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Abstract
Bloodmeal feeding by the horn fly, Haematobia irritans (L.), is associated with reduced milk production and
blood loss that ultimately prevents weight gain of calves and yearlings. Thus, blood feeding by H. irritans
causes significant economic losses in several continents. As with other arthropods, resistance to the majority
of commercialized insecticides reduces the efficacy of current control programs. Thus, innovative technologies
and novel biochemical targets for horn fly control are needed. Salivary gland and Malpighian tubule function are critical for H. irritans survivorship as they drive bloodmeal acquisition and maintain ion- and fluid
homeostasis during bloodmeal processing, respectively. Experiments were conducted to test the hypothesis
that pharmacological modulation of H. irritans inward rectifier potassium (Kir) channels would preclude blood
feeding and induce mortality by reducing the secretory activity of the salivary gland while simultaneously
inducing Malpighian tubule failure. Experimental results clearly indicate structurally diverse Kir channel modulators reduce the secretory activity of the salivary gland by up to fivefold when compared to control and the reduced saliva secretion was highly correlated to a reduction in bloodmeal acquisition in adult flies. Furthermore,
adult feeding on blood treated with Kir channel modulators resulted in significant mortality. In addition to
validating the Kir channels of H. irritans as putative insecticide targets, the knowledge gained from this study
could be applied to develop novel therapeutic technologies targeting salivary gland or Malpighian tubule function to reduce the economic burden of horn fly ectoparasitism on cattle health and production.
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As a hematophagous ectoparasite of livestock, the horn fly,
Haematobia irritans (L.), is considered to be one of the most widespread and economically important pests of cattle due to their propensity to take small, but frequent bloodmeals (Byford et al. 1992,
Cupp et al. 1998a). Economic losses associated with reduction of
weight gain of calves and yearling cattle due to reduction in milk
production and blood loss attributed to horn fly feeding and irritation exceed $1 billion annually worldwide (Grisi et al. 2014,
Rodriguez-Vivas et al. 2017). The benefits of horn fly control for
promoting animal health and productivity have been demonstrated
using various treatments with different classes of synthetic insecticides, including pyrethroids, organophosphates, and cyclodienes,

and most recently, insect growth regulators (Silva and Mendes 2002,
Sanson et al. 2003, Derouen et al. 2009). However, as with other
arthropod pests, prolonged use of insecticides with similar mechanism of action has led to the selection of widespread resistance to
multiple insecticidal classes (Oyarzun et al. 2011, Domingues et al.
2013, Domingues et al. 2014, Holderman et al. 2018), which results
in treatment failure and lack of control. Factors contributing to the
rapid development of insecticide resistance in horn fly populations
include the close association with their hosts and their multivoltine
biology. Thus there is a need to incorporate unique approaches to the
development of novel mode- and mechanism-therapeutics to manage
horn infestations in cattle herds (Swale 2019).
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reduce the economic burden of biting fly parasitism in livestock
operations.

Methods
Compounds and Reagents
The Kir channel inhibitor VU041 and the less potent analog VU937
were originally discovered in a high-throughput screening (HTS)
campaign against the Anopheles gambiae Kir1 channel (Swale et al.
2016), and both compounds were synthesized by custom synthesis
by Molport (Riga, Latvia) and were purified by column chromatography to be >95% pure by 1H NMR analysis. VU625 was discovered in an HTS campaign against Aedes aegypti Kir1 (Raphemot
et al. 2014b) and purchased by custom synthesis from Molport
(Riga, Latvia). VU590 was discovered in HTS campaign against
human Kir1.1 (Lewis et al. 2009) and was purchased from Tocris
Bioscience (Bristol, United Kingdom). The ATP-gated Kir (KATP)
channel modulators, Pinacidil and tolbutamide were purchased
from Sigma–Aldrich (St. Louis, MO) and VU063 and the less potent
analog, VU063-I (Raphemot et al. 2014a), were purchased through
custom synthesis by Molport. The GPCR-gated Kir channel inhibitor, ML297 (Kaufmann et al. 2013), was purchased from Tocris
Bioscience. The solvents, dimethyl sulfoxide (DMSO) and absolute
ethanol were purchased from Sigma–Aldrich. Chemical structures of
Kir channel modulators used in this study are shown in Fig. 1.

