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Abstract

Cyclic AMP (cAMP)-dependent protein kinase/protein kinase A (PKA) is the major transducer of cAMP signalling in
eukaryotic cells. Here, using laser scanning confocal microscopy and ‘smart’ anti-phospho PKA antibodies that exclusively
detect activated PKA, we provide a detailed in situ analysis of PKA signalling in intact adult Schistosoma mansoni, a causative
agent of debilitating human intestinal schistosomiasis. In both adult male and female worms, activated PKA was
consistently found associated with the tegument, oral and ventral suckers, oesophagus and somatic musculature. In
addition, the seminal vesicle and gynaecophoric canal muscles of the male displayed activated PKA whereas in female
worms activated PKA localized to the ootype wall, the ovary, and the uterus particularly around eggs during expulsion.
Exposure of live worms to the PKA activator forskolin (50 uM) resulted in striking PKA activation in the central and
peripheral nervous system including at nerve endings at/near the tegument surface. Such neuronal PKA activation was also
observed without forskolin treatment, but only in a single batch of worms. In addition, PKA activation within the central and
peripheral nervous systems visibly increased within 15 min of worm-pair separation when compared to that observed in
closely coupled worm pairs. Finally, exposure of adult worms to forskolin induced hyperkinesias in a time and dose
dependent manner with 100 uM forskolin significantly increasing the frequency of gross worm movements to 5.3 times that
of control worms (P=0.001). Collectively these data are consistent with PKA playing a central part in motor activity and
neuronal communication, and possibly interplay between these two systems in S. mansoni. This study, the first to localize a
protein kinase when exclusively in an activated state in adult S. mansoni, provides valuable insight into the intricacies of
functional protein kinase signalling in the context of whole schistosome physiology.

Citation: de Saram PSR, Ressurreicdo M, Davies AJ, Rollinson D, Emery AM, et al. (2013) Functional Mapping of Protein Kinase A Reveals Its Importance in Adult
Schistosoma mansoni Motor Activity. PLoS Negl Trop Dis 7(1): €1988. doi:10.1371/journal.pntd.0001988

Editor: Aaron G. Maule, Queen’s University Belfast, United Kingdom
Received July 27, 2012; Accepted November 15, 2012; Published January 10, 2013

Copyright: © 2013 De Saram et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was financially supported in part by Kingston University (www.kingston.ac.uk) and the Natural History Museum, London (www.nhm.ac.uk)
through core funding; there was no specific project grant. PSRDS made a significant financial contributuion as he was a self-funded Masters by Research student.
The institutional funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: t.walker@kingston.ac.uk

miasis, with an associated disease burden of ~70 million disability
adjusted life years [6,7]. Praziquantel is the current drug of choice
for the treatment of schistosomiasis but after three decades of use
in mono-therapy there remains a possibility that resistance to
praziquantel will emerge. Recently the genomes of the three most
medically-important schistosomes, S. mansonz [8],
Japonicum (9], and Schistosoma haematobium [10] were published,
providing a valuable resource for integrative biological studies on

Introduction

Schistosoma mansont is an important parasitic blood fluke that
causes human schistosomiasis, a neglected tropical disease that
ranks second only to malaria when considering the number of
people infected (~200 million) and at risk (~779 million) [1]. The
life cycle of this parasite is complex involving snail-intermediate
and human-definitive hosts. After the free-living cercariae infect

Schistosoma

the human host, they transform into parasitic schistosomules
which mature in the vasculature vz an adolescent stage to separate
sex adults; sex organs develop approximately three weeks after
infection and copulation between male and female worms begins
after approximately four weeks [2]. The intimate association that
exists between adult male and female worms i copula is vital to
maintaining the full maturation of the female worm [3-5],
fertilization of eggs, and thus high levels of egg production to
facilitate parasite transmission. Not all of the eggs produced by
adult female schistosomes escape from the host. The immune
response to those eggs that become trapped in tissues such as the
gut wall, liver or spleen and the granulomatous reaction evoked by
secretory egg antigens gives rise to chronic/advanced schistoso-
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schistosomes [2] and for identifying potential drug targets [11].
Cyclic AMP (cAMP)-dependent protein kinase/protein kinase A
(PKA) is one of the best-characterized members of the protein
kinase super-family [12,13]. In eukaryotes, PKA regulates diverse
cellular processes including cell cycle progression [14], prolifera-
tion/differentiation [15,16], cytoskeletal dynamics [17], and
flagellar beat [18]. In an inactive state, the PKA holoenzyme
comprises two identical catalytic (C) subunits bound non-
covalently to two identical regulatory (R) subunits. Activation of
PKA occurs in the presence of cAMP that is produced by G-
protein coupled receptor (GPCR)-mediated activation of adenylyl
cyclase. cAMP binds cooperatively to two sites on each R subunit
driving a conformational change within the holoenzyme that
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Author Summary

