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A B S T R A C T

Macrocyclic lactone-resistant Parascaris have been reported throughout the world. In part, the drug resistant
phenotype is hypothesized to be associated with ATP-binding cassette transporters known as P-glycoproteins. In
many systems, P-glycoproteins efflux drugs out of cells thereby precluding drug binding to target receptors.
Parascaris may evade macrocyclic lactone-mediated death by effluxing drugs away from target receptors in the
nervous system. Alternatively, P-glycoprotein expression in the gut or body wall could prevent penetration of
drugs into the body of the parasite altogether. In the present study, we evaluate expression of Peq-pgp-11 and
Peq-pgp-16 using a novel multiple nucleic acid hybridization method. This method allowed for visualization of
individual mRNA transcripts within fixed tissue sections of Parascaris adults. Our investigation revealed ex-
pression of Peq-pgp-11 and Peq-pgp-16 in the intestine, body wall, nerves, lateral cords, and reproductive tissues
of male and female parasites. These results suggest that Pgp could efflux drugs locally at the level of parasite
neuronal tissue as well as at sites of entry for drugs such as the hypodermis and intestine. The multiple nucleic
acid hybridization method could be useful for providing tissue context for gene expression in a variety of ne-
matode parasites.

1. Introduction

Parascaris spp. is a cosmopolitan ascarid nematode that inhabits the
small intestine of equids. These large nematodes reach up to 30 cm in
length and are known to cause malnutrition and intestinal impaction
when present in large numbers. Unfortunately, this parasite has de-
veloped resistance to macrocyclic lactone (ML) anthelmintics including
ivermectin and moxidectin (Boersema et al., 2002). The first report of
drug resistance in the United States was published in 2007 (Craig et al.,
2007). Resistance is now considered to be relatively widespread in
Europe and North America (Peregrine et al., 2014). Drug resistance has
also been reported in Parascaris in South America (Molento et al.,
2008), Oceania (Beasley et al., 2015; Bishop et al., 2014) and Asia
(Shah et al., 2016). These findings have prompted the implementation
of measures designed to delay the development of resistance in sus-
ceptible populations (Nielsen, 2016).

The ML group of anthelmintics includes the avermectins and mil-
bemycins. These agents selectively act on glutamate-gated chloride
channels of invertebrates causing a slow and permanent state of hy-
perpolarization due to excessive chloride ion influx leading to paralysis
(Wolstenholme, 2012). The effects are concentration-dependent, but
species-specific differences in potency due to biochemical and

pharmacological differences have been demonstrated (Geary and
Moreno, 2012). Resistance to the ML anthelmintics has often been at-
tributed to mutations and decreased expression of glutamate-gated
chloride channels (Whittaker et al., 2017). However, an understanding
of other mechanisms of resistance is beginning to emerge, and includes
metabolism by cytochrome P450 (Riga et al., 2014), and efflux due to
overexpression by ABCB1 transporter family (James and Davey, 2009;
Xu et al., 1998).

For several parasites of veterinary importance, there is a growing
body of evidence that resistance to ML is, at least in part, mediated by
ABC transporters (P-glycoproteins) (Whittaker et al., 2017). P-glyco-
proteins (Pgps) are members of the ATP-binding cassette transporter
family that are well known to modulate drug resistance in bacteria and
neoplastic tissues (Davidson and Chen, 2004; Licht et al., 1994). In
helminths, Pgps are thought to contribute to drug resistance by ef-
fluxing anthelmintics away from their molecular target. Pgps associated
with ML resistance have been characterized in several nematode
parasites including the trichostrongyle Haemonchus contortus (Godoy
et al., 2015a, 2016; Godoy et al., 2015b; Xu et al., 1998), cyathostomins
(Drogemuller et al., 2004; Kaschny et al., 2015), and the filarid Dir-
ofilaria immitis (Bourguinat et al., 2016; Mani et al., 2016).