H. irritans Colony and Rearing Conditions
Flies were provided by the U.S. Department of Agriculture,
Agricultural Research Service, Knipling-Bushland U.S. Livestock
Insects Research Laboratory (KBUSLIRL), Kerrville, TX. Newly
emerged, unfed adult flies of mixed sex were provided from
the Kerrville susceptible in vitro reference strain maintained at
KBUSLIRL, which has been reared since 1961 at the Kerrville laboratory. Adults were fed citrated bovine blood for colony maintenance. Pupae were hatched and adults were reared at Louisiana
State University and were maintained at an ambient temperature of
24–28°C, 60% relative humidity (RH), and with a photoperiod of
12:12 (L:D) h.

Quantification of Saliva Secretion From H. irritans
After Exposure to Kir Modulators
For measurement of secreted fluid, we employed the Ramsay assay
that was initially developed to characterize the physiology of insect
Malpighian tubules (Ramsay 1954) and has been subsequently modified to quantify tick salivary secretions (Kim et al. 2014, Li et al.
2019b). For horn flies, we modified the assay to be an in vivo assay
where individual flies were injected with 1 µl of serotonin HCl at
a concentration of 10 mM to stimulate salivary gland activity. It
should be noted that previous reports documented stimulation of the
horn fly salivary gland after injection of 70–80 mM serotonin (Cupp
et al. 1998b, Cupp et al. 2000), yet we observed a greater volume of
secreted saliva after injection of 10 mM when compared to 80 mM.
Thus, a concentration of 10 mM serotonin was used in this study.
Intact mouthparts were immediately inserted into a microcapillary
tube filled with mineral oil. Flies were allowed to salivate for 20 min
and saliva was quantified by withdrawing the salivary bubble with
a micro-injector (Nanoliter 2010, World Precision Instrument,
Inc., Sarasota, FL) controlled by a micro-syringe pump controller
(Micro4, World Precision Instrument, Inc.). To study the influence
of Kir channel modulators on saliva secretion, flies were pre-injected
with 690 nl of Kir modulators and incubated at room temperature
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As with other hematophagous arthropods, the salivary gland is
critical to horn fly bloodmeal acquisition as it contains many bioactive proteins, such as anticoagulants, enzymes, and cofactors
that aid in acquisition of the bloodmeal (Ribeiro 1987, Cupp et al.
2010). Consequently, proteins secreted in the saliva are targets for
vaccine development to inhibit bloodmeal feeding and suppress
pathogen transmission by various hematophagous dipteran species
(Valenzuela et al. 2001, Gomes et al. 2008, Manning et al. 2018).
Significant efforts have been placed on the use of transcriptomics of
H. irritans to identify recombinant salivary proteins and candidate
antigens capable of preventing horn fly feeding and are amendable
to vaccine development, respectively (Cupp et al. 2004, Cupp et al.
2010, Breijo et al. 2017). The development of vaccines against horn
fly salivary antigens continues to hold promise as data have shown
significant reduction of horn fly infestations in field trials (Breijo
et al. 2016, Breijo et al. 2017). However, the toxicological potential
of ion channels in the horn fly salivary gland to inhibit gland function and bloodmeal acquisition remains to be explored.
Potassium (K+) ions and the mechanisms used for K+ ion homeostasis stand out as a compelling candidates for study because K+ ions
are the most abundant intracellular cation of vertebrate and invertebrate cells and K+ flux pathways are essential for proper maintenance
of cellular membrane potential (Urrego et al. 2014). These biological
features suggest that altering the function of K+ flux mechanisms will
have deleterious consequences to cell physiology. Inward rectifier potassium (Kir) channels are of research interest for their role in the
maintenance of membrane potential in arthropod epithelial tissue
systems (Scott et al. 2004, Rouhier et al. 2014b). Furthermore, recent
work has showed these channels could be exploited as novel insecticide target sites (Scott et al. 2004, Raphemot et al. 2013, Piermarini
et al. 2015, Swale et al. 2016, O’Neal et al. 2017, Swale et al. 2017).
Kir channels conduct K+ currents into cells at hyperpolarizing membrane potentials more readily than out of cells at depolarizing
membrane potentials (Hibino et al. 2010). All Kir channels share
similar molecular architecture and are tetramers assembled around
an aqueous membrane-spanning pore that are gated by polyvalent
cations that occlude the pore at cell potentials more positive than
the K+ equilibrium potential, which facilitates rectification (Lu and
MacKinnon 1994, Tao et al. 2009). Three subfamilies of Kir channels have been described in mammals and they differ based on their
regulatory properties. Constitutively active channels are not coupled
to regulatory subunits and are rectified based on the membrane potential of the cell. ATP-sensitive (KATP) channels are regulated by the
ratio of intracellular ATP:MgADP through regulatory sulfonylurea
receptor (SUR) subunits (Nichols 2006). Additionally, GPCR-gated
(GIRK) channels are coupled to a variety of G-protein coupled receptors subunits; thus, modulation of GIRK channels has a range of influences to cell physiology. Previous work by our group (Swale et al.
2017, Li et al. 2019a, Li et al. 2019b) and others (Ren et al. 2018)
has illustrated the importance of Kir and KATP channels for proper
salivary gland function, as well as sucrose- and bloodmeal feeding of
arthropods. Although the toxicological potential of these channels
is recognized, there is an incomplete understanding regarding pathways for K+ ion flux in the H. irritans salivary gland and if Kir channels can be targeted through vaccines or small-molecule modulators
to inhibit H. irritans salivary gland function and bloodmeal feeding.
Therefore, the overarching goal of this investigation was to test
the hypothesis that pharmacological inhibition of H. irritans Kir
channels would preclude blood feeding by reducing salivary gland
secretory activity. Knowledge gained from this study could be applied to broadly guide the development of novel synthetic insecticides, RNAi-based control technologies, or in vaccine design to
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for 20 min. After this incubation period, flies were subsequently
injected with 1 µl of 10 mM serotonin HCl to initiate salivation.
Concentration of Kir modulators were as follows: 200 μM VU041,
1 mM VU937, 1 mM VU590, 300 μM VU063, 300 μM VU063-I,
1 mM pinacidil, 1 mM tolbutamide, and 200 μM ML297, which
are similar to concentrations used in previous studies (Swale et al.
2017, Li et al. 2019a, Li et al. 2019b). Kir modulators and serotonin
were injected into the thorax of the fly and saliva was quantified
as described above. Total salivation of treated flies were statistically
compared to the volume secreted by serotonin only treated flies by
one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons posttest.