Schistosome blood flukes are formidable parasites. They
can survive for many years as male-female pairs in the
blood vessels of their vertebrate hosts where they
copulate and produce large numbers of eggs that become
lodged in tissues causing schistosomiasis. Over 200 million
people are infected with schistosomes, mainly in tropical
and sub-tropical countries; in terms of parasitic diseases,
the socio-economic impact of human schistosomiasis is
second only to malaria. Understanding how cellular
mechanisms regulate schistosome form and function is a
vital part of global research efforts on schistosomes, not
least because identification of novel mechanisms might
yield opportunities to develop new drugs against the
parasite. Here we use a novel approach to provide a
comprehensive atlas that displays the localization of an
important protein (protein kinase A) when in an exclusively
activated state within schistosomes. We show that this
protein is activated within various tissues including those
of the musculature and nervous system and that its
activation in nerves visibly increases when paired adult
male and female schistosomes separate. We also show that
PKA plays a vital role in the co-coordination of schistosome
muscular activity. Our findings offer valuable insight into
this protein at the functional level and provide a much-
needed physiological framework for further work on PKA
in schistosomes, which has been highlighted previously as
a potential drug target.

results in the release of the catalytically active C subunits
enabling them to phosphorylate serine/threonine residues in
specific cytosolic and nuclear substrate proteins altering their
biological functions [19,20]. Phosphorylation also plays an
important part in the activation of PKA. In mammalian cells,
the C subunit is phosphorylated at Thr197 in the activation loop
by another C subunit or by phosphoinositide-dependent protein
kinase 1 (PDK1) [21-23]; in addition Ser338 is phosphorylated,
which although not required for enzyme activation is important
for processing and maturation of PKA [23]. The broad but
selective substrate specificity of PKA is achieved by compart-
mentalization at different sub-cellular regions through interac-
tion with A-kinase-anchoring proteins (AKAPs) [13]. Further-
more, endogenous protein kinase inhibitor (PKI) peptides inhibit
the activity of the C subunit independently of cAMP and also
serve to traffic free C subunits from the nucleus to the cytoplasm
[24].

In 2009, the first definitive evidence of PKA activity in adult
worms was published with a full description of a gene encoding a
S. mansoni PKA catalytic subunit (Sm-PKA-C) [25]. The putative
Sm-PKA-C shared 70% similarity with PKA-C subunits from
other organisms including the nematode Caenorhabditis elegans, the
fruit fly Drosophila melanogaster, and Homo sapiens, and was most
similar to PKA-C of the mollusc Aplysia californica. Furthermore,
using both RNA interference (RNAi) and pharmacological
approaches, PKA expression and activity were found to be
essential for schistosome survival [25], highlighting PKA as a
possible anti-schistosome chemotherapeutic target.

In the current paper we provide valuable insights into the
precise locations and possible functions of phosphorylated
(activated) PKA within intact adult S. mansoni. Our findings
highlight particularly a neuromuscular role for PKA in schisto-
somes and the detailed analysis of PKA activation within worms
provides an important physiological framework for future work on
schistosome neurobiology and host-parasite interactions.
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Materials and Methods

Ethics statement

Laboratory animal use was within a designated facility regulated
under the terms of the UK Animals (Scientific Procedures) Act,
1986, complying with all requirements therein; regular indepen-
dent Home Office inspections occurred. The experiments
involving mice in this study were approved by the Natural History
Museum Ethical Review Board and work was carried out under
Home Office project licence 70/6834.

