)
eat-8(ad599)

phenotype

cell
lineage
mutants

Morphological
mutants

lin-15(n309)
mab-5(e1239)

sma-5(n678)b
vab-3(e648)e

che

m uta n t s d

che-7(e1128)e

un c

to

(ie. were

mutants

unc-86(e1416)

B mutants which were not IVM supersensitive.

eat

m u ta n ts

eat-4(ad572)
eat-5(ad464 )
eat-9(e2337)a

dpy

mutants

dpy-2(e8)
dpy-6(e14)
dpy-7(e88)
dpy-8(e 130)

unc

mutants

unc-3(e151)
unc-31(e169)
unc-79(e1068)
unc-85(e1414)
unc-104(e1265)
unc-116(e2310)

che

& daf

mutants d

bor- (q320)
che-l(e1861)
che-5(e1073)
che-6(e 1126)
che-14(e 1960)
daf-11(m47)
daf-ll(m84)
daf-12(m20)
daf-18(e1375)
mec-l(e1066)
mec-2(e75)
mec-2(e 1 084)C
osm-ll(n1604)
tax-2(p671 )
tax-3(p673 )
tax-4(p678)
tax-5(p672)
tax-6(p675)

Legend

- Table

Other
Morphological
mutants
bli-l(e769)
bli-2(e768)
bli-3(e767)
bli-4(e937)
bli-5(e518)
bli-6(sc16)
mor-l(el071)
mor-2(e1125)
vab-l(e2)
vab-2(e96)
vab-10(e698)

2.4.

a - also homozygous for him-8(e1489) b - also homozygous for egl-15(n484). egl-15(n484)
alone is wild type for IVM resistance. C - also homozygous for lon-2(e678). d - strains in this
category which were resistant to 5 ng/mL IVM are not shown. e - strain grows very slowly 0 n
1.25 ng/mL. Growth is far slower than for the same strain on NGM or for N2 on 1.25 ng/mL
IVM. Generation interval for these strains on 1.25 ng/mL IVM @ 20°C is estimated to be
greater than 10 days.
The figure shows the genotype of strains found to be more sensitive to IVM than N2 (ie.
strains which are sensitive to 1.25 ng/mL IVM) (A) and strains which were tested, and found
not to be supersensitive to IVM (8).
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Table 2.5. Head Morphology mutants and their sensitivity
to various concentrations of IVM.
Gene(Allele)

IVM concentration
(ng/mL)
1.25 2.5 3.75 5

bli-1(e769)
bli-2(e768)
bli-5( e518)
mor-1(e1071)
mor-2(e1125)
vab-1(e2)
vab-2(e96)

+
+
+
+
+
+
+

+
+
+
+
+
+
+

bli-3(e767)
bli-4( e937)
bli-6(sc16)
vab-10(e698)

+
+
+
+

-

vab-3(e648)

-

-

-

-

-

-

-

-

-

-

-

-

-

Resistance

Slight
Slight
Slight
Slight
Slight
Slight
Slight

Resistance
Resistance
Resistance
Resistance
Resistance
Resistance
Resistance

-

Not
Not
Not
Not

-

Supersensitive

-

2.3.2. Staining of Haemonchus

Resistant
Resistant
Resistant
Resistant

contortus

amphid neurons.

The experiments described above implicate amphid neurons
in IVM resistance, so it was decided to stain amphid neurons of
parasites resistant to IVM.
Amphids of male and female adult Haemonchus do not stain
with DiO. Similarly, L3 H. contortus larvae which have not been
exsheathed and larvae exsheathed using CO2 show no staining of
amphid neurons using FITC. In contrast, phasmid neurons of
sheathed and exsheathed L3 larvae stain brightly with FITC.
L3 H. contortus larvae ex sheathed using NaOCI take up FITC
A number of
into their amphid neurons and phasmid neurons.
neuron cell bodies are stained in L3 larvae treated in this way but
no discernible difference was observed between resistant (CAVR)
and sensitive (VRSG) worms.
The amphid neuron cell bodies
stained in these animals appear to be posterior to the basal bulb
of the pharynx in comparison to amphid neuron cell bodies of C
elegans that are anterior to the basal bulb. These differences
could be due to differing pharynx morphology between H.
contortus L3 and C. elegans.
The amphid neurons of some Ll and L2 H. contortus larvae
stain brightly with the lipophilic dye DiO (see Figure 2.2.). In
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contrast to L3 larvae, no phasmid stammg was observed in Ll or
L2 larvae. Figure 2.2. shows a photograph of a Ll H. contortus
larva stained with DiO. Six neuron cell bodies and dendritic
processes leading to them are visible in the photograph. Also in
figure 2.2. is a LI which has not stained with the dye.
Approximately half of all Ll H. contortus stained using th e
method outlined above (see Table 2.6.). This proportion was even
lower for L2 larvae.
Table 2.6. shows comparative data between Ll H. contortus
larvae of the two strains VRSG and CA VR stained with DiO. For
each strain, a proportion of worms showed staining in six cell
bodies, a proportion showed staining of between one and five cell
bodies and in the remainder no amphid neuron cell bodies took up
DiO stain.
Little difference in these proportions can be seen
between the two strains however, there were fewer CAVR strain
worms with 6 cells stained then VRSG worms with 6 cells stained.
There were also a large number of worms from both strains th at
failed to take up DiO into their amphid neurons, and which did no t
ingest any dye. Possibly these worms exhibit no amphid staining
because they are unhealthy, the lack of DiO in the gut might also
imply that they are feeding less than the other worms.
By
optimising buffer and staining conditions, this category of worms
might not occur. If worms without staining in the gut are ignored,
there are more worms without amphid staining in the CA VR strain
than the VRSG strain.
Despite these trends, there were no
significant differences found between the strains for any of the
categories using the contingency chi-squared method (P>O.05).

2.3.3. Electron microscopy
Haemonchus contortus.

of IVM resistant

and sensitive

L2 H. contortus larvae were examined by transmission
electron microscopy to see if any ultrastructural differences could
be observed between IVM resistant and sensitive strains.
One
individual from the IVM sensItive strain VRSG and two
individuals from the IVM resistant strain CAVR were examined.
No detectable difference were observed between resistant and
sensitive worms. A number of features of the H. contortus L2
amphid were observed which are likely to be homolocrous to
similar structures in C. elegans amphids. The H. contortus 0 larvae
examined had a dendritic process.
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Table 2.6.
Amphid neuron staining patterns in Ll larvae
of IVM resistant (CA VR) and susceptible (VRSG) strains of
Haemonchus contortus.
Number of cells staining with DiD in L 1 Larvae.

Strain

6 cells

o

1-5 cells

cells, with

o cells, no DiD

DiD in gut.

in gut.

CAVR

6% (1/16)

25% (4/16)

13% (2116)

56% (9/16)

VRSG

29% (4/14)

29% (4/14)

0% (0/14)

42% (6/14)

Total

17% (5/30)

27% (8/30)

7% (2/30)

50% (15/30)

Data expressed as the percentage of animals exhibiting amphid neuron and gut
staining.
The fraction of animals in each category is given in parentheses
following the percentage.
Contingency chi-squared analysis showed no
difference in the proportions between the two strains (p>O.05).