Blood Feeding and Quantification of Blood Ingestion
Adult, mixed-sex flies were fed on soaked cotton pads with fresh
citrated bovine blood that included 0.1% DMSO (control) or Kir
channel modulators (300 μM) dissolved in 0.1% DMSO. The
fluorophore, rhodamine B (100 ppm), was included in the blood to
ensure the flies attempted to feed and to enable relative quantification of ingested blood (Mascari and Foil 2010). To measure rhodamine fluorescence, which is a proxy for blood ingestion, digital
images were captured with AxioVision version 4.6 (Carl Zeiss) and
were observed under fluorescence microscopy using a rhodamine
filter cube (excitation wavelength, 540 nm; emission wavelength,
625 nm). All fluorescent images were captured at an exposure time
of 300 ms. Minimal to no auto-fluorescence of flies fed blood with
no rhodamine (negative control) negated the need to optimize the
fluorescence exposure time. Importantly, flies without fluorescent
tarsi were not included in the analysis as it indicated the flies did not
land on the soaked cotton pad to feed. To perform relative quantification of ingested blood, we analyzed the fluorescent images with
ImageJ (NIH, Bethesda, MD) (Schneider et al. 2012) by selecting

the whole fly using the selection tool and subsequently measuring
intensity of red wavelengths in the selected area through the RGB
Measure plugin available in the software. Relative fluorescent units
were determined by ‘Mean Intensity / Area’, as shown in Fig. 2. The
mean (n = 3 replicates, with 30 individuals in each replicate) fluorescence intensity for each treatment group was determined and statistically compared with a one-way ANOVA with multiple comparisons
posttest.
To provide an additional assessment of blood ingestion, we compared weights of flies that were unfed, fed, or had fed on different
treatment groups. Here, we collected averages of unfed flies (n = 100)
and blood-fed flies (n = 100) and compared these weights to the average weight of flies for each treatment group. We performed three
blood-feeding replicates with 30 flies per replicate for each chemical
treatment to total 90 individuals in each treatment group. Data were
statistically compared with a one-way ANOVA with multiple comparisons posttest.