Parasites

The Belo Horizonte strain of S. mansoni was used in all experiments.
Adult schistosomes were recovered by hepatic portal perfusion of
female mice (BKW strain) that were infected approximately 45 days
earlier by paddling in water containing 200 cercariae. Worm pairs
were collected carefully and were either placed immediately in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Paisley,
UK), or were fixed immediately in ice-cold absolute acetone and
stored at 4°C for immunohistochemistry.

Detection of activated PKA in adult S. mansoni

homogenates by western blotting

Freshly collected adult worm pairs were placed individually in
wells of a 12-well tissue culture plate (Nunc, Thermo Fisher
Scientific, Loughborough, UK) each containing 1 ml DMEM and
were incubated in forskolin (50 pM or 100 uM; Calbiochem,
Merck, Nottingham, UK), KT5720 (25 uM or 50 uM; Calbio-
chem), dimethyl sulphoxide (DMSO) vehicle (0.02% (v/v)), or
DMEM alone for 1 h at 38°C. Forskolin was used to activate
adenylyl cyclase and produce cAMP to in turn activate PKA;
KT5720, a competitive antagonist of the ATP binding site on the
PKA catalytic subunit, was employed as a PKA inhibitor. After
treatment, each worm pair was homogenized on ice in 25 pl 1x
RIPA buffer (20 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA,
I mM EGTA, 1% (v/v) NP-40) containing 1 ul protease and
phosphatase inhibitor cocktail (Pierce; Thermo Fisher Scientific).
The resulting homogenate was centrifuged at 13,000 rpm for 10 s
at 4°C to remove insoluble material and protein estimations were
carried out on the supernatant using the Bradford assay. An
appropriate volume of 5x SDS-PAGE sample buffer was added
and samples heated to 90°C for 5 min. Once cooled on ice, a
further 1 pl of protease inhibitor and phosphatase inhibitor
cocktail were added to the extracts and samples stored at
—20°C for subsequent electrophoresis. SDS-PAGE was performed
using 10% Precise pre-cast gels (Pierce, Thermo Fisher Scientific)
and proteins were transferred to nitrocellulose membranes (GE
Healthcare, Amersham, UK) using a semi-dry electrotransfer unit
(Bio-Rad, Hemel Hempstead, UK). After transfer, membranes
were stained with Ponceau S (Sigma, Poole, UK) to confirm
homogeneous transfer, and were blocked for 1 h in 5% (w/v) non-
fat dried milk in tris-buffered saline containing 0.1% (v/v) Tween-
20 (T'TBS), and briefly washed in TTBS prior to incubation
overnight at 4°C in rabbit anti-phospho-PKA-C (Thr197)
polyclonal primary antibodies (Cell Signalling Technology, New
England Biolabs, Hitchen, UK; 1:1000 dilution in 1% (w/v) BSA
in TTBS). Next, blots were washed with T'TBS and incubated for
2 h at room temperature with horse-radish peroxidase-conjugated
secondary antibodies (Cell Signalling Technology; 1:5000 in 1%
BSA (w/v) in TTBS) and exposed to West Pico chemiluminescent
substrate (Pierce) for 5 min. Immunoreactive bands were then
visualized using a cooled CCD GeneGnome chemiluminescence
imaging system (Syngene, Cambridge, UK). Equal loading of
proteins was checked by stripping blots for 3 h at room
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Figure 1. Western blot analysis demonstrating antibody specificity and activation and inhibition of S. mamsoni PKA-C. (A) Adult S.
mansoni protein extracts (from one worm pair) were processed for western blotting with anti-phospho-PKA-C antibodies as described in Materials
and Methods; the immunizing peptide and lambda phosphatase were employed to confirm that the antibody reacted with phosphorylated PKA-C
and not the non-phosphorylated form. (B) Live adult S. mansoni were incubated in 50 uM or 100 uM forskolin, 25 uM or 50 uM KT5720, vehicle
(DMSO), or DMEM alone (Control) for 1 h at 28°C and worm protein extracts processed for western blotting with anti-phospho-PKA-C antibodies.
Anti-actin antibodies were used to assess any differences in protein loading between samples. The results shown in each panel are representative of
data from two independent experiments.