Figure 2.2. - Amphid neuron staining in a H.
larva.

contortus Ll

Shown are two Ll H. contortus (CAVR) larvae which have been exposed to the
lipophilic dye DiO (see methods). The lower worm has taken up the dye into
the amphid neuron cell bodies. Six cell bodies are visible along with some of
the dendritic processes leading to them. The upper worm has not stained with
DiO and also has not ingested any of the dye.
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Fil!ure 2.3. - Transmission electron microscope images of transverse sections through an
amphid of Haell10llchus CO/ltorlllS L2 CA VR strain (YRSG strain was also examined - nor
shown). I The most anterior section showing 9 cilia in the cuticle-lined channel formed by
the socket cell. 2 Posterior to section 1 the 13 cilia are seen grouped tightly together. 3 I...\.
cilia are "isible in the channel of the sheath cell in this section. two cilia are closelv ali~ned
\ blum arrow) and probably arise from a single dendrite which branches just posterior to
this section. Also visible \vithin the sheath cell are the microvillous processes of a "fing.:r"
cell (arrO\v head) "\!ld all elongated "wing-like" process (arrow). ..J Posterior to the sheath
cell channell J dendrites arc visihk.

that invaginated the sheath cell and bore many microvilli (see
figure 2.3.(3)) and is likely to be homologous to the C. elegans
amphid finger dendrite (AFD cell - (Ward, Thomson et ai., 1975)).
Also visible was a wing like process similar to the processes of
Awe or perhaps AWB from C. elegans, although this could also be
part of the finger cell process. Also resembling C. elegans, the H
contortus neurons passed through a channel formed by th e
sheath and socket cells to an opening in the cuticle (figure 2.3.).
The only feature observed which distinguishes the H. contortus
amphid from the C. eiegans amphids is the number of processes
in the amphid channel. In H. contortus L2, thirteen dendrites are
seen just posterior to the sheath cell (figure 2.3.(4)), giving rise to
fourteen cilia within the sheath cell channel (figure 2.3.(3)).
Further anterior in the cuticle lined channel formed by the socket
cell only thirteen cilia are visible (figure 2.3.(2)) and further
anterior still (figure 2.3.(1)) only nine cilia remain.
C. elegans,
however, has ten cilia which pass along the amphid channel to th e
exterior, three neuronal processes which run along the channel
before diverging to invaginate the sheath cell and one "finger" cell
which invaginates the sheath cell but does not run along th e
sheath channel (Ward, Thomson et ai., 1975). In H. contortus it is
likely that four of the thirteen cilia present in figure 2.3.(2) but
absent from 2.3.(1) simply terminate more posteriorly th an
remaInIng nine. There is no evidence that the cilia leave the
amphid channel and invaginate the socket cell, and no neurons
have been observed invaginating the socket cell in C. eiegans
(Ward, Thomson et ai., 1975).
It is unclear whether the
fourteenth cilium seen within the sheath cell channel of H.
contortus
(figure 2.3.(3)) but not present in the socket cell
channel (figure 2.3.(2)) terminates posterior to the other cilia 0 r
whether it leaves the channel and invaginates the sheath cell as
with the C. eiegans
neurons AWA, AWB and AWe (Ward,
Thomson et ai., 1975). It is also unclear whether the amp hid
"finger" process in H. contortus arises from one of the dendrites
visible in figure 2.3.(4), although this seems likely as there are no
other dendrite processes visible near the main group.
More
sections are necessary before a full description of the amphid of H.
contortus can be given, however it seems likely that the thirteen
dendrites give rise to a "finger" process, at least one "wing"
process and thirteen amphid channel cilia. To achieve this, more
than one dendrite must produce paired cilia, and evidence for this
is seen in figure 2.3.(3) where two cilia are seen close together just
anterior to the branch point.
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2.3.4. A number of additional
with IVM resistance.

phenotypes

are associa ted

2.3.4.1. Mutants selected for IVM resistance are also Dyf.
To further investigate the link between IVM resistance and
dyf mutations, a selection of strains originally selected for IVM
resistance (recessive IVM resistant strains isolated in mutagenesis
experiments - chapter 3 and some selected by Dr. C. Johnson
(Nemapharm» were analysed for dye filling with FITC. The alleles
tested were nrS, nrl09, au9, aull and aul2. All six were dye
filling defective, as were the negative controls che-3(eI124) and
osm-l (p808) (N2 was included as a positive control). In addition,
the dominant IVM resistance strains nr272, nr2344, nr2389 and
nr2477 have been stained with DiO and are Dyf (see also Chapter
3). To further confirm the relationship between IVM resistance
and dyf genes, complementation tests were conducted between
the IVM resistant mutation nrS which maps to linkage group I
and the Dyf mutants che-3(eI124)I and che-13(eI80S)1. che3(e 1124 )++/+nrSdpy-5(e61) animals
grew in liquid media
containing 8 ng/mL IVM, whereas worms of the genotype che13(e 180S)++/+nrSdpy-5(e61) were not IVM resistant which
suggests that the IVM-resistance mutation in nrS is in the che-3
gene.
2.3.4.2. che-3CnrS) is dauer formation defective.

Many dyf mutations are dauer formation-defective as well
as being defective in chemotaxis (Albert, Brown et al., 1981;
Perkins, Hedgecock et al., 1986). Analysis of che-3(nrS) revealed
that only 2% (3/387) of nr5 larvae from starved plates grown at
2SoC were resistant to 1% SDS. This is comparable to results for
the dauer-defective strain daf-l0(eI387), for which 3% (71203) of
larvae were SDS resistant in a parallel experiment.
Results for
both che-3(nrS) and daf-l0(eI387) are very different from those
for N2 in the same experiment; 63% (9S4/1S16) of N2 larvae from
starved plates grown at 2SoC were SDS resistant.
2.3.4.3. IVM resistance of dy f mutants is temperature sensitive.
The analyses outlined in the previous section were
undertaken at 20°C, except for analysis of daf-19 and daf-ll
alleles which were grown at ISoC.
As many C. elegans
phenotypes are temperature sensitive (eg. the dauer constitutive
mutants daf-19(m86) and daf-ll (m84 & m47», IVM resistance at
2SoC was also examined for unc-44
and a number of the
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nonUncDyf IVM resistant strains. The results presented III table
2.7. clearly illustrate that neither unc-44 or non Uncdyf m u tan ts
are resistant to S ng/mL IVM at 25°C.
A number of mutants (unc-44(e1197 & e362) che-12(eI8I2),
che-lO(eI809), che-ll(eI810), dyf-6(mn346), dyf-7(m537) and
dyf-12(saI27» have a temperature sensitive sterile phenotype at
25°C irrespective of the growth media.