Diuresis Experiments in H. irritans
The excretory capacity of adult H. irritans was measured based on
modifications by those described for mosquitoes (Raphemot et al.
2013, Swale et al. 2016, Prael et al. 2018). Groups of 10 flies were
injected with 1 µl of VU041, VU590, pinacidil, VU063, or tolbutamide at a concentration of 10 μM and the less potent analogs
VU937 and VU063-I were injected at 30 μM 2 h before injecting
each fly with 1 µl of a potassium-enriched, phosphate-buffered saline (K+-PBS). Control flies received 1 µl injection of 0.1% DMSO.
The K+-PBS consisted of the following (in mM): 92.2 NaCl, 47.5
KCl, 10 Na2PO4, and 2 KH2PO4 (pH 7.5). Each treatment group
of flies were transferred into a separate 2 ml microcentrifuge tube
and incubated for 1 h at 28°C. The volume of urine excreted by
individual flies was quantified by withdrawing the urine from
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the tube with a micro-injector (Nanoliter 2010, World Precision
Instrument, Inc.) controlled by a micro-syringe pump controller
(Micro4, World Precision Instrument, Inc.). For each treatment, 10
adult flies were exposed to the chemical and these treatments were
repeated on four separate broods. The mean volume excreted for
each individual cohort was averaged and plotted. Only flies confirmed to be alive at the end of 1 h were included in the analysis
and any dead flies were excluded from analysis. The mean (n = 4)
volumes excreted for each treatment group were analyzed using a
one-way ANOVA with a Newman–Keuls post hoc analysis using
GraphPad Prism.

Measurement of Toxicity of Kir Modulators
For toxicity assays, flies were fed on blood-soaked cotton pads that
contained 0.1% DMSO (control) or treated with Kir modulators
dissolved in 0.1% DMSO. The final DMSO concentration did not
exceed 0.1% in the highest drug concentration administered. Flies
were provided access to the blood for 90 min and were allowed free
access to 10% sucrose after removal of the blood. Rhodamine B
was included in the bloodmeal and non-fluorescent flies were not
included in the analysis due to the lack of feeding. Mortality was
assessed 24 h after removal of the blood. Percent toxicity was determined from approximately 150 fed flies for each compound that
consisted of five replicates with 30 flies in each replicate. Toxicity
was determined from a single discriminatory concentration of
50 μM, which was sixfold lower than the concentration used for
blood ingestion studies. The reduced concentration was necessary
because higher concentrations were found to inhibit saliva secretion
and blood feeding.

Results
Influence of Kir Channel Inhibitors to Saliva Secretion
From H. irritans
Here, we used the moderately developed pharmacological library
of insect and mammalian Kir channels (Raphemot et al. 2013,
Raphemot et al. 2014b, Rouhier et al. 2014b, Swale et al. 2016)
to test the influence of Kir channels to the secretory activity of the
H. irritans salivary gland. Serotonin treated (control) flies were
shown to secrete an average of 129 ± 19 nl of saliva over the 20-min
study period. VU041 reduced salivation to 25 ± 7 nl, a significant
(P < 0.001) decrease when compared to serotonin only (control) flies
(Fig. 3). Representative images of salivation with control and VU041
are shown in Fig. 3A and B. Importantly, flies exposed to VU937,
which is the less active analog to VU041 (Swale et al. 2016), were
shown to secrete 95 ± 37 nl, which is statistically (P < 0.05) reduced from control and significantly (P < 0.001) greater than VU041
(Fig. 3C). The classical Kir channel inhibitor VU590 was shown to
reduce mean salivation to 84 ± 17 nl, which is statistically different
from control- and VU041-treated flies (Fig. 3C).
The mammalian GIRK channel inhibitor, ML297, was shown to
reduce salivation to 39 ± 21, which is statistically different (P < 0.01)
when compared to control but not different than VU041, pinacidil,
or VU063. Unfortunately, ML297 is the only available GIRK channel
modulator available and no inactive analog is available.
The pharmacological library of mammalian KATP channels is
well developed that enables the use of activators, inhibitors, and
less potent analogs. The two activators, pinacidil and VU063,
were shown to significantly (P < 0.05) reduce fluid secretion when

Downloaded from https://academic.oup.com/jme/advance-article-abstract/doi/10.1093/jme/tjaa015/5719620 by Louisiana State University, dswale@agcenter.lsu.edu on 10 March 2020

Fig. 2. Methodology for measurement of blood ingestion. The average Rhodamine B (red) fluorescence for the whole body of the fly was determined through
ImageJ (Schneider et al. 2012) plugins and used as a relative measurement for blood ingestion in control and chemically exposed flies.
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compared to control with average salivation volumes of 30 ± 11
nl and 37 ± 12 nl, respectively (Fig. 3C). Importantly, VU063-I,
the less potent analog of VU063, was not significantly different
when compared to control (Fig. 3C). The KATP channel inhibitor,
tolbutamide, was found to significantly (P < 0.05) reduce salivation by two-fold when compared to control, yet was found to be
significantly less efficacious when compared to the KATP activators,
pinacidil or VU063 (Fig. 3C).