doi:10.1371/journal.pntd.0001988.9001
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Figure 2. /n situ distribution of phosphorylated (activated) PKA (green) in adult male S. mansonirevealed using anti-phospho-PKA-C
antibodies. Schistosomes were fixed and stained as detailed in Materials and Methods. Images show z-axis projections in maximum pixel brightness
mode except (A) which shows selected serial optical z-sections; images |, J, L, N, and P are overlays of activated PKA with F-actin stained by rhodamine
phalloidin (red). (A-C) Negative control worms incubated without primary antibodies but with Alexa Fluor 488 secondary antibodies and rhodamine
phalloidin. In male worms, prominent PKA activation is particularly associated with: (D, anterior dorsal surface scan) the tegument (TE); (E, deeper
body scan) gynaecophoric canal muscles (GCM) of the gynaecophoric canal (GC), and seminal vesicle (SV); (F, anterior ventral surface scan) ventral
sucker (VS), oral sucker (OS) and oesophagus (OE); (G-J) tubercles (TU) of the tegument, areas proximal to the centres of the tubercle spines (SP) and
at surface-proximal nerve endings (NE) are also evident in (P); (K, L, N-P) tubular structures (TS) of unknown function close to the SV (K, L) also in the
anterior of the worm (N-P, with boxed region shown in O, enlarged for clarity in P); (M) posterior region displaying activated PKA associated with the
collecting duct (CD). Bar: B, C=300 um; D-F, M=100 um; G-L, P=20 um; N,O=50 pum.

doi:10.1371/journal.pntd.0001988.9g002

temperature with Restore western blot stripping buffer (Pierce)
before briefly washing blots in TTBS and incubating blots with
anti-actin antibodies (Sigma, Poole, UK; 1:3000 in TTBS)
followed by secondary antibodies and chemiluminescent imaging.
Relative band intensities were quantified using Gene Tools
software (Syngene). In addition, to confirm that the anti-
phospho-PKA-C (Thr197) primary antibodies only detected the
phosphorylated form of PKA-C, western blots were either
incubated in primary antibody that had been pre-adsorbed for
30 min to the phosphorylated immunizing peptide or were pre-
treated with lambda phosphatase (New England Biolabs; 400 U/
ml in TTBS containing 1% BSA and 2 mM MnCly) for 4 h prior
to incubation in primary antibodies; secondary antibody labeling
and detection were then performed as described above.

Immunohistochemistry and confocal laser scanning

microscopy

Worms processed for confocal laser scanning microscopy
included samples fixed immediately after removal from the host
and samples fixed after exposure to forskolin (50 uM) as detailed
above. Acetone fixed worms were washed twice with 1 ml
phosphate buffer saline (PBS) and were further permeabilized
with 0.3% (v/v) Triton-X100 in PBS for 1 h. After a brief wash in
PBS, worms were blocked for 2 h with 10% (v/v) goat serum
(Invitrogen, Paisley, UK) followed by incubation in anti-phospho-
PKA-C (Thr197) antibodies (1:50 in PBS containing 5% (w/v)
BSA) for 72 h. Worms were then washed three times in 1 ml PBS
for 20 min each and incubated in Alexa Fluor 488 secondary
antibodies (Invitrogen; 1:500 in BSA) and 200 ng/ml rhodamine
phalloidin (Sigma) for 24 h in the dark. After further washing with
PBS for 1h, worms were placed on microscope slides and
mounted in Vectashield anti-bleaching medium (Vector Labora-
tories, Peterborough, UK). All washes and incubations were
performed in screw-capped microfuge tubes on a microfuge tube
rotator at room temperature. Worms were then visualized using a
Leica TCS SP2 AOBS confocal laser-scanning microscope using
20x dry objectives or 40x/63x oil immersion objectives and
images collected and analyzed with associated Leica software.
Because adult S. mansoni autofluoresced at the same detection
wavelength as the secondary antibody, the signal received from the
negative controls (i.e. those not incubated in primary antibody)
was negated from the positive samples by reducing the power level
of the photomultiplier tube (PMT) and then maintaining constant
PMT voltage throughout all observations. Worms were also
incubated with anti-phospho-PKA-C (Thr197) antibodies that had
been pre-absorbed to the phosphorylated immunizing peptide to
check for antibody specificity in immunocytochemistry.