Recent evidence suggests that increased levels of Pgp expression are
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highly correlated with reduced susceptibility of Parascaris to MLs
(Janssen et al., 2013). Two Pgp genes, Peq-Pgp-11 and Peq-pgp-16, have
been identified. Of these two Pgp genes, it appears that Peq-pgp-11 is
more strongly associated with resistance (Janssen et al., 2013). De-
creased susceptibility to MLs has been demonstrated with transgeni-
cally expressed Peq-pgp-11 in C. elegans (Janssen et al., 2015). It is
thought that the ML resistant phenotype occurs when expression of Peq-
pgp-11 is high, however, the factors regulating this expression are not
well characterized (Nielsen et al., 2014).

Pgp-11 orthologs that alter susceptibility to MLs have been shown to
occur in other parasitic nematodes including D. immitis (Mani et al.,
2016), Cooperia oncophora (De Graef et al., 2013), H. contortus (Raza
et al., 2016) and non-parasitic Caenorhabditis elegans (Bygarski et al.,
2014). Pgp-16 orthologs occur in H. contortus (Godoy et al., 2015a) and
in C. oncophora (Demeler et al., 2013; Tydén et al., 2014) with ex-
pression levels increased after ML exposure in the latter. In contrast
Pgp-16 orthologs were not found in C. elegans (Issouf et al., 2014).

In Parascaris, tissue-specific expression of Pgp has been investigated
by dissecting worm tissues and amplifying expressed genes by PCR
(Janssen et al., 2013). However, this preparation method precludes
making clean preparations of tortuous linear organs such as the testes
(Janssen et al., 2013), and makes studying localization in nerve cords,
and lateral cords impossible due to their small size. To overcome these
obstacles, expression of Pgps can be studied in situ in sections of worm
tissue that allow the preservation of anatomy and tissue architecture.

We examined Pgp expression using an in situ multiple nucleic acid
RNA hybridization method that allowed visualization of individual
mRNA transcripts through a novel signal amplification technique
(Wang et al., 2012). This method utilizes a double Z probe design based
on a target mRNA with the base of the Z having a complementary
binding sequence. The 18- to 25- nucleotide base and the 14- nucleotide
tail of the Z are connected by a spacer. Binding of two adjacent Z probes
allows the formation of a 28 nucleotide binding site made of two tails of
the Z probes. A preamplifier binds to the site, and is turn bound by an
amplifier, which is bound by an alkaline phosphatase labeled signal
amplifying probe. A chromogenic substrate is added that allows vi-
sualization. The chromogenic signal, indicating an individual mRNA
transcript, can be viewed as a punctate dot by light microscopy. The
aim of this present study was to determine the tissue distribution of Peq-
pgp-11 and Peq-pgp-16 as determined by multiple nucleic acid RNA
hybridization.

2. Materials and methods

2.1. Parasites

Adult male and female Parascaris were obtained opportunistically
from foals necropsied at the College of Veterinary Medicine, Iowa State
University. All procedures were conducted in accordance with applic-
able institutional animal care and use committee protocols and guide-
lines.

Adult worms were fixed in 10% neutral buffered formalin (NBF)
(Fisher Scientific, NJ) for 22 h. Ten percent NBF was injected into the
worms to fix internal organs, and the whole worms were placed in 10%
NBF. Four segments from each of three body regions (anterior, middle,
posterior) were excised from a male and female worm and embedded in
paraffin blocks. Five μm tissue sections were prepared on microscope
slides by standard histological procedures in the Department of
Veterinary Pathology at Iowa State University.

