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The  motility  of adult  Rhipicephalus  sanguineus  was  evaluated  subsequent  to  treatments
of amitraz,  fipronil  and  the  combination  of fipronil  plus  amitraz  against  a vehicle  control
in  a Petri  dish  assay  using  the  LemnaTec  Scanalyzer  Imaging  System.  The  assay  was  run
using a fixed  dilution  of  amitraz  (0.32  �g/cm2);  serial  dilutions  of fipronil  (1.3, 0.33,  0.08,
0.02,  or  0.005  �g/cm2);  and  the  same  serial  dilutions  of  fipronil  in  combination  with  the
fixed  dilution  of  amitraz.  Measurement  of  motility  was  made  of  unstimulated  ticks  and
then after  stimulation  at  1, 4,  18–22,  and  24  h post  exposure  (hpe)  of  the  Petri  dishes.  For
the unstimulated  ticks,  there  was  no  difference  in  motility  between  the  amitraz  treatment
group  and  the  fipronil  plus  amitraz  treatment  group  at the early  time  points.  However,  these
two  treatment  groups  had  significantly  higher  motility  than  the  solvent  control  and fipronil
treatment  groups.  The  unstimulated  ticks  in  the  amitraz  treatment  group  had  significantly
higher  motility  than  the  fipronil  plus  amitraz  treatment  group  at the  later  time  points.
Measurements  after  stimulation  demonstrated  there  was  no  difference  in  motility  between
the amitraz  treatment  group  and  the  fipronil  plus  amitraz  treatment  group  at  the  early
time  points.  By  18 hpe,  the  fipronil  plus  amitraz  treatment  group  had  significantly  lower
motility  than  all  other  treatment  groups  and  at 21–22  and  24  hpe  the  other  treatment
groups  did  not  differ  from  the  control  group.  The  action  could  be divided  in two  phases  in  the

combination  experiment:  phase  1:  an early  increase  in  motility  due  to  amitraz  is  identified
in both  amitraz  alone  or fipronil  plus  amitraz  groups;  phase  2:  the  combination  of  fipronil
plus  amitraz  caused  a significantly  greater  reduction  in motility,  suggesting  mortality  of
the ticks,  compared  to  fipronil  or amitraz  alone.  These  results  demonstrate  a synergism
resulting  from  the  combination  of  fipronil  plus  amitraz.
. Introduction

Fipronil and amitraz (Fig. 1) have a long history of use

n dogs. As active pharmaceutical ingredients, fipronil
nd amitraz each target specific receptor types in fleas
nd/or ticks, modulating these to achieve the efficacy
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of the product. Although there is also some activity on
mammalian receptors, the specificity to parasite receptors
allows for a margin of safety for dogs receiving treatment
with these agents.

1.1. Fipronil binding to invertebrate GABA- and

glutamate-gated chloride channels

Fipronil binds to an agonist-bound form of the gamma-
aminobutyric acid (GABA) receptors in the cell membranes
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Fig. 1. Chemical structures of fipronil and amitraz.

of invertebrate neurons, functionally stabilizing the closed
form of the channel and blocking the GABA-mediated
inhibitory action that results from the inward movement of
chloride ions across these membranes (illustrated in Fig. 2)
(Zhang and Jackson, 1993). Additionally, fipronil and its
metabolite fipronil sulfone block two types of glutamate-
activated chloride channels in insects (Zhao et al., 2005).
These receptors are found in invertebrates, but not in ver-
tebrates (Raymond and Sattelle, 2002; Zheng et al., 2003;
Zhao et al., 2005). The decrease in inhibitory modulation of
neuronal action potentials results in seizures and seizure-
like behaviors, and death in target parasitic species (Aidley,
1996).