Kir Inhibitors Reduce Blood Ingestion by H. irritans
We aimed to translate the in vitro data of Fig. 3 to a biological response in the live fly by testing the hypothesis that reducing the
secretory activity of the salivary gland with Kir channel inhibitors
will reduce ingestion of blood during feeding events. To do this, we
measured the relative intensity of rhodamine fluorescence from fed
flies, which is correlative to volume of blood imbibed. All flies were
found to be fluorescent, indicating 100% of the flies fed and imbibed blood. Data show control flies had a relative intensity of 2.3 ±
0.6, and the classical Kir channel inhibitors, VU041 and VU590, significantly (P < 0.01) reduced blood ingestion based on rhodamine
fluorescent intensity by 7.5-fold and fourfold (Fig. 4A). As observed
with salivation, flies exposed to VU937 did not ingest a significantly
different blood volume when compared to control flies. The GIRK
channel inhibitor, ML297, reduced blood ingestion by 8.8-fold when
compared to control, which was statistically significant from control
flies but not VU041 (Fig. 4A). All KATP channel modulators reduced
blood ingestion when compared to control. VU063 and pinacidil reduced blood ingestion by an average of 6.5- and 3.9-fold when compared to control, respectively. Importantly, the less potent analog

VU063-I did not impact blood ingestion when compared to control.
The KATP channel inhibitor, tolbutamide, also significantly reduced
salivation when compared to control, but was not significantly different compared to the activators (Fig. 4A).
To validate the utility of using fluorescence intensity for volume
of blood ingested, we weighed each individual fly after feeding on
blood that was treated with a Kir modulator and compared the
mass to unfed and control flies. Unfed flies were found to have
an average mass of 2.5 ± 0.4 mg and control flies had an average
mass of 5.3 ± 2.1 mg, which is approximately 2.5 µl of blood ingested (Fig. 4B). Flies that were exposed to VU041 were found
to have some abdominal fluorescence, but the average weight of
VU041-treated flies was 2.0 ± 0.9 mg, which was not statistically
different from unfed flies (Fig. 4B). Although VU590 was shown to
reduce the secretory activity of the salivary gland (Fig. 3) and reduce rhodamine fluorescence (Fig. 4A), the mass of flies fed VU590
was found to be 3.2 ± 0.8 mg, which is not statistically different
from control flies (Fig. 4B). Interestingly, we did not observe a corresponding increase in fluorescence intensity for flies exposed to
VU590 despite an increased mass of flies exposed to VU590. All
flies that were exposed to the GIRK channel inhibitor, ML297, and
all three KATP channel modulators ingested significantly (P < 0.05)
less blood than control and were not significantly different when
compared to unfed flies (Fig. 4B). The fluorescence and weight data
were found to be highly correlative as a linear regression between
the two data sets resulted in a goodness of fit r2 value of 0.93 with
a slope of 1.895 ± 0.2 (Fig. 4C). Representative images of control
blood-fed flies and flies exposed to select Kir channel modulators
are shown in Fig. 4D.
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Fig. 3. Influence of Kir channel modulators to the secretory activity of H. irritans salivary gland. Representative images showing methodology and the secreted
salivary bubble for (A) control- and (B) VU041-treated flies. Each bar represents a mean (n = 25 individuals) volume of saliva secreted over a 10-min period after
exposure to a Kir modulator and 10 μM serotonin. Error bars represent standard deviation (SD). Bars not labeled by the same letter indicates statistical significance at P < 0.05 as determined by a one-way ANOVA and multiple comparisons posttest.
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Influence of Kir Channel Modulators to Diuresis of
Adult Flies
Kir channels have been shown to be essential for proper function of
mosquito Malpighian tubules and fluid secretion from the isolated
tubules (Raphemot et al. 2013, Rouhier et al. 2014b); thus we evaluated the effects of Kir channel modulators to the excretory capacity
of H. irritans. VU041 was shown to have the most significant impact
on fluid excretion in adult horn flies with a 3.6-fold reduction when
compared to the injection of vehicle only (Fig. 5A). Contrary to what
was observed with fluid secretion from the salivary gland, fluid excretion after injection of the less potent analog VU937 was significantly
reduced when compared to control but was significantly greater
than VU041. The second classical Kir channel inhibitor, VU590 reduced the excretory capacity of adult flies by 1.6-fold, which was