PKA activation in the nervous system during male-female
uncoupling

Freshly collected worm pairs were placed in DMEM at 28°C for
30 min to equilibrate. They were then observed until the first
worm pairs uncoupled naturally, and the individual separated
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male and female worms (five of each) were immediately collected
and fixed in ice-cold acetone. At the same times, five coupled
worm pairs were removed from the medium and fixed. This
provided for analysis worms that were paired and those that had
just separated. In addition, immediately upon separation, individ-
ual worms were transferred separately to wells of a 24-well culture
plate (Nunc) each containing 0.5 ml DMEM maintained at 28°C.
These individual male and female worms were then fixed (as
described above) at 15 min, 30 min and 60 min post separation
(five of each for each time point) to allow for analysis of PKA
signalling during pair separation. Similarly, paired worms (five
pairs for each time point) were collected, incubated and fixed after
these durations to provide paired-worm controls for each
separation time point. Fixed worms were then kept at 4°C until
they were processed for immunohistochemistry.

Behavioral effects of PKA activation in S. mansoni

Freshly collected adult worm pairs were placed in individual
wells of a 12-well tissue culture plate (Nunc) each containing 1 ml
of DMEM at 28°C.. After 30 min, worms were treated with 50 uM
or 100 pM forskolin, or DMSO (0.02% (v/v)) vehicle. Exposing
one sample at a time, adult worms were videoed over 30 min using
an Olympus SZ4045 binocular dissecting microscope attached to a
JVC TK-1481 composite colour video camera operating with
Studio Launcher Plus for Windows software with 1 min long
movies captured at 0 min, 5 min, 10 min, 15 min, 20 min,
25 min and 30 min post-treatment; videos were compressed using
Panasonic dv codecs. A minimum of five worm pairs per treatment
were analyzed. During analysis, cold light sources were employed
and light intensity kept constant in order to stabilize light
condition. The number of gross random muscular movements/
min was then assessed visually for each sample at each time point.
A gross random muscular movement was defined as a rapid
observable change from the existing body position; an extreme
example of such movement can be seen with the whip-like motion
observed following forskolin treatment in the supplementary movie
(Video S1). Next, movies taken for treatments displaying the
maximum phenotypic effects were imported into the publicly-
available software Image] for Windows (Rasband, W.S., Image], U.
S. National Institutes of Health, Bethesda, Maryland, USA, http://
rsb.info.nih.gov/1j/, 1997-2009) to further assess the nature of
worm movement. Prior to import, videos were decompressed to avi
format using Movavi Suite 10 SE for Windows and were converted
to 8-bit grayscale; background subtraction was performed using
Image] and the resulting movie was converted to binary format
using the automatic Otsu thresholding algorithm. Binary objects
representing the worms were then tracked for ‘thrashing’ (body
bend) analysis using the open-source publicly-available custom
Image] plugin, wrMTrck (http://www.phage.dk/plugins) with a
bend threshold of 6°. Graphs depicting the angular movement
(degrees) of individual worms (shapes) were generated against time
(frame number) along with the total number of body bends above
the threshold per treatment.
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Figure 3. /n situ distribution of phosphorylated (activated) PKA (green) in adult female S. mansoni revealed using anti-phospho-
PKA-C antibodies. Schistosomes were fixed and stained as detailed in Materials and Methods. Images show z-axis projections in maximum pixel
brightness mode with further z, x and y, z projections in C and E; K shows serial optical z-sections; images B-F, H, J and K are overlays of activated PKA
with F-actin stained by rhodamine phalloidin (red). In female worms, prominent PKA activation is particularly associated with: (A) the tegument (TE),
oesophagus (OE), ventral and oral suckers (VS/OS); (A-E) uterus (UT); (D, E) ootype (OT) surrounding the egg (EG) which also autofluoresces red in D
and E; (F) ovary (OV) and oviduct (OD) but not the non-ciliated vitelline duct (NCVD); (G, H) vitelline collective duct (VCD) structures and areas of the
vitelline follicles (VF) leading to the vitelline duct (VD); (I-K, taken from female in copula) circular muscles (CM) revealed as ring-like distributions of
activated PKA during egg (EG) expulsion along the uterus. Bar: A=100 um; B-J=40 um.

doi:10.1371/journal.pntd.0001988.g003

Analysis of variance (ANOVA) and a post-hoc Fisher multiple
comparison test were done to analyze the effects of individual
treatments at specific time points using Minitab 15.