1.2. Amitraz acts at the tick octopamine receptor

The probable mode of action of amitraz as an acaricide

results from agonism of octopamine receptors of ectopara-
sites. The function of octopamine in invertebrates is similar
to that of the adrenergic system in vertebrates (Roeder,
1999). Octopamine is widely distributed in insect tissues,

Fig. 2. Functional consequences of fipronil binding t
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and mediates its actions through three receptor classes
(Evans and Maqueira, 2005). These classes are designated
�-adrenergic-like, �-adrenergic-like, and octopaminer-
gic/tyraminergic receptors. Octopamine receptors are
coupled to G-proteins that are linked to adenylate cyclase
(Nathanson, 1985; Roeder, 1995). In insects, octopamine
functions as: (1) a neurotransmitter, controlling endocrine
gland activity; (2) a neurohormone, inducing mobilization
of lipids and carbohydrates; (3) a peripheral neuromod-
ulator, acting on muscles, the fat body, corpora cardiaca
and corpora allata; and (4) a central neuromodulator influ-
encing motor patterns, habituation and memory (Evans,
1981; Hirashima and Huang, 2008). The overstimulation
of octopamine synapses in the CNS results in tremors
and convulsions in juvenile and adult arthropods. At
sublethal levels these compounds influence egg-laying,
feeding activity and raise the excitatory state of the arthro-
pod (Orr et al., 1990). The effects of amitraz on octopamine
receptors of arthropods are illustrated (Fig. 3).

Booth (1989) characterized the effects of octopaminer-
gic and adrenergic drugs on oviposition in Rhipicephalus
microplus (formerly Boophilus microplus).  Octopamine
and amitraz inhibited oviposition in this tick as did
the �-adrenergic agonists clonidine and naphazoline. �-
Adrenergic agonists and antagonists, histamine receptor
agonists, dopamine and serotonin had no effect. Curiously,
synerphine and apomorphine, which activate octopamine
receptors in insects, had no effect on oviposition. The lack of
synerphine and apomorphine effects on oviposition could
be explained by the differences in the known tick and
insect octopamine receptors. Taken together, these results
strongly suggest that the effects of amitraz on ticks result
from octopamine receptor activation.

Baxter and Barker (1999) identified a gene for a puta-
tive octopamine receptor in an Australian strain of the tick
R. microplus that showed 60–70% sequence homology with
known insect octopamine receptors. The latter gene was
subsequently compared between known amitraz resistant
and susceptible strains of R. microplus in the Americas, and
amino acid substitutions were consistently identified at
two loci in the resistant strains (Chen et al., 2007). At this
time the study by Chen et al. (2007) provides the primary
evidence that amitraz is acting on octopamine receptors in

ticks.

Because fipronil and amitraz bind at different receptor
sites it was  expected that these multiple sites of action
would provide increased activity against the tick in com-

o invertebrate GABA or glutamate receptors.
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Fig. 3. Functional consequences of amitraz binding to the tick octopamine receptor.
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Fig. 4. Plate for holding the 4 Petri dishes fo

parison with one agent alone. Fipronil and amitraz are
formulated in a novel combination, CERTIFECTTM (Merial
Limited, GA, USA), that provides a robust tick treatment,
both in terms of speed of kill and duration of effect (Baker
et al., 2011; Hunter et al., 2011). The objective of this study
was to investigate the effect of the combination of the two
acaricidal molecules of the combination on the motility and
mortality of ticks over time and to investigate a potential
mode of action for the synergistic effect.

2. Materials and methods

2.1. Experimental procedure

The LemnaTec Scanalyzer system is designed to capture
digital images of a subject and quantify aspects of those
images. In this application the system was set up to capture
multiple images of a plate holding four Petri dishes and
compare those images to quantify movement within the
dishes.

A plate holding the four Petri dishes was custom made
to standardize the position of the dishes on a lightbox
(Fig. 4). Dish A1 was treated with ethanol as a solvent
control. Dish A2 was treated with amitraz at a constant
rate of 0.32 �g/cm2 for all assays. Dish B1 was a combi-
nation of fipronil and amitraz. The amitraz was applied at
0.32 �g/cm2 and fipronil was serially diluted to make solu-
tions to be applied at five doses of 1.3, 0.33, 0.08, 0.02, or
0.005 �g/cm2. Dish B2 was treated with fipronil at the same
dose as used to treat Dish B1. This resulted in 5 plates being
evaluated at each time point with 1 of the 5 fipronil doses
applied to Dishes B1 and B2 in each of the 5 plates.