significantly (P < 0.05) reduced when compared to control and significantly greater than the volume excreted in VU041-treated flies.
The KATP channel activators, pinacidil and VU063, were found to
have similar potency with both significantly (P < 0.05) reducing the
excretory capacity by approximately twofold. Tolbutamide, the KATP
channel inhibitor, did not significantly alter the excretory capacity
when compared to control (Fig. 5A).

Toxicity of Kir Channel Inhibitors to H. irritans
Kir channel modulators were found to be moderately toxic after ingestion with VU041 being the most toxic with 82 ± 11% mortality
at a concentration of 50 μM, whereas VU937 resulted in fourfold
less mortality (Fig. 5B). VU590 resulted in significant mortality with
60 ± 14% flies dead at 24 h post-exposure and was not significantly
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Fig. 4. Influence of Kir channel modulators to the bloodmeal feeding and blood ingestion by adult H. irritans. Relative blood ingestion of flies that fed on blood
treated with 0.1% DMSO (vehicle control) or Kir channel modulators as measured by relative Rhodamine (red) fluorescence intensity (A) and total mass (B). Bars
represent mean (n = 90 individuals) and error bars represent SD. Bars not labeled by the same letter represent statistical significance at P < 0.05 as determined
by a one-way ANOVA with Tukey’s posttest. A linear regression (y = 1.795*x + 1.356) of the average mass against the fluorescence intensity (C) with the colors of
each data point corresponding to the treatment groups described in the bar graphs in Panels A and B. Representative images of red fluorescence in horn flies
that fed on Rhodamine B treated blood (D).
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different from VU041. For KATP channel modulators, VU063 was
the most toxic modulator studied and was shown to be 1.7- and
1.4-fold more toxic than pinacidil and tolbutamide, respectively
(Fig. 5B). The two less potent analogs, VU937 and VU063-I, were
found to induce some toxicity likely due to some inhibition at the
target site, albeit significantly less than the parent molecules VU041
and VU063, respectively.

Discussion
Similar to other hematophagous arthropods, horn fly saliva is critical for successful bloodmeal feeding serving as the vehicle for
proteins with immunomodulatory, anti-hemostatic, and other activities that increase feeding efficiency (Ribeiro 1987, Cupp et al.
2010). Vaccination of cattle with recombinant protein isoforms of
thrombostatin, which is an anticlotting protein, caused a significant reduction in blood ingestion and overall fly feeding (Cupp
et al. 2004, Cupp et al. 2010), which suggested that eliminating or
reducing the volume of saliva secreted at the bite site will also reduce horn fly feeding. However, the majority of work performed on