Results

Identification of phosphorylated (activated) PKA in adult
S. mansoni

Phospho-specific antibodies that bind to PKA-C only when
phosphorylated at a site conserved with threonine 197 (Thrl197)
of human PKA-C within the PKA activation loop were employed
in an attempt to detect phosphorylated PKA in adult S. manson:.
Because phosphorylation at this residue is crucial for PKA
maturation, optimal conformation and catalytic activity [26,27],
these antibodies are used to determine PKA activation [27-29].
Bioinformatic analysis of SmPKA-C [25] comprising 350 amino
acids revealed that the amino acid sequence (RVKGRTWTLC-
GTPLEY) surrounding and including Thr197 to which the anti-
phospho PKA antibodies bind (www.phosphosite.org) is identical
between S. mansoni and human PKA, with Thr195 being the crucial
threonine phosphorylation site in S. mansoni PKA-C. Western
blotting revealed that the anti-phospho PKA (Thr197) antibodies
detected two closely migrating bands with apparent molecular
weights of approximately 40 KDa and 42 KDa in adult S. manson:
homogenates (Figure 1A). Treatment of western blots with lambda
phosphatase for 4 h prior to exposure to anti-phospho PKA
(Thr197) antibodies resulted in a total loss of immunoreactivity of
both protein bands; in addition, incubation of these antibodies with
the immunizing peptide before exposure to the nitrocellulose
resulted in the same effect (Figure 1A). When live adult worms were
exposed to the PKA activator forskolin (50 uM or 100 pM) for 1 h
the immunoreactivity of both bands increased when compared to
controls (Figure 1B). In contrast, exposure to KT5720, a
competitive antagonist of the ATP binding site of PKA, decreased
the phosphorylation of both bands with 50 uM KT5720 attenuat-
ing phosphorylation by approximately 90% (determined by image
analysis of two independent bots) (Figure 1B). These results are
consistent with the expected effects of antigen competition and
dephosphorylation on antibody immunoreactivity and of activation
and inhibition on PKA phosphorylation status (e.g. [28,29]),
identifying the anti-phospho-PKA (Thr197) antibodies as suitable
for studying PKA activation in S. mansoni. The two bands of
phosphorylated PKA-C therefore likely represent the 40.4 KDa
SmPKA-C characterized by Swierczewski and Davies [25] and an
additional PKA-C or splice variant thereof. The S. manson: kinome
[30] includes up to five predicted PKA-like proteins, and multiple
sequence alignment of these proteins using ClustalW2 (http://www.
ebi.ac.uk/Tools/msa/clustalw2/) reveals that the residue corre-
sponding to Thr197 of human PKA-C is conserved in all of these
proteins (data not shown).

