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Abstract

Resistance to ivermectin and moxidectin was explored by a faecal egg count reduction
test in two sheep flocks with suspected anthelmintic resistance. The FECRT confirmed
one suspicion, with a mean percentage of reduction in egg excretion within the treated
groups of 0% for ivermectin (CI 95%:-228 - 58) and 13% for moxidectin (CI 95%:-152 -
70). This was further explored by a controlled efficacy test. An experimental infection of
18 naive lambs was set up using infective larvae isolated from this flock (5000
L3/lamb). Compared to the control group, abomasal worm burdens (Teladorsagia
circumcincta) were reduced by 90% [CI 95%: 81.5-94.8] and 85% [CI 95%: 72.4-92.2]
after ivermectin (p<0.05) and moxidectin (p<0.05) treatment respectively. Again,
compared to the control group, there was a reduction for intestinal strongyles
(Trichostrongylus colubriformis) of 100% and 99% [CI 95%: 97.5-99.7] for ivermectin
and moxidectin respectively. No difference was found between the efficacy of
moxidectin and ivermectin. Pharmacokinetic values indicated that the strongyles were
submitted to anthelmintic concentrations usually lethal to them. This trial demonstrated

the first multiple resistance of ovine strongyles in France.

Keywords: sheep; FECRT; efficacy test; pharmacokinetic parameters; moxidectin;

ivermectin; resistance.



1. Introduction

Anthelmintic resistance in small ruminant strongyles has been known for several years.
A recent review reported that anthelmintic resistance is widespread among European
farmed ruminants (Rose et al, 2015). The three main species infecting sheep
(Haemonchus contortus, Teladorsagia circumcincta and Trichostrongylus colubriformis)
and all the anthelmintic families are concerned.

In this study, we explored two field suspicions of resistance to ivermectin and
moxidectin by a faecal egg count reduction test (FECRT), which is the standard field test
for the diagnosis of anthelmintic resistance in small ruminants (Coles et al., 2006). In
one case, this was followed by a controlled efficacy test comprising pharmacokinetic

analysis of the two anthelmintics .

2. Materials and methods

2.1. FECRT

The first flock was a meat sheep flock situated in the Loire département (a département
being a French administrative and territorial unit) comprising 420 Ile de France ewes.
The ewes graze from April to November with a density of ten ewes/ha and a small
degree of pasture rotation. They are treated by oral moxidectin (MOX) in June and
November and with injectable MOX or ivermectin (IVM) when they come back from
summer pastures. Lambs are treated with oral MOX every 35 days. Rams are not treated

at the time of integration in the flock.



The second meat sheep flock was situated in the Allier department and comprised 700
[le de France ewes. The ewes graze all year round, without any pasture rotation. They
were treated four times a year with levamisole and oxfendazole alternately until 2003
then levamisole-IVM from 2003 to 2006 and from then onwards with levamisole-MOX
alternately. Lambs were treated at 30 days old with benzimidazoles and at 60 days old
with levamisole until 2003 then with MOX until now. Since 2009, the rams have been

given MOX when integrated in the flock.

In each flock, FECRT was conducted according to the recommendations of the World
Association for the Advancement of Veterinary Parasitology (WAAVP) (Coles et al,,
2006). Three groups of 15 lambs per flock were randomly constituted:
- Control group: 15 lambs were left untreated,
- IVM group: 15 lambs were given 0.2 mg/kg bodyweight (BW) of IVM orally
(Oramec®, Mérial, France),
- MOX group: 15 lambs were given 0.2 mg/kg BW of MOX orally (Cydectine®,
Zoetis, France).
All the lambs were weighed and treated with the exact dose. Individual faecal samples

were collected before and 16 days after treatment.

Individual faecal egg counts were completed using a modified McMaster technique
(flotation solution: magnesium sulphate (d=1.25), sensitivity: 50 eggs per gram of faeces
(epg)) (Raynaud, 1970). The remaining faeces were pooled to perform group
coprocultures performed separately for control and treated groups. Infective larvae

were harvested by the Baermann technique and identified to genera level (MAFF, 1986).



For each group and time, mean epg was calculated using a binomial negative regression
(epg being the response variable, and group and date the explanatory variables).