H. irritans blood feeding has focused on the transcriptomic identification of unique transcripts in the saliva that differentially regulate
blood uptake for use in vaccine research and development. Although
this approach has been partially successful, a knowledge gap exists
pertaining to the physiological underpinnings that enable horn fly
salivation and bloodmeal feeding. The research findings reported
here begin to address these knowledge gaps and we document that
biochemical disruption of salivary gland function inhibits blood
feeding and bloodmeal acquisition. Furthermore, we extended previous findings to the horn fly by confirming that Kir channels are
also a critical conductance pathway in the excretory system. Further,
altered osmoregulatory capacity is likely the mechanism for mortality as has been described for mosquitoes (Raphemot et al. 2013,
Rouhier et al. 2014b, Swale et al. 2016). However, it is important
to note that this study did not measure the direct influence of Kir
modulators to isolated Malpighian tubules and thus, the reduced excretory capacity may be due to altered neural activity or an impact
to other systems within the excretory pathway.
Inward conductance of potassium ions is critical for salivary
gland function of arthropods and previous work confirmed that
these channels represent a tractable target for inhibiting blood- and
sap feeding of arthropod pests (Swale et al. 2017, Ren et al. 2018, Li
et al. 2019a, Li et al. 2019b). The data presented in this study support previous work that has shown Kir channels constitute a critical
conductance pathway in the salivary gland (Swale et al. 2017, Ren
et al. 2018, Li et al. 2019a, Li et al. 2019b) and Malpighian tubules (Scott et al. 2004, Raphemot et al. 2013, Rouhier et al. 2014b,
Rouhier et al. 2014a, Swale et al. 2016) of other arthropod species
by providing clear evidence that chemical modulation of Kir channels reduce the secretory capacity of the salivary gland to hinder
blood acquisition and inhibit diuresis. These findings suggest that
Kir channels are a critical conductance pathway in the secretory
and excretory systems of the horn fly and, from an applied perspective, this research validated the Kir channels as putative target sites
for the development of therapeutic agents that can mitigate horn
fly feeding through two independent mechanisms: antifeedant-like
properties and acute toxicity.
Kir channels function as biological diodes in multiple tissue systems and cell types due to inward flux of K+ ions occurring more
easily than efflux at hyperpolarized membrane potentials (Hibino
et al. 2010), which allows the cell to establish and maintain membrane homeostasis by increasing intracellular cations. In humans,
there are three functional groups of Kir channels: classical Kir channels (Kir1.x, Kir2.x, Kir4.x, Kir5.x, Kir7.x) that are constitutively
active; G protein-gated Kir channels (GIRK; Kir3.x) are regulated by
G-protein-coupled receptors; and ATP-sensitive Kir channels (KATP;
Kir6.x) that are linked to cellular metabolism (Hibino et al. 2010).
Previously we showed that arthropod salivary glands are sensitive
to modulators specific for one of the functional groups described in
humans. For instance, the secretory activity of tick salivary glands
was significantly reduced after exposure to KATP channel activators,
but it was insensitive to the classical Kir or GIRK channel inhibitors
(Li et al. 2019b). By contrast, the salivary gland function of aphids
and fruit flies was inhibited following exposure to classical Kir inhibitors, but not KATP channel modulators (Swale et al. 2017, Li et al.
2019a). Considering these data, we hypothesized that hematophagous arthropods evolved the use of KATP channels instead of classical Kir channels to maintain membrane potential and regulate the
secretory activity of the salivary glands because ATP is required for
successful blood feeding (Galun et al. 1963, Smith 1979, Ribeiro
et al. 1985). We also speculated that non-hematophagous arthropods, such as aphids and fruit flies, employ classical Kir channels
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Fig. 5. Effects of Kir channel modulators to the excretory capacity and survivorship of adult H. irritans. (A) Amount of urine excreted by flies 1 h after
injection with 1 µl of vehicle control or Kir modulator containing solutions in
K+-PBS. Bars represent mean (n = 90) where error bars represent SEM. (B)
Total percent mortality of adult flies that fed on blood containing Kir channel
modulators. Bars represent mean (n = 3) percent mortality and error bars represent standard deviation. For both panels, statistical significance is denoted
by bars not labeled by the same letter as determined by a one-way ANOVA
and a multiple comparisons posttest.
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controls and yielded 90% horn fly mortality (Fig. 5). Interestingly,
KATP channel modulators also significantly reduced fluid excretion
when compared to control and resulted in mortality, likely due
to altered osmoregulation. These data are consistent with the expression of classical and KATP channels in the Malpighian tubules
of D. melanogaster (Doring et al. 2002, Wu et al. 2015). Overall,
the experimental results validated the Kir channels as ‘druggable’
targets where the action of small molecules can simultaneously reduce bloodmeal feeding efficacy and induce lethality through distinct
modes of action. Further molecular characterization and additional
physiological studies are needed to verify the spatial expression and
functional role of each Kir channel.
This study revealed that the functional role of Kir channels in
horn flies involves secretory activity of the salivary gland, bloodmeal
acquisition, and involvement in Malpighian tubule function. These
results expand our knowledge by documenting that the horn fly
likely employs at least two families of Kir channels involved in
salivary gland and Malpighian tubule physiology, which is unique
among previously studied arthropods. Although this study demonstrated that Kir channels can be targeted for molecular disruption to
simultaneously inhibit hematophagy and induce horn fly mortality
through distinctly different modes, additional research is required to
validate the specific role and toxicological relevance of Kir channels
in epithelial secretory organs.
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