In situ distribution of activated PKA in adult male and
female S. mansoni

To visualize activated PKA in adult S. mansoni, anti-phospho-
PKA (Thr197) antibodies and confocal laser scanning microscopy
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were used; all images were obtained from whole mounts of intact
worms. Schistosomes that were only incubated in secondary
antibody (negative control) displayed almost no fluorescence
when autofluorescence was negated by reducing the PMT
voltage; only the F-actin staining was evident (Figures 2 A-C).
In addition, when adult worms were incubated with anti-
phospho-PKA (Thr197) antibodies that had been pre-adsorbed
to the phosphorylated immunizing peptide no significant
fluorescence was observed, with worms appearing similar to
those shown in Fig. 2B. In contrast, incubation with anti-
phospho-PKA (Thr197) antibodies revealed activated PKA in
various regions of the worms (Figures 2, 3). Intense PKA
activation was observed in the tegument of both sexes (Figures 2D,
3A) and this was particularly associated with the tubercles
(Figures 2G—2]J). PKA activation in the tegument was also more
prominent in males than females, and towards the central dorso-
lateral region of the male where larger tubercles are present
(Figures 2D, 2F; cf. Figure 2M which shows the posterior of the
worm). High magnification imaging revealed that regions of the
tegument displaying PKA activation included the centres of the
tubercles surrounded by spines and foci within the canyons
between the tubercles (Figures 2G-]J); these regions might
represent putative sensory structures in the tegument surface.
Furthermore, analysis of serial optical z-sections revealed
activated PKA in the musculature immediately underlying the
tegument (data not shown). In adult males, deeper scanning
revealed activated PKA in the muscular wall of the seminal
vesicle (Figures 2E, 2K, 2L), and gynaecophoric canal muscles
(Figure 2E) with activation in the latter apparently associated with
circular contractile rings (Figure 2E); the oesophagus and the
highly muscular ventral sucker also possessed activated PKA as
revealed by scanning the ventral side of the worm (Figure 2F).
Additionally, activated PKA was visible around an area that
resembled the collecting duct of the excretory system at the
posterior of the male worm (Figure 2M) and in uncharacterized
tubular structures located dorso-laterally between the oral and
ventral sucker (Figures 2N-2P); these tubular structures extended
approximately to the region where the seminal vesicle is sited
(Figures 2K, 2L). In adult female schistosomes and additional to
the tegument, activated PKA was associated with the oesophagus,
ventral sucker and uterus (Figure 3A), ootype (Figure 3D),
vitelline follicles and collecting ducts (Figures 3G, 3H); the
common vitelline duct did not possess detectable activated PKA.
Deeper scanning and cross-sectional analysis of the uterus and
ootype regions revealed activated PKA to be associated with the
muscular walls of these organs (Figures 3C, 3E). In addition, in
some female worms diffuse PKA activation was detected in the
ovary (Figure 3F). Finally, a striking ring-like distribution of
activated PKA was detected in the female worm uterus
surrounding the egg during egg expulsion along the uterus
(Figures 3I-3K); such staining was only observed when an egg
was present. Although the rhodamine phalloidin staining
appeared diffuse in some cases, analysis of individual channels
revealed these ring-like structures to be stained by rhodamine
phalloidin thus defining their muscular nature.
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Figure 4. Activated PKA associates with the nervous system of adult male S. mansoni. Schistosomes were fixed and stained with anti-
phospho-PKA-C antibodies (green) and rhodamine phalloidin (red) to localize activated PKA and actin, respectively, as detailed in Materials and
Methods. Images show z-axis projections in maximum pixel brightness mode with further z, x and y, z projections in D. Intense PKA activation is
particularly associated with: (A, anterior view) ventral nerve cords (VNC), connecting cerebral commissures (CC), and anterior ganglia (AG); (A, B)
complex nerve plexus (PL) associated with the oral sucker (OS) and extending nerve processes (NP); (C, enlarged from boxed region shown in A) and
(D) nerve endings (NE) emanating from the PL evident over the body surface including on the tegument and oral sucker; (E, F) peripheral nervous
system including PL extending from the lateral nerve cord (LNC), main nerve cord (MNC), complex PL extending to the underlying musculature (red),
surface proximal NEs extending from the PL, nerve fibres (NF); peripheral ganglia (PG) and cell bodies (CB) which connect with the MNG; (F) the
ganglion shown was close to the surface of the gut. Additionally, diffuse PKA activation is associated with the (A, G) testicular lobes (TL) of the testes
(TT), which are surrounded by the testicular capsules stained red. Bar: A=100 um; B-D, F, G=20 um; E=40 um.

doi:10.1371/journal.pntd.0001988.g004

In situ distribution of activated PKA in the nervous
system of adult male and female S. mansoni

Normally, activated PKA was not significantly detected in the
nervous system of adult male or female worms when paired;
however, in about 10% of specimens used (paired and separated)
which were all from a single batch of worms collected from a pool
of mice from only one infection, striking activation was seen
(Figures 4, 5), the general distribution of which was similar
between males and females. The basic neuro-anatomy of S. mansont
is similar in both sexes; however, the nervous tissue is particularly
evident in males due to their larger size. Selective z-scanning to
reveal the nervous system demonstrated that activated PKA was
present in the anterior ganglia and their connecting commissures
and in the dorsal and ventral nerve cords (Figures 4A, 5A); the
typical orthogonal arrangement was clearly visible due to activated
PKA within the nervous system. Furthermore, activated PKA was
detected in the neuropile of the anterior ganglia and connecting
commissure that comprised a widespread plexus of nerve fibres
(Figure 5B). Activated PKA also existed within the complex
innervation of nerve fibres and plexus of the oral sucker and
ventral sucker in both sexes (Figures 4A, 4B, 5A, 5B) that
originated from the anterior ganglia (determined by analyzing
individual z-sections, data not shown). This plexus extended to
nerve endings on the sucker tegument surface possessing distinct
foci of PKA activation which we propose might have a sensory
function (Figures 4B, 4D, 5B); activated PKA was associated with
similar nerve endings and underlying plexus over much the worm
body (Figures 4A, 4C, 5B).