Table 2.7. Temperature sensitivity of ivermectin
mutants.
resistance in unc-44
and nonUncdyf
Production
of F1 on
NGM @
20°C
yes
yes

Production
of F1 on
IVM @
20°C
no
yes

Production
of F10n
NGM @
25°C
Iyes, D
yes, A, D

Production
of F1 on
IVM @
25°C
no
no

yes

yes

no

mec-8(e398)

yes

yes

yes,A
Iyes, A, L

daf-1 O( e 1387)

yes

yes

I yes,

no

che-12(e1812)

yes

yes

che-10(e1809)

yes

che-11(e1810)

Strain

N2
osm-6(p811 )
osm-3(p802)

A, L

no
no

yes

no,A
no, A,D

yes

yes

no,A

no

unc-44( e 1197)

yes

yes

no

unc-44(e362)

yes

yes

no, A
no A,L

no

dyf-6(mn346)

yes

yes

no, A,D

no

dyf-7(m537)

yes
yes

yes
yes

no,A
no,A

no
no

dyf-12(sa127)

no

A - Sterile adult worms were present on the plates.
D - Larvae with a dauer appearance were present.
L - Larval ~tages other then dauers were present.
The table shows the growth of a number of dyf mutants on NGM or IVM
plates at 25°C. Many gravid adults (grown at 20°C) were allowed to lay
eggs on plates pre-incubated at 25°C. The plates (NGM or 5 ng/mL IVM)
were then left for a period of fifteen days after which they were scored as
having a healthy population of reproducing worms or were a starved culture
("yes"). The absence of progeny is indicated by "no".

osm-6 (p8II), che-IO (eI809) and dyf-6 (mn346) were
also observed to produce some 'dauer-like' larvae on NOM plates
at 25°C (larvae were not exposed to SDS to determine whether
they were true dauer larvae).
These three mutants have been
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previously

reported to be dauer formation-defective (Perkins,
Hedgecock et at., 1986; Starich, Herman et a!., 1995).
2.3.5. C. elegans sensitive to IVM show disorientation
when placed on IVM media.

Wild type worms tend to remain close to the bacterial lawn
(see figure 2.4.) but IVM resistant strains on NGM plates often
wandered far from the bacterial lawn on the plate's centre: when
the strains nr5 and nr272 were observed under low power on
NGM, plates appeared similar to figure 2.4.(2) (sensitive worms 0 n
Abnormal chemotaxis is associated with dyf
IVM plates).
mutations (Perkins, Hedgecock et al., 1986; Starich, Herman et al.,
1995).
Figure 2.4. shows the appearance of N2 and bor-l (g320) 0 n
NGM plates seeded with E. coli OP50. N2 worms concentrate
around

and in the bacterial

lawn, and few animals

arc visible

outside of the lawn area. bor-l(g320) worms congregate almost
exclusively on the borders of the bacterial lawn where th e
A few
bacteria are thickest (the lawn has a gridded shape).
minutes after being placed on 5 ng/mL IVM plates however, both
bor-l (g320) and N2 worms disperse over the whole plate (bo r1 (g320) worms shown in figure 2.4.(2».
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Fi2ure 2.4. - IVM Sensitive C. eLegans become disorientated when placed on media
containing 5 ng/mL IVM. Worms are shown at low magnification (approx 3X) on NGMagar or IVM plates. 1 bor-l (g320) worms on an NGM plate showing the bordering
phenotype. 2 bor-l (g320) adults 2-3 minutes after being placed on the surface of a 5
ng/mL IVM plate. The worms have not accumulated on the borders of the bacterial lawn,
but are spread across the whole plate. 3 Wild type (N2) worms on an NGM plate gather
mainly around the bacterial lawn. These worms also spread evenly when placed on IVM
plates (not shown).

2.4. DISCUSSION:
2.4.1.

Resistance status of mutant strains.

A variety of mutants was tested for IVM resistance and
supersensitivity. The observations reveal a great deal about the
nature of IVM resistance. The findings from each set of mutants
tested will be dealt with in turn.
2.4.1.1. IVM resistance of mutants with neuronal defects
associated with defects in amphid neuron sensory cilia.

is

Alleles of unc-44 and unc-33 were identified by Johnson
(Johnson, Pers. Comm., 1990) as conferring resistance to IVM. A
number of other mutations share morphological similarities wi th
unc-33 and unc-44. Strains carrying mutations in the genes unc6, unc-13, unc-33, unc-44, unc-S1, unc-61, unc-71, unc-73 an d
unc-98 all exhibit abnormalities in axonal outgrowth of PRe and
PVN cells (Siddiqui and Culotti, 1991), however only unc-33 and
unc-44 are resistant to IVM (table 2.1.). unc-33 and unc-44
mutants also have abnormalities in cell body position and axonal
morphology in three subsets of touch cell-circuit neurons
(PLM,ALM,AVM), (PHA,PHB) and (PHC,PVN), but not in the
inhibitory motor neurons VD and DD (Siddiqui, 1990).
unc-61
exhibits similar defects but is not IVM resistant, and neither are a
number of other mutant strains with defects in subsets of these
cells andlor (VD,DD); unc-5, unc-6, unc-13, unc-25, unc-30, unc34, unc-40, unc-S1, unc-62, unc-71, unc-73, unc-76, unc-8S, unc98 and unc-I04 (Siddiqui, 1990)(table 2.1.).
Hedgecock, et al.
(1985) (Hedgecock, Culotti et aI., 1985) used FITC staining to
analyse the neuronal abnormalities of a range of uncoordinated
mutants and found that unc-33, unc-44, unc-51
and unc-76
shared defects in axonal guidance of post-deirid, amphid and
phasmid neurons. unc-33 and unc-44 stain only faintly with
FITe, by comparison unc-51 and unc-76 are wild type with
respect to amp hid neuron dye filling. Electron microscopy of unc33 and unc-44 mutants (Hedgecock, Culotti et al., 1985) revealed
that the sensory cilia of amphid neurons were slightly shorter
than wild type. unc-I01 mutants also stain faintly with DiO (Hall
and Hedgecock, 1989) and are IVM resistant (table 2.2.)
Therefore, the unc mutations which confer IVM resistance are
distinguishable from other unc mutations only by defects in
amphid neuron sensory cilia.
Mutants defective for levels of the neurotransmi tters
serotonin, dopamine and octopamine (Sulston, Dew et aI., 1975;
Horvitz, Chalfie et ai., 1982; Wood, 1988) were analysed for IVM
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resistance and mutants defective in octopamine were found to be
IVM resistant (table 2.2.). The octopamine deficient mutants che3,osm-3 and daf-10 share defects in amphid neuron sensory
cilia in addition to the neurotransmitter defect. Thus the A vrDyf
phenotype is common to osm-3, che-3 , daf-l 0 , unc-33 , unc-44
and unc-10l.
2.4.1.2. IVM senSItiVIty is influenced by exposure
neuron sensory cilia to the external environment.