2.2. Probe targets

Probes for chromogenic multiple nucleic acid in situ mRNA hy-
bridization were obtained from Advanced Cell Diagnostics (Hayward,
CA). Multiple nucleic acid probes targeting the nucleotides 687–2489 of
Peq-pgp-11 (GenBank Accession number JX308230.1) and nucleotides

2592–3541 of Peq-pgp-16 (GenBank Accession number JX308231.1)
were used. A positive control probe targeted the nucleotides 5–1305 of
Peq-beta-tubulin (GenBank Accession number JN034256.1), a compo-
nent of the eukaryotic cytoskeleton. This probe could also weakly bind
isotype 2 of P. equorum β-tubulin (GenBank Accession number
KC713798.1). A negative control probe was designed to target the
nucleotides 414–862 of the dapB sequence of Bacillus subtilis (GenBank
Accession number EF191515), encoding the bacterial enzyme dihy-
drodipicolinate reductase. Proprietary programs were used to assure
target probe specificity. Probes were stored at 4 °C and used according
to the manufacturer's protocol.

Chromogenic in situ mRNA hybridization was performed using
RNAscope 2.5 HD Assay - Red reagents (Advanced Cell Diagnostics,
Hayward, CA) on 5 μm thick sections of the adult worms, and mounted
according to the manufacturer's protocol. Fast Red was used as sub-
strate for alkaline phosphatase in the chromogenic reaction.

2.3. Analysis

Photomicrographs were obtained on Olympus BX40 and BX60 mi-
croscopes with a Olympus DP70 camera using CellSens software
(Olympus, Waltham, MA). The intestine, body wall, lateral cords with
excretory canals, dorsal, and ventral nerve cords were examined. The
ovaries, uteri, and testes were examined when present. Signal was
measured from n=5 images from each of 3 tissue sections obtained
from each body region (anterior, middle, posterior). Hybridization
signal was resolved as punctate, stained spots located within parasite
tissues. Areas of positive signal were measured using the ISH 2.2/
RNAscope module of HALO image analysis software (Indica Labs,
Advanced Cell Diagnostics, Hayward, CA). Ratio of probe hybridization
area to total tissue area was calculated and used for data analysis.
Differences in expression levels were compared among tissues as well as
within individual tissues across anterior, middle and posterior of the
worms by one-way ANOVA with Tukey-Kramer HSD (Honestly
Significant Difference) post-hoc test on SAS JMP Pro 12.

3. Results

3.1. Multiple nucleic acid hybridization is sensitive and specific for
Parascaris pgp

To characterize the tissue-specific expression of Peq-pgp-11 and Peq-
pgp-16, adult worm tissues were analyzed with a multiple nucleic acid
hybridization technique. Multiple nucleic acid hybridization allows for
specific signal amplification, with low background, resulting in in-
dividual mRNA transcripts appearing as distinct spots in tissue sections.
Probes binding Bacillus subtilis DapB was used as the negative control
for the assay. No positive signal indicative of DapB mRNA was found in
any of the organs examined (Fig. S1). Parascaris β-tubulin was used as
the positive control for the assay. Positive signal indicative of β-tubulin
mRNA was found to be highly expressed in all the organs examined
(Fig. S1).

3.2. Qualitative analysis of Peq-pgp-11 and Peq-Pgp-16 mRNA expressed in
Parascaris

Positive signal indicative of Peq-pgp-11 mRNA and Peq-pgp-16
mRNA visualized as red-pink dots were found in a variety of parasite
tissues. Histologic features and location of mRNA hybridization are
presented in Fig. 1(male) and Fig. 2(female) and described below.

3.2.1. Body wall
The ascarid body wall is typically composed of three distinct layers -

a cuticle, hypodermis and a single layer of coelomyarian muscle cells
(Watson, 1965). Red-pink dots indicative of Peq-pgp-11 and Peq-pgp-16
mRNA were visualized in the hypodermis and in the muscle cells, but
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not in the cuticle in sections of male and female worms.