The percentage of reduction was estimated using the estimated means in the Presidente
formula (Presidente, 1985): FECR = 100 x (1 - [T2/T1][C1/C2]) where T1 and T2 were
pre- and post-treatment geometric means of the epg in treated groups respectively, and
C1 and C2 were pre- and post-treatment geometric means of the epg in control groups
respectively.

Confidence intervals were calculated using a non-linear combination of estimators in
Stata (StataCorp).

Results were interpreted according to WAAVP guidelines (Coles et al.,, 1992).

2.2. Controlled efficacy test

In the event of a suspicion of resistance following FECRT, a controlled efficacy test was
performed.

Eighteen two-month-old naive lambs which had never grazed were bought from a
commercial flock. Infective larvae were obtained from bulk coprocultures from the flock

in which resistance was suspected and each lamb was infected with 5000 L3.

When all the lambs were excreting eggs (35 days post-infection), they were divided up
into three groups of six, so that mean egg excretion and mean weights were identical:

- Control group: six lambs were left untreated,

- IVM group: six lambs were given 0.2 mg/kg BW of IVM orally (Oramec®)

- MOX group: six lambs were given 0.2 mg/kg BW of MOX orally (Cydectine®).



The pharmacokinetics of IVM and MOX were determined: the plasma concentration of
IVM and MOX was measured before administration of IVM or MOX and 1, 2, 4, 7 and 8
days post-administration by high-performance liquid chromatography (HPLC) using a

previously described method (Lespine et al., 2004).

All the lambs were euthanised ten days after treatment and examined post-mortem. The
abomasum and small intestines (the first three metres) were processed as described by
MAFF (1986). Worm counts were conducted on aliquots of one tenth of the washing
volume of the contents (500 ml). Worms present in the large intestines were sampled
directly during post-mortem examination. Species were identified by examining 30 male

worms, if available, from each organ.

The trials were carried out in compliance with animal welfare requirements and did not

cause any pain according to French regulations on experiment ethics.

Worm burdens in the treated and untreated control group were compared using a
Mann-Whitney test, with significance accepted at p<0.05.

Data were analysed using a negative binomial regression. The efficacy of treatment was
calculated for each organ and for the whole digestive tract and determined using the
formula ([C-T]/C) x 100, where C is the mean adult worm count for the untreated
control group and T is the mean adult worm count for each of the treated groups as
described by Mejia et al. (2003). The confidence intervals for adult reduction were
calculated by non-linear combination of the negative binomial regression estimates.
Pharmacokinetic parameters of [IVM and MOX were compared using a Student test, with

significance accepted at p<0.05.



3. Results

3.1. FECRT

3.1.1.Flock 1

The trial took place in June 2013. The lambs were one year old, had been at grass the
previous autumn, were naturally infected with nematodes and had a mean weight of 64
kg.

In the control group, the mean egg excretion of gastro-intestinal strongyles was 350 epg
at JO and 118 epg at J16 (Table 1). The mean percentage of the reduction in egg
excretion in the treated groups compared to the control group was 0% for IVM (CI 95%:-
228 -58) and 13% for MOX (CI 95%:-152 - 70) (Table 1).

Coprocultures from the control group showed the presence of larvae mainly from the
Teladorsagia/Trichostrongylus  genera,  followed by larvae from  the
Oesophagostomum/Chabertia genera. After treatment by IVM or MOX, only
Teladorsagia/Trichostrongylus larvae were identified.

According to WAAVP recommendations, the FECRT indicated the presence of IVM and

MOX resistance in the flock’s strongyle population.

3.1.2. Flock 2

This trial took place in September 2013. The lambs were six months old, had been
grazing since birth, were naturally infected with nematodes and had a mean weight of

44.7 kg.



In the control group, the mean egg excretion of gastro-intestinal strongyles was 213 epg
at JO and 313 epg at J16 (Table 1). The mean percentage of the reduction in egg
excretion in the treated group compared to the control group was 96% for IVM (CI 95%:
85 -99) and 98% for MOX (CI 95%: 86 - 100) (Table 1).

Coprocultures from the control group showed the presence of larvae mainly from the
Teladorsagia/Trichostrongylus genera and secondarily the Oesophagostomum/Chabertia
genera. After treatment, infective larvae were only obtained in the IVM group and were
identified as Teladorsagia/Trichostrongylus larvae.

According to WAAVP recommendations, the FECRT indicated only a reduced efficacy of

IVM and MOX in this flock’s strongyle population.