of amphid

The entire sensory anatomy of C. eiegans has been
elucidated from serial sections using the electron microscope
(Ward, Thomson et ai., 1975; White, Southgate et ai., 1986; Wood,
1988). Although there are a wide variety of putative sensory
structures III C. elegans
(including putative mechanosensory
structures III the head and pharynx and a range of sensory
structures III the male copulatory bursa and spicules (Wood,
1988)), there has been special interest in the touch receptors
which lie along the body of the animal beneath the cuticle and also
in sensory structures organised into special sensory organs, th e
sensilla. In the hermaphrodite there are two amphid sensilla, six
inner labial sensilla, six outer labial sensilla and four cephalic
sensilla arranged around the mouth of the worm (Ward, Thomson
et ai., 1975) and two deirid sensilla, two post-deirid sensilla and
two phasmids (Wood, 1988). The male has two additional classes
of sensilla, the postcloacal sensilla and the hook sensillum (Wood,
1988). Neurons with putative chemosensory roles are located in
sensilla with an opening to the external environment.
In the
hermaphrodite these include the amphids and the phasmids which
c,ontain neurons which stain with DiO andlor FITC and the inner
labial sensilla which don't stain with these dyes. The male has
additional putative chemosensory sensilla in the tail (Wood, 1988),
and the cephalic sensilla of the male contain an extra neuron
which reaches through the cuticle (Ward, Thomson et ai., 1975),
none of these structures stain with FITC or DiO in wild type males.
All neurons which invaginate the channels of porous sensilla, and
many of those that are associated with non-porous sensilla, h a v e
ciliated endings. A variety of mutant strains exist, including 0 s m3, che-3 , daf-10 , unc-33 ,unc-44 and unc-10l, in which the
ciliated endings of all or a subset of sensilla neurons are
misdirected, malformed or missing (Ward, Thomson et al., 1975;
Hedgecock, Culotti et aI., 1985; Perkins, Hedgecock et ai., 1986; Hall
and Hedgecock, 1989).
The finding that osm-3, che-3 , daf-10 ,unc-33 and unc-44
are resistant to 5 ng/mL IVM, suggested that other mutants with
defective chemosensory cilia may also be IVM resistant. To tes t