3.2.2. Intestine
Intestines of ascarids consist of a single layer of epithelial cells with

an apical microvilli/ bacillary layer and a layer of dense cytoplasm on
the luminal side called a plasma cap. The basal part has a basal lamella
and an outer mesenteric membrane. Brown granular inclusions were
present in sections of the intestines, typical of the ascarid gut (Kessel

Fig. 1. Representative images of adult male Parascaris. Positive signal resulting from probe hybridization appeared as red punctate dots. Black boxes indicate the
location of high magnification insets. A description of staining in specific tissues is given in Section 3.2. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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et al., 1961). These features are of note so as not to confuse them with
nucleic acid hybridization signal. Peq-pgp-11 and Peq-pgp-16 mRNA was
visualized in moderate numbers throughout the cell including around
the nuclear envelope, but was absent at the microvilli, plasma cap,

basal lamella and mesenteric membrane in both male and female
worms.

Fig. 2. Representative images of adult female Parascaris. Positive signal resulting from probe hybridization appeared as red punctate dots. Black boxes indicate the
location of high magnification insets. A description of staining in specific tissues is given in Section 3.2. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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3.2.3. Lateral cords
Ascarids have a H-shaped excretory system that is embedded in the

lateral lines, and extend from the nerve ring to about the middle of the
body as a continuous canal with a lumen, after which the canal appears
to degenerate. The lateral line tissue also contributes to this drainage
through the many intercellular spaces that it contains (Dankwarth,
1971). Peq-pgp-11 mRNA and Peq-pgp-16 mRNA were noted in the
central excretory canal and in the tissue of the lateral lines in both male
and female worms in very low numbers.

3.2.4. Nerve cords
The dorsal and ventral nerve cords, which are the major compo-

nents of the ascarid nervous system, originate at the nerve ring and run
along the length of the body (del Castillo et al., 1989). Peq-pgp-11
mRNA and Peq-pgp-16 mRNA were visualized in the dorsal and ventral
nerve cords in very low numbers in male and female worms.

3.2.5. Male reproductive tissue
The male ascarid reproductive tissue consists of a single convoluted,

tubular testis, seminal vesicle and a terminal vas deferens (Foor, 1976).
Peq-pgp-11 mRNA and Peq-pgp-16 mRNA were seen in all parts of the
male reproductive tissue in low numbers.

3.2.6. Female reproductive tissue
The female reproductive tissue consists of convoluted tubular

ovaries lined by a single layer of simple cuboidal epithelium, that

eventually become two tubular uteri proceeding anteriorly, and which
terminate in a single uterus with simple cuboidal to columnar epithe-
lium with the presence of some free intercellular space, depending on
their location in the body (Lýsek and Ondrus, 1992). Peq-pgp-11 mRNA
and Peq-pgp-16 mRNA were visualized in low numbers in the ovaries
and uterus

Our results demonstrate that Peq-pgp-11 and Peq-pgp-16 mRNA ex-
pression could be qualitatively visualized using multiple nucleic acid
hybridization in situ in the enterocytes of the intestines, hypodermis and
coelomyarian muscles of the body wall, epithelia of the ovaries and
uteri in the female, cells of the reproductive tract in the male, excretory
canal, lateral line, and nerve cords. These findings are generally in
agreement with Pgp expression data assessed by qPCR (Janssen et al.,
2013).

3.3. Quantitative analysis of Peq-pgp-11 and Peq-Pgp-16 mRNA expressed
in Parascaris

In order to make comparisons of signal among tissues, positive
signal was quantified as dots per μm2 for each probe. Expression levels
of Peq-pgp-11 mRNA and Peq-pgp-16 mRNA relative to beta tubulin
mRNA (positive control probe) were analyzed (Figs. 3 and 4). Expres-
sion levels were also analyzed in each organ in sections from the
anterior, middle and posterior of the worms (Figs. 5 and 6 ).