3.2. Controlled efficacy test with the infective larvae from flock 1

All the lambs were free from infection before experimental infection. An anthelmintic
treatment was administered 35 days post-infection, when all the lambs were excreting

strongyle eggs.

Before anthelmintic treatment, mean egg excretion varied from 383 to 400 epg per

group and mean live weight varied between 23 and 25 kg per group.

The plasma disposition kinetics of IVM and MOX are shown in Figure 1 and Table 2. For
IVM, the mean observed Cmax was 15.27 ng/ml, obtained at 0.5 days post-administration.
For MOX, Cimax was 9.64 ng/ml, also obtained 0.5 days post-administration. Tmax was at
0.5 days for both IVM and MOX. Both drugs were detected at significant levels (> 1

ng/ml) until the fourth day post-treatment. These data show that [IVM or MOX were



present in the plasma of the host after oral treatment at levels and during a period of

time which were expected in lambs after a therapeutic oral drench.

At slaughter, worm burdens in the control group varied between 220 and 670 worms in
the abomasum (T. circumcincta), between 770 and 1,430 worms in the small intestine
(T. colubriformis) and between 12 and 110 adults/caecum for O. venulosum (Table 3).

At slaughter, ten days after anthelmintic treatment, there were only T. circumcincta
adults present in the abomasum of the IVM group (mean worm burden: 57
adults/abomasum) (Table 3). In the MOX group, T. circumcincta adults were present in
the abomasum (mean worm burden: 85 adults/abomasum) but there were also small
numbers of T. colubriformis in the small intestines of three lambs (10, 10 and 30 worms).
For both anthelmintics and all the strongyle species, the mean number of adult worms

was significantly lower in the treated groups than in the control group (Table 3).

The percentage of reduction in T. circumcincta was 90% for IVM (CI 95%: 82 - 95) and
85 % (CI1 95%: 72 - 92) for MOX (Table 3). No significant difference in the efficacy of IVM
and MOX against T. circumcincta was observed (p=0.2). Regarding efficacy against T.
colubriformis, IVM was 100% effective and MOX reduced worm counts by more than

99% (CI 95%: 97 - 100).

Taken together, the drug concentration profile in the lamb plasma and efficacy results
clearly reveal a failure in drug efficacy rather than a dosing error or incorrect drug
absorption. This confirms that the T. circumcincta isolate from flock 1 is resistant to IVM

and MOX.
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4. Discussion

For the first time, we report a macrocyclic lactone (ML) resistance in sheep in France,
with an isolate of Teladorsagia circumcincta resistant to both MOX and IVM. Resistance
of T. circumcincta to ML in sheep has been previously described in several European
countries for several years (Rose et al., 2015). In France, previous random studies have
failed to find IVM and/or MOX resistance in sheep (Doré et al., 2010; Geurden et al.,
2014). The first hypothesis to explain this absence is that resistance is a recent
phenomenon in French flocks. This could be explained by different management and/or
treatment practices in France compared to other European countries. Charlier et al.
(2010) reported that treatment practices for dairy calves differ considerably in nearby
countries like Belgium, Germany and Sweden. This hypothesis does not appear very
credible. The second hypothesis considers that the studies set up to detect resistance
failed to detect developing resistance because of their characteristics. For example, Doré
et al. (2010) conducted FECRTSs in only five flocks, with 12 animals per treated group
and one control group also of 12 animals, and a counting method sensitivity of 50 epg:
all these factors prevented the authors from drawing clear conclusions on the resistance
status of the flocks, apart from cases of marked resistance (Levecke et al., 2012).

The controlled efficacy test is still considered the gold standard, despite its cost. Some
discrepancies between FECRTs with naturally grazing animals showing resistance and
experimental infections invalidating these suspicions have been previously reported
(Paraud et al., 2013; Areskog et al,, 2014), indicating that the FECRT alone cannot be
reliably used to detect resistance.