A stock 10,000 ppm solution of fipronil (analytical
standard, CAS No. 120068-37-3, Sigma–Aldrich, Inc.)
and amitraz (analytical standard, CAS No. 33089-61-1,
Sigma–Aldrich, Inc.) were formulated in ethanol (absolute,
200 proof ≥99.5% A.C.S. reagent, CAS No. 64-17-5, VWR) at
a rate of 100 �L/mg of compound. A volume of 10 �L each
from the fipronil and amitraz stock solutions was pipetted
each into 3990 �L of ethanol to make a 25 ppm solution
with a total volume of 4 mL.

For Dish A1, the top and bottom portions of the Petri

dishes were treated with 625 �L of ethanol each (all Petri
dishes were 35 mm  in diameter). For Dish A2, the top
and bottom portions of the Petri dishes were treated with
125 �L of the 25 ppm amitraz solution each. For Dish B1,
tion using the LemnaTec Scanalyzer system.

the top and bottom portions of the Petri dishes were treated
with 500 �L of the 25 ppm solution of fipronil each (serially
diluted for each Plate 1–5) and separately with 125 �L of
the 25 ppm solution of amitraz. For Dish B2, the top and bot-
tom portions of the Petri dishes were treated with 500 �L
of the 25 ppm solution of fipronil each (serially diluted for
each Plate 1–5). The Petri dishes were carefully tilted to
distribute the ethanol or solution over their surfaces.

The Petri dishes were left open under a fan and allowed
to dry for 1 h. After drying, 10 adult Rhipicephalus san-
guineus (supplied by Ecto Services, Inc., Henderson, NC)
were put in the dishes. Each dish was secured by wrapping
parafilm around the edge with air holes punched into the
parafilm for air exchange. The ticks were left undisturbed
for 1 h post-exposure (hpe) before the initial evaluation
in the LemnaTec Scanalyzer system. Between evaluations
ticks were maintained at approximately 21 ◦C and 60% RH.

After the initial hour each Plate, 1–5, was sequentially
placed into the Scanalyzer for evaluation. The camera cap-
tured ten images 10 ms apart for each Petri dish. Image
processing software calculated the change in movement of
ticks between each image. The value generated is equal to
the raw movement in each Petri dish during the image time.
The ticks in each individual Petri dish were then stimulated
to move by breathing/exhaling into the plate. After stimu-
lation, the plates were placed back into the Scanalyzer for
another evaluation to determine if the treatment affected
the tick’s ability to move. Image capture was  repeated as in
the pre-stimulated evaluation.

Further evaluations were performed for a total of 4
time points post-exposure to the treatments. Six inde-
pendent trials were conducted. The 1 hpe evaluation was
performed in all 6 trials. A 4 hpe evaluation was  added in
Trials 4 through 6 to further characterize the early changes
in motility caused by the treatments. The third evalua-
tion was performed at 18 hpe in Trials 1 through 3 and
at 21–22 hpe in Trials 4 through 6 for logistical reasons.
A 24 hpe evaluation was  performed in all six trials.

2.2. Data analysis

Two statistical evaluations were performed. The first

compared the treatment effects, while the second exam-
ined the effect of the doses. Both evaluations were
conducted separately within each time point and for
unstimulated and stimulated ticks.
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Table 1
Analysis of treatment effects by hour for unstimulated ticks in the Lem-
naTec Scanalyzer assay.a,b

Hours post
exposure

Treatment group Geometric
mean

Pairwise
comparisonsc

1 Control 1760 A
1 Amitraz 18,900 B
1 Fipronil + amitraz 27,800 B
1 Fipronil 2170 A
4 Control 258 A
4 Amitraz 26,300 B
4 Fipronil + amitraz 32,300 B
4 Fipronil 1600 A

18 Control 104 A
18 Amitraz 35,100 B
18 Fipronil + amitraz 3300 C
18 Fipronil 459 A–C
21–22 Control 179 A
21–22 Amitraz 27,700 B
21–22 Fipronil + amitraz 1620 C
21–22 Fipronil 767 A–C
24 Control 518 A
24 Amitraz 31,200 B
24 Fipronil + amitraz 1090 A
24 Fipronil 1720 A

a The logarithm of the motility (measurements + 1) was analyzed as a
general linear mixed model at each time point using the Mixed procedure
in  SAS Version 9.1.3. The factors dose, treatment, and their interaction
were the fixed effects, and trial and the trial-by-dose interaction were the
random effects.