71

this idea a number of mutants with defective chemosensory cilia
and some mutants defective in chemotaxis with normal cilia were
analysed for IVM resistance (table 2.3.).
Another marker for
amphid neuron function is the ability to form dauer larvae, so
included in these tests were mutant strains with defective d au er
formation but normal amphid cilia, to see if defective dauer
formation could impart IVM resistance without associated amphid
morphology defects.
Results of these tests indicate that resistance of C. elegans to
5 ng/mL IVM can be conveyed by a group of thirty mutations
disrupting amphid chemosensory cilia, associated structural cells
(eg daf-6 which affects the sheath cell) or the extracellular matrix
surrounding the cilia (che-12).
A common feature of these
mutants is the pattern of amphid neuron staining with FITC and
DiO, staining is either absent from all, or a subset of, amphid
neurons when compared to wild type worms, or is fainter than for
wild type. Twenty seven of these belong to a group of mu tations
referred to from here on as Dyf mutants. Dyf mutants, che-2, che3, che-lO, che-ll, che-12, che-13, daf-6, daf-lO, daf-19, osm-l"
osm-3" osm-5" osm-6, mec-8 and dyf-l, dyf-2, dyf-3, dyf-4, dyf5, dyf-6, dyf-7, dyf-8, dyf-9, dyf-10, dyf-ll, dyf-12, dyf-13, all
have defective amphid channel cilia as revealed by electron
microscopy (Ward, Thomson et al., 1975; Albert, Brown et al.,
1981; Perkins, Hedgecock et al., 1986; DeRiso, Ristoratore et al.,
1994) and/or by staining with FITC and DiO (Perkins, Hedgecock et
al., 1986; Starich, Herman et al., 1995), but possess normal
movement.
unc-33, unc-44 and unc-lOl all have defects in
amphid chemosensory cilia (Hedgecock, Culotti et ai., 1985; Hall
and Hedgecock, 1989) and are uncoordinated.
Dyf mutants
typically display a number
of common
phenotypes. All Dyf mutants are defective in chemotaxis and/or
osmotic avoidance (ie. they fail to orient toward chemoattractants
or to avoid solutions with high osmotic strength - (Perkins,
Hedgecock et al., 1986; Starich, Herman et al., 1995)). Most Dyf
mutants also have defective male mating ability, and fail to form
dauer larvae (except daf-19, dyf-9, dyf-lO, dyf-12, dyf-13
(Perkins, Hedgecock et al., 1986; Starich, Herman et al., 1995)).
daf-19 is unusual in that it forms dauer larvae constitutively,
particularly at high temperature (Perkins, Hedgecock et al., 1986).
For the majority of Dyf loci that have been examined, there is
allelic variation for the Che, Daf and Avr phenotypes. Recent work
has revealed that even the Dyf phenotype is variable between
alleles at some loci (Johnson, Pers. Comm., 1995, (Shakir, Miwa e t
al., 1993)).
Mutants with faint DiO or FITC staining (Perkins, Hedgecock
et al., 1986) are resistant to IVM (che-12(e1812), unc-33, unc-44
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). mec-l(el066) mutants however are Dyf with low penetrance
(ie. in a small number of individuals, no FITC staining is observed
_ Perkins et at., 1986), and this mutant is not IVM resistant. The
neurons CEP(cephalic sensilla), ADE (deirid sensilla), PDE (posterior
deirid sensilla) and copulatory ray sensory neurons do not stain
with FITC in wild type worms but do stain in a number of Dyf
mutants (Perkins, Hedgecock et at., 1986). CEP, ADE and PDE also
often stain in cat-6 mutants (Perkins, Hedgecock et at., 1986). As
cat-6 is not IVM resistant, exposure of these neurons is unlikely
to be important to IVM resistance.
Similarly, che-l mutations
cause an additional amphid neuron (AFD) to become severely
disorganised (Lewis and Hodgkin, 1977) and to stain with FITC
(despite AFD not being stained in N2 (Perkins, Hedgecock et at.,
1986», and this is unlikely to be important to IVM resistance as
this strain is sensitive to IVM. In addition, che-l and che-6
mutations cause the ciliated endings of inner labial sensilla to be
shortened (Lewis and Hodgkin, 1977): the normal sensitivity of
these strains to IVM indicates that the inner labial sensilla are not
likely to be involved in IVM resistance.
mec-2, che-5, che-7, tax-3 and tax-6, which are m u tan ts
with abnormal chemotaxis but with normal amphid cilia (as
revealed by FITC staining (Perkins, Hedgecock et at., 1986) or
electron microscopy (Lewis and Hodgkin, 1977» are not resistant
to IVM (table 3). Similarly, mutants abnormal for dauer larvae
formation but with normal amphid cilia were sensitive to IVM
(Table 3). Additionally, however, a number of nonDyf chemotaxis
defective mutants are slightly IVM resistant.
osm-ll(nI604),
tax-2(p671), tax-4(p678) and tax-5(p672) are resistant to 2.5
ng/mL IVM.
Further characterisation of these mutants may
reveal something of the mechanism of resistance in these strains.
tax-4 has recently been cloned and the gene has homology to a
vertebrate cyclic nucleotide channel with functions in olfactory
and visual signal transduction (Komatsu, Mori et at., 1995). This
may indicate that interruptions of signal transduction as well as
prevention of exposure of amphid cilia can be involved in IVM
resistance. Further evidence for a role of signal transduction in
IVM resistance is provided by the observation that mutations
which inhibit synapse function suppress IVM resistance in Dyf
worms (Chapter 4).
To further investigate the link between IVM resistance and
isolation of the amphid cilia from the external environment, a
number of mutants with unusual head morphology were
examined for IVM resistance (table 4).
The mutants tested
belonged to three phenotypic classes (Wood, 1988): bli m u tan ts
have blisters in the cuticle which are concentrated around the
head region, mor mutants have a shortened and rounded head and
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vab mutants with a Notch phenotype (vab-l, vab-2, vab-3, vab-l 0
) have misshapen heads due to dystrophy of the ventral side or a
sharp bend in the head region.
A number of these head morphology mutants were resistant
to very low concentrations of IVM (2.5 ng/mL - Table 4 )
indicating that non-neuronal defects preventing exposure of
amphid neurons can also decrease sensitivity of C eiegans to
IVM. Blisters in the cuticle of the head end of the animal may
obscure the amphids and prevent amphid cilia being exposed
(some of these mutations are Dyf in the adult with low penetrance
- data not shown). The mutants bli-l (e769), bli-2(e768) and bii5(eS18), have a more pronounced blistering phenotype and are
resistant to 2.S ng/mL IVM. bli-3(e767), bli-4(e937) and bli6(sc16) are not resistant and have a less severe blistering
phenotype.
In contrast, there appears to be no relationship
between severity of the Notch phenotype and IVM resistance: the
severely abnormal
mutants
vab-l (e2) and vab-2(e96) are
resistant, but another severely abnormal Notch mutant, va b3(e648), is superSenSItive to IVM. The rounded head mutants
mor-l(e1071) and mor-2(e1125) were both resistant to 2.S
ng/mL IVM and are also chemotaxis defective (Lewis and
Hodgkin, 1977).
To summarise the findings outlined above, mutations which
result in shortening or misdirection of ciliated endings of amphid
and phasmid channel neurons, defects in the extracellular matrix
surrounding the cilia or defects in the sheath cell leading to
obstruction of the amphid channel confer IVM resistance (5
ng/mL). 27 Dyf and 3 unc loci meet these criteria; as no mutants
are available which have normal phasmids and abnormal amphids
or vice versa, it is unclear whether both amphids and phasmids
need to be disrupted or whether disruption of only one of the tw 0
classes of sensilla is sufficient.
Some mutants which are
chemosensory defective but with normal amphid cilia, are slightly
resistant to IVM (2.5 ng/mL). Molecular evidence suggests that
the affected gene in one of these mutants (tax-4) is homologous to
vertebrate genes involved in chemosensory function (Komatsu,
Mori et ai., 1995).
Finally, mutations which confer head
morphology defects may conceal the amphid openings and a
number of these mutants, from seven loci, are slightly resistant to
IVM (2.5 ng/mL). Two of these (mor-l and mor-2 ) are also
chemotaxis defective.
2.4.1.3. Mutants selected for IVM resistance are alleles of Dyf loci.
Dyf mutants typically display a number of pleiotropic
phenotypes. All Dyf mutants (Perkins, Hedgecock et ai., 1986), are
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defective in chemotaxis (Che) and/or osmotic avoidance (Osm)
(Perkins, Hedgecock et ai., 1986; Starich, Herman et ai., 1995).
Most Dyf mutants also have defective male mating ability, and fail
to form dauer larvae (Daf-d) (except daf-19, dyf-9, dyf-10, dyf12, dyf-13 - (Perkins, Hedgecock et ai., 1986; Starich, Herman e t
ai., 1995».
daf-19
is unusual in that it forms dauer larvae
constitutively (Daf-c), particularly at high temperature (Perkins,
Hedgecock et ai., 1986). For the majority of Dyf loci that have
been examined, there is allelic variation for these phenotypes
(Perkins, Hedgecock et ai., 1986; Starich, Herman et ai., 1995) and
recent work has revealed that even the Dyf phenotype is variable
between alleles at some loci (Johnson, Pers. Comm., 1995, (Shakir,
Miwa et al., 1993».
To further investigate the link between Dyf loci and IVM
resistance, some mutants selected on the basis of IVM resistance
alone were analysed for the Dyf, Che and Daf-d phenotypes.
Results presented above,. and in chapter three, show th at
mutations in at least four separate IVM resistance genes are Dyf
and Johnson (Pers. Comm., 1994), has subsequently shown that
most mutants from another collection of IVM resistant strains (525 ng/mL) are Dyf. These mutants carry alleles of between
twenty five and thirty loci and most are allelic to the Dyf m u tan ts
discussed above.
Initial observations of IVM resistant mutants indicated th at
these worms wandered far from the bacterial food source
provided on seeded NGM plates. To illustrate this observation,
photographs of worms on plates were compared to photographs of
N2 worms. The spread of IVM resistant worms across the plates
was far greater than the N2 worms (similar to figure 2.4.(2». This
work has been continued by others (Grant, Pers. Comm., 1995) and
quantitative evidence for a number of IVM resistance strains
shows that they are defective in chemotaxis.
Finally, at least one IVM resistant mutant, che-3(nr5), IS
dauer formation defective. It seems likely that the majority of
mutants selected in IVM resistance screens will also be Daf-d.
To confirm the link between Dyf and IVM resistance
mutations, it was necessary to prove that some of these mutations
were allelic.
As reported
above, che-3(eI124) failed to
complement an IVM resistance mutation nr5 for the IVM
resistance phenotype. In addition, two separate loci defined by
IVM resistance mutations were shown to be allelic with Dyf loci
by genetic mapping and complementation of the Dyf phenotype
(Chapter 3).
A number of other previously defined IVM
resistance loci have been shown to have identity with Dyf loci by
complementation (Johnson, Pers. Comm., 1994).
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To summarise, the most prevalent IVM resistance mutations
at the 5 - 25 ng/mL level share phenotypes with alleles of Dyf
loci. The genetic basis of this relationship has been shown to be
that selection for IVM resistance selects alleles of Dyf loci. While
not all IVM resistance
mutations
havc been
tested
by
complementation with dyf mutations, it seems likely that Dyf an d
IVM resistance loci are equivalent.
2.4.l.4. Supersensitivity
mutations.