In male parasites, overall expression of Peq-pgp-11 was significantly
higher in the intestine and reproductive tissue (which were not

Fig. 3. Expression of (A) Peq-pgp-11 and (B) Peq-pgp-16 in adult male Parascaris. Values represent percent area of the tissue with positive staining relative to beta-
tubulin ± S.E.M. Columns with different symbols are significantly different (p < 0.05).
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significantly different from each other) than in the body wall, nerve
cords and lateral cords (Fig. 3A). In contrast, expression of Peq-pgp-16
mRNA was not significantly different among the tissues studied
(Fig. 3B). However, significant differences in the relative expression
levels of Peq-pgp-11 and Peq-pgp-16 mRNA were observed in body wall,
intestine, nerve cord and reproductive tissue when comparing the
anterior, middle and posterior regions of the parasite. (Fig. 5).

In female parasites, overall expression of Peq-pgp-11 was sig-
nificantly higher in the intestine when compared with the body wall,
ovaries, uterus, lateral and nerve cords (Fig. 4A). Similarly, expression
of Peq-pgp-16 was significantly higher in the intestine when compared
to all other tissues studied (Fig. 4B). Significant differences of relative
expression of Peq-pgp-11 and Peq-pgp-16 were observed in the body
wall, intestine, nerve cords and uterus when comparing the anterior,
middle and posterior regions of the parasite (Fig. 6).

Thus, Peq-pgp-11 and Peq-pgp-16 mRNA expression could be quan-
titatively analyzed using multiple nucleic acid hybridization in the
tissues of male and female worms, and this was in agreement with the
previously published report for Peq-pgp-11 (Janssen et al., 2013).
Comparisons between expression levels in the same organs in different
sections of the worms were also possible with this technique.

4. Discussion

P-glycoproteins have been associated with macrocyclic lactone re-
sistance in nematode parasites, including Parascaris. This is the first

study to examine in situ P-glycoprotein mRNA localization in an ascarid
or equine nematode parasite. More broadly, our results suggest the
multiple nucleic acid hybridization technique can be used as a quan-
titative measure of mRNA transcripts in parasitic nematodes.

Previously, localization studies have been conducted using anti-
body-based detection of Pgp protein in tissues of Clade V nematodes. In
transgenic C. elegans, Cel-Pgp-3 and Cel-Pgp-1 proteins localized to the
apical membranes of the excretory and intestinal cells and the anterior
pharynx (Broeks et al., 1995). In Haemonchus contortus, antibodies de-
veloped by immunization with synthesized peptides detected Hco-Pgp-2
in the pharynx, lateral nerve cords, deirids and mid-intestine (Godoy
et al., 2015b). A monoclonal antibody targeting human Pgp bound to
the cuticle, eggs, and intestinal cells of H. contortus (Riou et al., 2005).
Fewer studies have assessed the localization of Pgp mRNA transcripts in
situ. In H. contortus, in situ hybridization revealed that mRNA of Pgp-A
(Hco-Pgp-2) was present in the worm gut, anterior to the pharyngeal
intestinal junction, lateral cords, vas deferens and spicules, with no
significant differences being observed in males or females (Smith and
Prichard, 2002).

In the present study, multiple nucleic acid hybridization revealed
significant levels of Peq-pgp-11 transcripts in the intestines of both sexes
and in the reproductive tissue of the male and significant levels of Peq-
pgp-16mRNA transcripts in the intestines of male and female Parascaris.
This technique has a significant advantage over worm dissection and
qPCR, as tubular organs such as the testes that take significant skill to
isolate without contamination. In addition, small organs such as nerve

Fig. 4. Expression of (A) Peq-pgp-11 and (B) Peq-pgp-16 in adult female Parascaris. Values represent percent area of the tissue with positive staining relative to beta-
tubulin ± S.E.M. Columns with different symbols are significantly different (p < 0.05).
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cords can be studied in the context of the surrounding tissues.
P-glycoproteins are thought to efflux MLs out of cells and prevent

drug binding to nematode glutamate-gated chloride channels. It is un-
clear if Pgp-mediated drug efflux acts at a local level, near nematode
nervous tissues expressing ion channels. Another possibility is that Pgp
eliminates anthelmintics at the level of the nematode body wall or in-
testine, which may initially encounter the drug. Alternatively, Pgp ef-
flux could trap anthelmintics in specific tissue compartments thereby
sequestering them away from target receptors. In order to develop a
model for understanding Pgp-mediated ML resistance, it is important to
determine the location and expression patterns of Pgps.