b Within each time point, the overall treatment effects were compared
on  a pairwise basis taking into account both main treatment effect as well
as  the treatment-by-dose interactions.

c Treatments sharing same letter are not significantly different at the
˛ = 0.05 level.
06 J.B. Prullage et al. / Veterinar

For each pairwise comparison of treatments in the first
valuation, both the comparison of the main treatment
ffects as well as the interaction between the two treat-
ents and the fipronil doses were made. When there was

o evidence of interaction between the treatments and the
oses, the comparisons of the main effects provided a com-
lete summary of the difference between the treatments.
hen there was evidence of treatment-by-dose interac-

ion, this generally meant one of two things, depending
pon whether or not the main effect was statistically sig-
ificant. If the main effect was statistically significant, then
ither Treatment A was significantly greater than Treat-
ent B for every dose, but at different significance levels,

r Treatment A was significantly greater than Treatment B
t some of the doses, and the two treatments were not sig-
ificantly different for the rest. In either case, Treatment

 was significantly greater than Treatment B at multiple
oses. For the case where the main effect was not statisti-
ally significant, Treatment A was significantly greater than
reatment B for some doses, while Treatment B was  signif-
cantly greater than Treatment A for other doses. For the
urposes of this analysis, this situation will be interpreted
s if there was no evidence of difference between the two
reatments.

To determine whether the two fipronil treatments had
 dose effect in the second evaluation, the global statistic
as used that tested the null hypothesis that all the doses
ad equal means within a treatment versus the alternative
ypothesis that at least two dose means differed. Note that
he analysis stopped at this level, and no separation of doses
ithin a treatment was undertaken.

The natural logarithm plus 1 of the unstimulated and
timulated tick assay results (raw movement value calcu-
ated by Image processing software) was analyzed within
ach measurement time using a general linear mixed
odel. For each measurement time, the Mixed procedure

n SAS Version 9.1.3 was  used with treatment, fipronil dose,
nd its interaction as the fixed effects, and trial and the
pronil dose-by-trial interaction as the random effects. The
nalysis of the logarithm of the assay responses meant that
ummaries used the geometric mean. The model and sub-
equent analysis evaluated each treatment group at each
pronil dose at each measurement time.

All statistical hypotheses were tested at the (two-sided)
 = 0.05 significance level.

. Results

Normally adult R. sanguineus will rest unless there is
 source of stimulation, such as movement or CO2. The
pronil treated ticks and the ethanol solvent control ticks
isplayed this behavior which was captured as a low
otility value by the imaging system in the unstimulated

valuations.
For the unstimulated ticks, at 1 and 4 hpe there was

o difference in motility when compared over all fipronil
oses between the amitraz treatment group and the

pronil plus amitraz treatment group. However, these two
reatment groups had a significantly higher motility than
he solvent control and fipronil treatment groups. At 18,
1–22, and 24 hpe the amitraz treatment group had signifi-
Fig. 5. Geometric means of motility assay calculated over all doses for
unstimulated ticks through time.

cantly higher motility than the fipronil plus amitraz group.
Solvent controls and the fipronil treatment groups were
in a state of rest with low motility values at the 18 and

21–22 hpe evaluation. At 24 hpe, there was  no difference
between solvent control, fipronil, and fipronil plus amitraz
treatments (Table 1 and Fig. 5).