to IVM

IS

conferred

by

a range

of

A preliminary investigation of supersensitivity to IVM is
presented here which gives some insight into the type of mutants
which may be able to increase IVM sensitivity. A rationale for
supersensitivity exists for two classes of mutants chosen for this
experiment.
Firstly eat
mutants, which show various defects in
pharyngeal pumping, were chosen because of the apparent action
of IVM on the nematode pharynx (Avery and Horvitz, 1990;
Geary, Sims et ai., 1993). It might be reasoned that mutations
which weaken pharyngeal activity may increase IVM sensitivity
via an additive effect: ie. if the pharynx is already weakened, then
it might
become
non-functional
In
response
to
lower
concentrations of IVM. Of nine eat mutants tested for IVM
supersenSltIvlty, six were sensitive to l.25 ng/mL IVM (figure 1).
The pharyngeal pumping defects in the three eat mutations with
wild type drug resistance are less severe than those of the six
supersensitive mutants (Avery, 1993). Pharyngeal pumping in
eat-I, eat-2, eat-3, eat-7 and eat-8 mutants is slower than wild
type and all these mutants are supersensitive to IVM. The eat-9
mutant also exhibits slower pumping than wild type but th e
defect is less severe; eat-9 is also not super sensitive to IVM.
Similarly, both eat-4 and eat-6 mutants are defective in pharynx
muscle relaxation; the more severe effect is seen in eat-6 and this
mutant is super sensitive to IVM. The anterior and posterior
parts of the pharynx fail to close in a synchronised manner in eat5 mutants. eat-5 is not supersensitive to IVM. Further analysis
of eat mutants is needed to investigate correlations between IVM
sensitivity
and
severity
of Eat phenotypes:
specifically,
establishment of IVM sensitivity for allelic series of mutants with
different severity of the Eat phenotype.
The number of loci at which mutations occur affecting
pharyngeal pumping is larger than the set of nine eat m u tan ts
shown in figure 1. Since the completion of that work, a further
eight eat loci have been reported (eat-IO, eat-II, eat-I2, eat-I3,
eat-14, eat-I5, eat-16 & eat-I7 ) and alleles of eight unc loci, aex-
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3, ric-2, pha-2, pha-3, phm-2 and phm-3, have been shown to
confer pharyngeal function defects (Avery, 1993). It would be
informative to analyse all these mutants for IVM sensitivity.
The second class of mutants analysed for supersensitivity to
IVM were mutations affecting head morphology (figure 1 an d
previous section). It was reasoned that some of these mutations
may make the amphid channels more exposed to the external
environment whereas others may conceal the channel openings.
If amphid channel integrity is closely associated with IVM
resistance, then it might be expected that mutations increasing the
exposure of amphid channel neurons may also cause increased
sensitivity to IVM. Of six bli, two mor and four vab mutants
analysed, only vab-3(e648) was sensitive to 1.25 ng/mL IVM.
The ultrastructure of another vab-3 mutant (el062) has been
determined by electron-microscopy (Lewis and Hodgkin, 1977).
This mutant was observed to retain most of its amphid sensory
cilia, but various malformations were observed in the cuticular
structures around the amphid openings, the sheath and socket cell
complex and the position of the amphids in relation to wild type
worms. In the majority of cases, the amp hid neurons failed to
reach the exterior of the animal. It appears unlikely therefore
that supersensitivity of vab-3
to IVM is due to increased
exposure of amphid neurons, though changes in other nonneuronal structures might be important to IVM sensitivity in this
mutant. Another explanation for super sensitivity to IVM in vab3(e648) might be due to disrupted pharyngeal function as in the
Eat mutants described above, as Lewis and Hodgkin (1977) found
that pharyngeal muscle cells were also abnormally positioned 1 n
vab-3(el062).
mec-l(el066) was found by Lewis and Hodgkin (1977) to
have unusually long amphid channel cilia, but this mutant is not
supersensitive to IVM. Increased exposure of amphid neurons
might increase IVM sensitivity, however it is not clear whether
mec-l(el066) amphid neurons protrude beyond the amphid
channel opening, or just further along the channel.
It is still
unclear therefore whether increased exposure of amphid neurons
results in increased sensitivity to IVM. To further explore this
avenue it would be necessary to find mutants with abnormally
exposed amphid cilia. Some candidates may be mutants with
abnormal cuticle formation; examination of ultrastructure would
also be necessary to confirm amphid cilia were more exposed th an
in wild type animals.
Another five mutants were discovered which were sensi ti ve
to 1.25 ng/mL IVM, through random screening.
A sma-5(n678)egl-15(n484) strain was found to be sensitive
to 1.25 ng/mL IVM (figure 1). The supersensitivity of this strain
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to IVM is most likely due to the sma-5 (smaller than wild type)
mutation as egl-15 alone has wild type drug sensitivity.
che7(e1128) is also sensitive to 1.25 ng/mL IVM. che-7(eI128) is
chemosensory-defecti ve
and
has
normal
chemosensory
ultrastructure (Lewis and Hodgkin, 1977).
Interestingly, this
mutant also has a slightly small phenotype (Lewis and Hodgkin,
1977). These two results suggest that it may be informative to
test a range of sma mutants for IVM sensitivity.
lin-15(n309) and mab-5(eI239) are mutants exhibiting a
range of cell lineage defects.
There are few common defects
shared by these mutants (Wood, 1988). Analysis of a range of lin
mutants may reveal a subset of mutants with common defects
that are sensitive to 1.25 ng/mL IVM.
Finally, unc-86(eI416) is sensitive to 1.25 ng/mL IVM. The
gene disrupted
in this mutant
encodes
a neuron-specific
transcription factor (Xue, Finney et aI., 1992). The UNC-86 protein
interacts with the MEC-3 protein in touch receptor cells as an
essential part of touch cell differentiation. Many cell lineages are
disrupted in unc-86, such as the vulval innervating neurons (HSN)
which are missing in these mutants.
unc-86 mutants are also
defective in chemotaxis toward NaCI (Wood, 1988): perhaps the
IVM supersensitivity of unc-86 indicates that UNC-86 also plays a
role in amphid or pharyngeal neuron differentiation.
The preliminary investigation of IVM supersensitivity in C
elegans presented here (table 2.4.) has revealed that a range of
mutants with defective pharyngeal function are sensitive to lower
concentrations of IVM than wild type. Mutants with smaller than
wild type size and mutants with disruptions to cell lineages are
also implicated in IVM supersensitivity, as is one mutant in vol ved
in neuron differentiation. Further analysis of selected mutants for
IVM sensitivity, similar to that conducted in the investigation of
IVM resistance outlined above, may reveal much about the mo de
of action of IVM in C. elegans.