Detection of Pgp transcripts in some cell types suggests that Pgps
could prevent entry of ML into the body of the nematode. Pgp mRNA
was visualized in the hypodermis and in the coelomyarian musculature.
Since transcuticular diffusion of anthelmintics has been demonstrated
in ascarids (Alvarez et al., 2001; Martin et al., 1992), anthelmintic ef-
flux could be relevant at the level of the body wall. High levels of Pgp
were also observed within intestinal cells. In mammals, the intestinal
epithelium is the first line of defense and effluxes many foreign sub-
stances. There is a possibility that ingested anthelmintics are effluxed at
the level of the intestine, thereby preventing their entry into the body of
the nematode.

Pgp transcripts were also visualized, albeit in lower numbers, in the
lateral cords through which the excretory canal passes (Martin et al.,
1992; Sanglas et al., 2009). It has been postulated that since nematodes
lack a liver or kidneys, drug and xenobiotic clearance occurs through
the excretory canal by P-glycoproteins on the surface of cell membranes

(Broeks et al., 1995). In Ascaris, vacuolated cells of the lateral cords
absorb ML from the peri-enteric fluid (Martin et al., 1992). Thus, the
presence of Pgps in the lateral cords may enable drug efflux into the
excretory canal causing a reduction in effective concentration of the
drug at other active sites in the parasite.

In mammals, nervous system Pgps exclude xenobiotics at the level
of the blood brain barrier (de Boer et al., 2003). In the present study,
Pgp mRNA was visualized in low numbers in the dorsal and ventral
nerve cords. One binding site for MLs is in the outer monolayer of the
plasma membrane of muscle cells and nerve-cords (Martin et al., 1992),
therefore, efflux of anthelmintics could also be relevant at the level of
the nerves bearing ligand-gated ion channels. Thus, although the
mammalian body components are different structurally, the function of
Pgp-mediated neuroprotection could be similar.

Pgp mRNA was visualized in the reproductive tissues of both the
male and female worms. Increased uterine expression of Peq-pgp-11 and
Peq-pgp-16 has also been detected by PCR for Parascaris (Janssen et al.,
2013). Uterine muscles are sites of action of for MLs and the presence of
Pgps in the uterus and uterine muscles has been proposed (Godoy et al.,
2015a; Prichard, 2001) However, the potential function of Pgps in the
male reproductive organs such as the testis, vas deferens, and seminal
vesicles are largely unknown.

Overall, the multiple nucleic acid hybridization method is useful for
detecting specific transcripts within tissues of nematodes. The present
study suggests that Peq-pgp-11 and Peq-pgp-16 mRNAs are expressed in
many tissues of Parascaris. Our results indicate that Pgps could protect
nematodes from anthelmintics locally, at the level of the neuron, but

Fig. 5. Expression of (A) Peq-pgp-11 and (B) Peq-pgp-16 in different body regions of adult male Parascaris. Values represent percent area of the tissue with positive
staining relative to beta-tubulin ± S.E.M. Columns with different symbols are significantly different from other regions of a specific tissue (p < 0.05).
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also at sites of entry such as the hypodermis and intestine. The parasites
studied in this report were not known to be drug-resistant, so it appears
these Pgps are expressed constitutively in a variety of tissues. Therefore,
ML-induced hyperexpression or post-translational changes in Pgps re-
quire additional investigation. The multiple nucleic acid hybridization
approach can be used in combination with protein-detection techniques
to enable future studies comparing drug-resistant and -susceptible ne-
matodes.
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