J.B. Prullage et al. / Veterinary Parasitology 179 (2011) 302– 310 307

Table 2
Analysis of treatment effects by hour for stimulated ticks in the LemnaTec
Scanalyzer assay.a,b

Hours post
exposure

Treatment group Geometric
mean

Pairwise
comparisonsc

1 Control 43,300 A
1 Amitraz 56,900 B
1 Fipronil + amitraz 59,400 B
1 Fipronil 51,000 A, B
4  Control 30,600 A, B
4  Amitraz 44,300 C
4  Fipronil + amitraz 38,500 A, C
4 Fipronil 29,000 B

18 Control 30,400 A, B
18  Amitraz 33,200 A
18 Fipronil + amitraz 3700 C
18 Fipronil 17,400 B
21–22 Control 25,000 A
21–22 Amitraz 30,300 A
21–22 Fipronil + amitraz 1990 B
21–22 Fipronil 21,200 A
24 Control 27,600 A, B
24 Amitraz 34,300 A
24  Fipronil + amitraz 598 C
24 Fipronil 19,700 B

a The logarithm of the motility (measurements + 1) was analyzed as a
general linear mixed model at each time point using the Mixed procedure
in  SAS Version 9.1.3. The factors dose, treatment, and their interaction
were the fixed effects, and trial and the trial-by-dose interaction were the
random effects.

b Within each time point, the overall treatment effects were compared
on  a pairwise basis taking into account both main treatment effect as well
as  the treatment-by-dose interactions.

in the amitraz and fipronil plus amitraz treatment groups
at 1 and 4 hpe over control and fipronil treatment groups
demonstrates that treatments with amitraz had the effect

Table 3
Comparison of mean motility measurements within treatment groups for
unstimulated ticks to test that doses of fipronil are different.a

Hour post
exposure

Treatment analyzed p-Valueb

1 Fipronil + amitraz 0.0373
1  Fipronil 0.5738
4  Fipronil + amitraz 0.0333
4  Fipronil 0.3846

18 Fipronil + amitraz 0.0157
18 Fipronil 0.7256
21 Fipronil + amitraz 0.0097
21 Fipronil 0.2706
24 Fipronil + amitraz 0.0003
24 Fipronil 0.3426

a The logarithm of the motility measurements + 1 was  analyzed as a
general linear mixed model at each time point using the Mixed procedure
in  SAS Version 9.1.3. The factors dose, treatment, and their interaction
were the fixed effects, and trial and the trial-by-dose interaction were the
random effects. The results in this table are associated with an F-test with
c Treatments sharing same letter are not significantly different at the
˛  = 0.05 level.

For stimulated ticks, at 1 and 4 hpe there was  no dif-
ference in motility when compared over all fipronil doses
between the amitraz treatment group and the fipronil plus
amitraz treatment group. At 18, 21–22, and 24 hpe, the
fipronil plus amitraz treatment group had significantly
lower motility than all other treatment groups and the
other treatment groups did not differ from the control
group (Table 2 and Fig. 6).

The analysis of the fipronil dose for the fipronil and
fipronil plus amitraz treatments for unstimulated ticks
demonstrated there was a significant difference in motility
between doses for the fipronil plus amitraz treatment at
every measurement time. However, for the fipronil alone
treatment there was no evidence that means of motility
measurements changed over the doses (Table 3).

From the analysis of the effect of the fipronil dose for
stimulated ticks the fipronil treatment group had signifi-
cantly different mean motility between at least 2 doses at
18 and 24 h. The fipronil plus amitraz treatment group had
significantly different mean motility between doses at 4,
18, 21–22, and 24 h (Table 4). Fig. 7a through e illustrates
the effect of the fipronil plus amitraz combination over
time. At 18 and 21–22 hpe, doses as low as 0.08 �g/cm2

of fipronil in the fipronil plus amitraz combination showed
reductions in motility. The ticks in the fipronil only treat-
ment group were not affected in this manner. For the 18,

21–22, and 24 hpe evaluations, only the highest dose of
fipronil (1.3 �g/cm2) had consistently low motility val-
ues after stimulation (Fig. 7c–e). This greater reduction in
Fig. 6. Geometric means of motility assay calculated over all doses for
stimulated ticks through time.

motility for fipronil plus amitraz was  also measured at the
24 hpe time point down to the 0.02 �g/cm2 dose of fipronil
tested (Fig. 7e).