A comparison between the current results of the FECRT and experimental infection

reveals that a higher reduction is obtained for experimental infection (determined in

11



adults) than for natural infection (based on egg counts). Such discrepancies were also
reported by Mejia et al. (2003) in cattle. The first hypothesis to explain this difference is
that the proportion of strongyle species involved in the two different steps may play a
role in the evaluation of efficacy. The FECRT was conducted in late spring, while the
mass coproculture for experimental infection was set up in late autumn. It was
previously reported both in sheep and goats that a change in the dominant strongyle
species occurs during the grazing season, T. circumcincta being dominant in spring, and
T. colubriformis in autumn (Gruner et al., 1980). It may therefore be hypothesised that
the resistant T. circumcincta were less present during the experimental infection, which
explains the higher reduction percentage observed in this part of the study. The second
hypothesis is that side effects accentuated the low efficacy of treatment in the field trial
compared to the experimental trial. In both the farm and experimental trials, the same
molecules and same medicinal products were given to lambs by the same route at the
same dose. The levels of egg excretion were similar, but the lambs were different. For
the farm trial, older lambs (one year old) which had previously been at grass were
involved during the grazing season, while for the experimental infection, we used very
young lambs (two months old) which were reared indoors and totally naive to
parasitism. The bodyweight, body condition and amount and type of nutrition were
therefore different, and these factors are known to influence IVM plasma concentration
(Gonzalez Canga et al., 2009).

For the experimental infection, the parasitology data were consolidated by measuring
the drug concentration in the host plasma after drug treatment. Plasma concentration is
closely related to IVM concentration in target tissues such as the abomasum (Lifschitz et
al, 2000). The plasma disposition kinetics are similar to those previously reported in

infected lambs (Lloberas et al,, 2013). These pharmacokinetic data demonstrated that

12



parasites were exposed to concentrations of anthelmintic usually lethal for them, and
confirmed the presence of resistant worms.

In flock 1, both IVM and MOX are used regularly, a practice that can lead to selection for
resistance, as demonstrated in experimental conditions by Van Zeveren et al. (2007).

In flock 2, no clear conclusion could be drawn from FECRT results and there was
unfortunately no controlled efficacy test for confirmation purposes. Levecke et al.
(2012) previously stated that the diagnostic value of FECRT for detecting small
reductions in efficacy is limited. In our situation (15 animals per group with a detection
limit between 15 and 50 epg and pre-treatment excretion between 50 and 1000 epg), for
an anthelmintic with a normal efficacy higher than 95%, the latter authors estimated
that for a reduction between 87.5% and 97.5%, the true drug efficacy cannot be
accurately defined.

The difference in resistance between the two flocks can be explained by risk factors
present in flock 1 and not in flock 2: exclusive use of ML treatments for both ewes and
lambs, a treatment interval in lambs corresponding closely to the prepatent period, no
treatment before the integration of rams and common grazing with other flocks during

the summer.

This demonstration of cross-resistance to ivermectin and moxidectin argues in favour of
promoting sustainable ways of using anthelmintics in French sheep flocks. The
management principles of the SCOPS implemented in the UK would be of interest for
implementation in France, i.e. to administer treatment by dosing according to the
heaviest animal in the group, calibrate the dosing gun for each treatment, carry out

quarantine drenching and selective treatments, avoid drenching lambs immediately

13



prior to moving them to clean pastures, and finally to use or avoid treating ewes around

the lambing period (Learmount et al,, 2015).
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Table 1: mean faecal egg counts in the control and treated groups before (J0) and after

treatment (J16) with either ivermectin (IVM) or moxidectin (MOX); percentage of

reduction estimated by the Presidente formulae in both flocks (IC 95%) (n=15)

Control group IVM group MOX group
Number of
positive 14 14 14
JO animals
Mean epg 350 (325) 430 (336) 367 (291)
(SD)
Number of
Flock 1 positive 9 10 9
J16 animals
Mean epg 118 (128) 250 (331) 143 (248)
(SD)
% of
reduction - -17 [-227-58] 13 [-152-70]
[C1 95%]
Number of
positive 13 15
JO animals
Mean epg 213 (215) 380 (189) 247 (172)
(SD)
Number of
Flock 2 positive 13 3 0
J16 animals
Mean epg
(SD) 313 (381) 30 (90) 0 (0)
% of
reduction - 96 [84-98] 98 [86-100]

[C195%]
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Table 2: pharmacokinetic parameters describing the disposition of ivermectin (IVM) and
moxidectin (MOX) in plasma after oral administrations (0.2 mg/kg BW) to sheep. Cmax:
observed peak plasma concentration; Tmax: time to reach Cmax; AUClast: area under the
plasma concentration vs time curve; MRT: mean residence time. Values are the mean *

standard deviation of 6 animals.