2.4.2. Staining of Haemonchus
and electron microscopy.

contortus

amphid neurons

2.4.2.1. IVM resistance and amphid defects in H. con tortliS.
It was not possible to establish a relationship between
amphid neuron staining and IVM resistance in H. contortlls with
FITC and DiO and IVM resistance in H. contortus with the data
collected so far (see Results) due to difficulties with staining
various stages, the possible heterogeneity of the strains used and
small sample size. Further experimentation might overcome these
problems and reveal a relationship between amphid neuron
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abnormality and IVM resistance in H. contortus similar to th at
reported above for C. elegans. Ultrastructural examination of the
amphids may offer an alternative to the use of dyes, although in
the present study of three L2 worms, two from the IVM resistant
CAVR strain and one from the IVM sensitive VRSG strain, has
revealed no difference between the amphids of the two strains
(Figure 3). It is unlikely therefore that dye filling will be useful in
detection of IVM resistance in H. contortus and it is also possible
that if any amphid defects are associated with IVM resistance in
this species, they are also too subtle to be detected with the
electron mIcroscope.
2.4.2.2.
Comparisons
of
amphid
morphology
developmental stages and between species.

between

The staining patterns of H. contortlls
amphid neurons
presented here indicate that the physiology and/or anatomy of
the amphids is probably different for different stages in the life
cycle. L1 and L2 larvae stain with DiO but the staining is variable.
L3 (infective stage) H. contortus only stain with FITC (which in C
elegans stains most of the neurons that stain with DiO - see
Chapter 1) after they have been exsheathed chemically using
sodium hypochlorite, but not when exsheathed
using ~.
Similarly, adult H. contortus were not able to be stained in vitro
using DiO.
The staining patterns of H. contortus amphid neurons
presented here, indicate that the physiology and/or anatomy of
the amphids is probably different for different stages in the life
cycle. L1 and L2 larvae stain with DiO but the staining is variable.
L3 (infective stage) H. contortus only stain with FITC (which in C
elegans stains the same set of neurons as DiO) when exsheathed
chemically using sodium hypochlorite.
Similarly, adult H
contortus were not able to be stained in vitro using DiO.
Ultrastructural
examination of H. contortlls
amphids,
suggests that changes in amphid anatomy occur between the freeliving L2 stage and the infective third stage.
Serial section
electron micrographs of L2 H. contortus larvae revealed t hat
thirteen ciliated neuronal processes were present in the amphid
channel. In comparison to our results for the L2 stage, Schad and
Ashton (Pers. Comm, 1993) have investigated the ultrastructure of
the amphid of L3 stage H. contortus and have found eleven
neuronal processes which pass along the amphid channel. Few of
these reach the outside of the worm.
In C. elegans, the L2 and adult have similar amphidial
ultrastructure
(Ward, Thomson et al., 1975), however
the
resting/dispersal alternate third stage larvae (the dauer I arv ae)

79

exhibit some differences
III
amphid
neuron
structure
1n
comparison to the other stages (Albert and Riddle, 1983).
Specifically, two of the amphid neuron cilia belonging to th e
neurons ASG and ASI terminate more posteriorly in the dauer
larvae than in adults or L2 larvae.
In this respect then, th e
difference between L2 and dauer larvae is similar to the
difference between L2 and L3 H. contortus larvae.
Failure of amphid neurons of L3 H. contortus larvae to stain
with FITC, might be due to prevention of entry of FITC into the
amphid pore by secretions emanating from it. L3 H. contortus '
amphids are implicated in the secretion of a glycoprotein
substance involved in exsheathment of L3 larvae on entry into the
host (Bird, 1990) and an increase in the relative size of the
amphids between H. contortus L2 and L3 larvae has also been
reported (Gamble, Lichtenfels et al., 1989).
A developmental
change observed in the dauer larva of C. elegans is the adoption
of a secretory function by the amphid sheath cell. The secreted
material protects the amphids from damage by SDS (Albert and
Riddle, 1983). In Dirofilaria immitis, an amphid neuron develops
and adopts a neurosecretory function in the third to fourth stage
moult (Delves, Webb et al., 1989). This moult coincides with en try
of the third stage larvae into the definitive vertebrate host from
the mosquito vector, and so has functional similarity to the L2-L3
H. contortus moult which takes place shortly after entry of
infective larvae into the host.
Differences in amphid staining
between the L2 and L3 H. contortus larvae might be due to
amphid secretions, and treatment of L3 worms with NaOCI may
temporarily dissolve amphid neurosecretions allowing FITC to be
taken up by amphid neurons.
Perhaps the amphids of H. contortus may retain a secretory
role through to the adult stage. If this was the case, it would
provide an explanation for resistance of the adult amphid neurons
to DiO staining. Neurosecretion of Ascaris has been observed to
dramatically increase on removal of the adult from the host
(Davey, 1964). If a similar mechanism operates in H. contortus,
this would presumably further decrease the chance of FITC and
DiO reaching any exposed amphid neuron endings in vitro.
Differences in amphid neuron placement, amphid pore size
and secretory function observed between L2 and L3 H. contortus
may indicate developmental changes between these stages. Both
L3 H. contortus and C. elegans dauer larvae are cryptobiotic
stages that are capable of surviving long periods under harsh
conditions before entering the next stage of the life cycle. It is
logical therefore that similar changes in amp hid structure may
occur in both the L2 to L3 change for H. contortus and the L2 to
dauer change for C. elegans.
The observations
presented
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here on stammg of H. contortus amphid neurons with FITC and
DiO, along with electron microscopy of the amphids of L2 larvae
and reports in the literature, strongly indicate that changes in
amphid structure and function accompany development of this
species through the life cycle. More experimentation is necessary
to confirm the role and function of the amphid in free-Ii ving,
infective and parasitic stages of H. contortus. Studies involving
scanning and transmission electron microscopy, amphid neuron
stammg and staining of secretions produced by the amphids, will
perhaps fully reveal the relationship between development and
amphid structure in trichostrongylid parasites.
The ultrastructure of the amphids of many nematodes is
similar (McLaren, 1976; Maggenti, 1981; Bird and Bird, 1991).
Typically, there is an amphid channel formed by a socket and
sheath cell leading to a pore in the cuticle (Ward, Thomson et al.,
1975; McLaren, 1976; Maggenti, 1981; Bird and Bird, 1991). A
number of neurons with ciliated endings pass along the channel
and are assumed to be chemosensory. Some neurons which pas s
along the channel also diverge from the channel and invaginate
the sheath cell. Associated neurons which invaginate the sheath
cell but which do not run along the amphid channel are also
usually present (Ward, Thomson et al., 1975; Bird and Bird, 1991).
The structure of the amphids of Dipettalonema viteae adults,
Necator americanus
adults and L2 Meloidogyne
incognita
(McLaren, 1976) is similar to that of C. elegans (Ward, Thomson et
ai., 1975). Between species variations in the number of amphid
neurons are not widely documented (Bird and Bird, 1991), but in
most Tylenchoidea, eleven dendrites innervate the amphid, in
Capillaria hepatica there are ten (Wright, 1974), in C. elegans
there are twelve (Ward, Thomson et al., 1975), and in H. contortus
there are thirteen (figure 2.3).
It should also be noted that the
majority of amphid ultrastuctural studies have concentrated 0 n
nematodes of class Secernentea.
Adenophorean
nematodes
characteristically
have
more
posteriorly
placed
amphids
associated with larger, often complex cuticular pores (Wright,
1974; Maggenti, 1981; Nicholas, 1984).
Serial section electron micrographs of L2 H. contortus larvae
revealed that thirteen ciliated neuronal processes were present in
the amphid channel, with only nine extending to the most anterior
section. The most posterior section taken suggests that thirteen
dendrites give rise to these cilia and to a "finger" process and to at
least one "wing" like process, indicating that some of the cilia in
the amphid channel are branched processes from single dendrites.
It could not be determined from the sections whether any of the
processes diverge from the channel to invaginate the sheath cell.
In C. elegans (Ward, Thomson et al., 1975), eleven dendrites
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follow the amphid channel, three of them diverging from the
channel to invaginate the sheath cell.
The remaining eight
dendrites give rise to ten cilia (two of the dendrites have paired
cilia) which follow the channel to the exterior of the worm. It is
likely that the thirteen cilia in the amp hid channel of L2 H
contortus
are processes arIsIng from a smaller number of
dendri tes.