4. Discussion

Dawkins and Gladney (1978) reported that amitraz
caused detachment and hyperactivity in various species of
ticks. The present study demonstrated that amitraz does
cause increased motility in R. sanguineus similar to that pre-
viously reported and seen in insects exposed to amitraz. In
the present study the significantly greater motility of ticks
4  numerator degrees of freedom.
b Two-sided p-values testing the null hypothesis that the means of all

doses are equal versus the alternative that at least two of the means of the
doses within the listed treatments are different.
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Fig. 7. (a) Geometric means of motility assay across fipronil doses for stimulated ticks at hour 1. (b) Geometric means of motility assay across fipronil doses
for  stimulated ticks at hour 4. (c) Geometric means of motility assay across fipronil doses for stimulated ticks at hour 18. (d) Geometric means of motility
assay  across fipronil doses for stimulated ticks at hour 21–22. (e) Geometric means of motility assay across fipronil doses for stimulated ticks at hour 24.
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Table 4
Comparison of mean motility measurements within treatment groups for
stimulated ticks to test that doses of fipronil are different.a

Hour post exposure Treatment analyzed p-Valueb

1 Fipronil + amitraz 0.2266
1  Fipronil 0.1790
4 Fipronil + amitraz 0.0023
4 Fipronil 0.3772

18 Fipronil + amitraz <0.0001
18 Fipronil 0.0318
21 Fipronil + amitraz 0.0013
21 Fipronil 0.3471
24 Fipronil + amitraz 0.0053
24 Fipronil 0.0004

a The logarithm of the motility measurements + 1 was analyzed as a
general linear mixed model at each time point using the Mixed procedure
in  SAS Version 9.1.3. The factors dose, treatment, and their interaction
were the fixed effects, and trial and the trial-by-dose interaction were the
random effects. The results in this table are associated with a F-test with
4  numerator degrees of freedom.

b

Pestic. Sci. 30, 285–294.
Two-sided p-values testing the null hypothesis that the means of all
doses are equal versus the alternative that at least two  of the means of the
doses within the listed treatments are different.

of increasing the motility of the ticks at these early time
points. When measuring the motility of stimulated ticks
from 18 hpe to 24 hpe for the fipronil plus amitraz treat-
ment group there was significantly less movement than
the other 3 treatment groups. This demonstrates that the
fipronil plus amitraz treatment has a greater effect on the
motility of stimulated ticks than treatments with fipronil
or amitraz alone. In evaluations of tick mortality, lack of
movement in a stimulated tick is a key factor in determin-
ing the live/dead status of the tick (Dryden et al., 2006; Rugg
and Hair, 2007). Therefore, the lack of movement also indi-
cates an increase in mortality of ticks treated with fipronil
plus amitraz over treatments of fipronil or amitraz alone.
Additionally, the difference in the dose response between
the fipronil alone group and fipronil plus amitraz group
illustrated in Fig. 7a through e demonstrate that a lower
amount of fipronil was adequate in combination with ami-
traz to cause mortality at the later time points.

Physiologic mechanisms have been proposed for the
synergism of pesticides by amitraz including, modify-
ing binding of pyrethroids to the receptor site on insect
chloride channels, or reducing the degradation of pesti-
cides by arthropods (Liu and Plapp, 1992; Usmani and
Knowles, 2001). Treacy et al. (1987) hypothesized that it
was the increase in movement of Heliothis virescens on
plants treated with chlordimeform, a formamidine pesti-
cide similar to amitraz, that resulted in increased exposure
to pyrethroids applied concurrently and resulted in syn-
ergism. The proposed mechanism was adhesion of the
pesticide to the insect as it moved over treated surfaces.
Our data would support the hypothesis of Treacy et al.
(1987) and support extension of this potential mechanism
to ticks as demonstrated by the early increase in motility of
the ticks exposed to amitraz leading to a greater exposure
of the ticks to fipronil in the fipronil plus amitraz com-
bination. The combined mode of action could be divided

into two steps: step one due to amitraz, characterized by
an increase in motility and inducing an increased expo-
sure to fipronil; and step two due to fipronil, characterized
tology 179 (2011) 302– 310 309

by a greater mortality of ticks at later time points than
observed in either active alone. In earlier work, synergism
and improved speed-of-kill for the combination of ami-
traz and fipronil was  demonstrated against R. sanguineus
(Prullage et al., 2011). The current study provides further
evidence for the synergism of the fipronil and amitraz com-
bination and suggests a possible mechanism of action.
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