VM MOX
Cmax (Ng/mL) 16.38 £ 5.97a 9.64 + 1.87V

Tmax (d) 0.66 + 0.262 0.5
AUCiast (Ng/mL.d)  29.75 £ 10.472 22.16 * 3.41a
MRT (d) 1.90 + 0.442 3.96 + 0.42°

a,b different superscripts in a row indicate significant differences between IVM and MOX

pharmacokinetic parameters (p<0.05).
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Table 3: mean strongyle numbers in the abomasum, small intestine and caecum of the

control, ivermectin (IVM) and moxidectin (MOX) groups ten days after administration of

anthelmintics (n=6 lambs per group) and percentage of reduction in the treated groups

compared to the control group

Number of Mean burden % reduction
Group
infested lambs (min-max) (C1 95%)
Control 6 5782 (220-670) -
Abomasum IVM 6 57°(10-110) 90.2 [81.5-94.8]
MOX 6 85 (30-200) 85.3 [72.4-92.2]
Control 6 10882 (770-1430) -
Small
IVM 0 ob 100
intestine
MOX 3 8b (0-30) 99.2 [97.5-99.8]
Control 6 602 (12-118) -
Large
VM 0 ob 100
intestine
MOX 0 ob 100
Control 6 17272 (1272-2268) -
Total worm
IVM 6 57°(10-110) 94.6 [90.5-96.9]
burden

MOX 6 93b (40-200)

96.7 [94.2-98.1]
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Figure 1: concentration time profile of ivermectin (IVM) and moxidectin (MOX) after

oral administration (0.2 mg/kg BW) to nematode-infected lambs. Mean + SD (n=6 lambs

per group)
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Table 1: mean faecal egg counts in the control and treated groups before (J0) and after

treatment (J16) with either ivermectin (IVM) or moxidectin (MOX), percentage of

reduction estimated by the Presidente formulae in the 2 flocks (IC 95%) (n=15)

Control group IVM group MOX group
Number of
positive 14 14 14
JO animals
Mean epg 350 (325) 430 (336) 367 (291)
(SD)
Number of
Flock 1 positive 9 10 9
J16 animals
Mean epg 118 (128) 250 (331) 143 (248)
(SD)
% of
reduction - -17 [-227-58] 13 [-152-70]
[C1 95%]
Number of
positive 13 15
JO animals
Mean epg 213 (215) 380 (189) 247 (172)
(SD)
Number of
Flock 2 positive 13 3 0
J16 animals
Mean epg
(SD) 313 (381) 30 (90) 0 (0)
% of
reduction - 96 [84-98] 98 [86-100]

[C195%]
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Table 2: pharmacokinetic parameters describing the disposition of ivermectin (IVM) and
moxidectin (MOX) in plasma after oral administrations (0.2 mg/kg BW) to sheep. Cmax:
observed peak plasma concentration; Tmax: time to reach Cmax; AUClast: area under the
plasma concentration vs time curve; MRT: mean residence time. Values are the mean *

standard deviation of 6 animals.

VM MOX
Cmax (Ng/mL) 16.38 £ 5.97a 9.64 + 1.87V

Tmax (d) 0.66 + 0.262 0.5
AUCiast (Ng/mL.d)  29.75 £ 10.472 22.16 * 3.41a
MRT (d) 1.90 + 0.442 3.96 + 0.42°

a,b different superscripts in a row indicate significant differences between IVM and MOX

pharmacokinetic parameters (p<0.05).
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Table 3: mean strongyle numbers in abomasums, small intestine and caecums in the

control, ivermectin (IVM) and moxidectin (MOX) groups 10 days after administration of

anthelmintics (n=6 lambs per group) and percentage of reduction in the treated groups

compared to the control group

Number of Mean burden % reduction
Group
infested lambs (min-max) (C1 95%)
Control 6 5782 (220-670) -
Abomasum IVM 6 57°(10-110) 90.2 [81.5-94.8]
MOX 6 85 (30-200) 85.3 [72.4-92.2]
Control 6 10882 (770-1430) -
Small
IVM 0 ob 100
intestine
MOX 3 8b (0-30) 99.2 [97.5-99.8]
Control 6 602 (12-118) -
Large
VM 0 ob 100
intestine
MOX 0 ob 100
Control 6 17272 (1272-2268) -
Total worm
IVM 6 57°(10-110) 94.6 [90.5-96.9]
burden

MOX 6 93b (40-200)

96.7 [94.2-98.1]
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