2.4.3.

Ivermectin

acts

to

disorient

sensitive

nematodes.

Observations presented here (see Results - Figure 2.3.)
provide qualitative evidence that sensitive C. elegans become
disorientated
when
placed
onto
media
containing
IVM.
Observations by Grant (Pers. Comm., 1994), gathered from
chemotaxis experiments (using a method based on that of (Grewal
and Wright, 1992)), provide clear evidence that IVM significantly
impairs chemotaxis of sensitive C. elegans
toward bacteria.
Similar results have been obtained with H. contortus L2 larvae.
Observations of nematode disorientation in response to a range of
substances has been documented (Perry, 1994). The possibility
that disorientation is a general response of nematodes to toxins
must
be
considered,
however
observations
of specific
ultrastructural changes in the amphid sheath cell of Pratylenchus
penetrans in response to aldicarb may indicate otherwise. Recent
observations of the effects of IVM on other C. elegans behaviours
under the influence of chemosensory control, also point to a
specific action of IVM on chemosensation or the processing of
chemosensory signals.
For example, the genetics and neurobiology of egg laying
behaviour in C. elegans has been investigated (Croll, 1975; Huang,
Tattar et al., 1982; Trent, Tsung et al., 1983; White, Southgate e t
ai., 1986). Croll (1975) studied effects of indolealkylamines 0 n
vulval
muscle
contraction
and egg-laying
in C. elegans,
Panagrellus redivivus and Aphelenchus avenae. Serotonin, 5hydroxy-tryptophan and epinephrine (adrenalin) all stimulated
vulval muscle contractions in C. elegans and A. avenae, (only
serotonin was tested on P. redivivus and it had similar effects on
vulval muscle). No drugs were found which inhibited egg-laying
or vulval muscle stimulation. Huang et al. also studied the effects
of serotonin on vulval muscle contractions in C. elegans, the y
confirmed the results of Croll (1975) and also noted an inverse
relationship between the rate of pharyngeal bulb pulsation and
the rate of vulval muscle contraction. Horvitz et al. (1982) noted
that octopamine inhibited egg laying in C. elegans, and noted that
the amphid neuron mutants che-3, osm-3
and daf-10
had
depressed octopamine levels. The octopamine-receptor blocking
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drug phentolamine has also been shown to stimulate egg-laying
(Trent, Tsung et ai., 1983). These observations could indicate th a t
octopaminergic neurons in the amphid can act to inhibit egg
laying. White et ai. (1986) subsequently reported that the amphid
neurons AS} (chemical synapse) and ASK (gap junction) innervate
PVQ interneurons. PVQ is presynaptic with the HSN neurons (and
also forms synapses with the AVFs, which in turn are presynaptic
to the HSNs) which have been shown to be the major neurons
controlling vulval muscle (Sulston and Horvitz, 1981; Trent, Tsung
et ai., 1983). ASK also synapses with AVF which is presynaptic to
the HSNs (White, Southgate et ai., 1986). The HSN neurons have
also been shown to be serotonergic, suggesting that responses to
exogenous serotonin are mediated at the synapse between the
HSNs and the vulval muscle (Trent, Tsung et ai., 1983). Amphid
cilia of both AS} and ASK neurons are severely shortened in che-3,
osm-3 and daf-IO (Perkins, Hedgecock et ai., 1986). Trent et ai.
(1983), undertook a genetic analysis of egg-laying; mutations at
forty loci were found to inhibit egg-laying and the egg-laying
response of the mutants to serotonin, imipramine (which blocks
presynaptic
uptake
of serotonin, potentiating responses
to
endogenous serotonin), levamisole (a cholinergic agonist) and
phentolamine (which blocks octopaminergic receptors), all of
which stimulate egg-laying in wild type worms, was investigated.
While the responses to levamisole and phentolamine were
variable, responses to imipramine and serotonin allowed division
of the mutants into five categories:
Category A - mutants did not respond to either imipramine or
serotonin.
Category B - mutants responded to serotonin but not imipramine.
Category C - mutants responded to both imipramine and serotonin.
Category D - mutants responded to imipramine but not serotonin.
Category E - variable or intermediate response to both drugs.
Category A mutants have defects in the vulval muscle, and
therefore cannot respond to either imipramine or serotonin. The
major motor neuron
class (HSN) innervating
the vulval
musculature is serotonergic, therefore application of serotonin will
overcome mutations resulting in the failure of HSN to form proper
synapses with vulval muscle (mutants in classes B). Among the
type C egg laying deficient mutants are a number of dauer
formation constitutive mutants (daf-l, daf-7, daf-8 and daf-14).
The biological defects associated with these most likely are
associated with the function of neurons presynaptic to HSN. As
dauer formation is also under chemosensory control (Albert,
Brown et ai., 1981; Albert and Riddle, 1983; Bargmann and
Horvitz, 1991), it is likely that some category C mutants affect
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processmg of chemosensory signals which influence both egglaying and dauer larva formation.
Observations by Grant (Pers. Comm., 1994) have indicated
that IVM inhibits egg laying.
IVM inhibition of egg laying is
reversed by application of exogenous serotonin or imipramine:
this action of IVM therefore phenocopies the defects associated
with type C egg laying defective mutants (Trent, Tsung et ai.,
1983).
IVM might act to disrupt higher nervous system functions
and so affect a wide range of behaviours. The similarity between
type C egi mutations and IVM effects and the apparent actions of
IVM on pharyngeal function and chemotaxis are consistent with
this idea. If IVM acted only in chemosensory organs such as th e
amphids, this might also explain the effects of the drug on a range
of behaviours. The effects of IVM on egg laying and chemotaxis
may well be linked as the egg laying defect phenocopies the t y P e
C egl mutants, but an effect on pharyngeal function might be
direct or indirect.
The pharynx may respond to nervous
stimulation from outside the pharyngeal nervous system, but it
will function when links to the extrapharyngeal nervous system
have been ablated (Avery and Horvitz, 1989). There are many
putative sensory neuron endings within the pharyngeal nervous
system (Albertson and Thomson, 1976), and it is likely that these
also play a role in regulation of pharynx activity. It is also likely
that the IVM molecule has direct access to the pharynx muscle
cells through the pharyngeal cuticle (refer to section 1.2.). So IVM
effects on pharynx function might be influenced by action of th e
drug on the amphids, but direct action of IVM on the pharynx is
also likely.
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