High-resolution deep body scanning of the male worm
peripheral nervous system revealed that activated PKA was also
associated with large lateral peripheral ganglia that were
positioned between the main nerve cord and more slender lateral
nerve cord which both also displayed activated PKA (Figures 4E,
4F); analysis of optical z-sections revealed that some of these
ganglia (Figure 4F) were close to the surface of the gut lining (data
not shown). Nerve fibres, cell bodies and the complex nerve plexus
also stained positive for activated PKA (Figures 4E, 4F). Analysis of
z-sections revealed that this nerve plexus served the musculature of
the gynaecophoric canal, sub-tegument and tegument surface
where activated PKA was seen associated with the nerve endings
amongst the spiny tubercles (Figure 4E). Diffuse PKA activation
was also seen in the testicular lobes with more evident activation in
the nerve fibres around the testes (Figure 4G). In the female,
activated PKA was detected in the nerves associated with the
ootype and Mehlis’ gland complex (Figure 5C) and the ovary and
seminal receptacle complex (Figures 5D, 5E).

Although extensive PKA activation in the nervous system was
only observed in a small proportion of S. mansoni recovered, and
was not commonly detected, we reasoned that it should be possible
to activate neuronal PKA robustly in live S. manson: with 50 uM
forskolin. Incubation of worms in forskolin for 1 h resulted in
extensive PKA activation in the nervous system (Figure 6), with
control worms (not shown) appearing essentially as in Figures 21
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and 3A. This increased PKA activation observed within intact
worms in response to forskolin mirrors that observed by western
blotting (Figure 1B).

In situ distribution of activated PKA during S. mansoni
uncoupling

Although the cause of the extensive activation of neuronal PKA
observed in a proportion of worms from only one batch of mice
was not known, given the distinct neuronal and muscular
distribution of PKA we hypothesized that PKA might become
activated in the nervous system during worm un-pairing. In
agreement with our previous observations, confocal microscopy
revealed that PKA was not activated extensively in the nervous
system of paired adult worms immediately after perfusion (data not
shown). Increased PKA activation was however observed specif-
ically within the nervous system, including the nerve cords 15 min
after pair separation in both male and female worms when
compared to their paired counterparts and was sustained for
30 min and 60 min post-separation (Figure 7). Partial PKA
activation was also observed in the nerve cord of a female worm
that remained i copula at 30 min but activation was seen only in
areas where the worm had protruded considerably from the male’s
gynaecophoric canal (Figure 7F); analysis of worms from at least
three independent experiments revealed that such neuronal PKA
activation was consistently absent when the worms remained
closely coupled but was present when they separated. Although it
is theoretically possible that separated worms permeabilize more
effectively than paired worms, enabling better antibody penetra-
tion and labeling, this was not the case in our hands. On occasions
when paired worms became separated within rotating tubes
during the primary antibody incubation stage no differences in
neuronal phospho-PKA labeling could be seen between these
paired or separated samples. In addition, PKA activation in the
nervous system appeared similar in forskolin treated worms
regardless of whether they were paired or separated (data not
shown).

Effect of PKA activation on adult S. mansoni movement

Because activated PKA localized to the musculature and
nervous system of adult S. mansont, an experiment was conducted
to ascertain the effect of PKA activation on worm movement.
Preliminary assays revealed that forskolin treatment induced a
phenotype that displayed considerable random contractile
movements. Movies of adult worms were therefore captured
for visual semi-quantitative analysis. When worms were treated
with 50 uM forskolin there was a significant increase in gross
muscular movements with time (P=<0.001; Figure 8A). After
15 min, the mean number of gross muscular movements in
control worms was 7.2/min whereas the frequency in forskolin
treated worms increased 2.6 times to 18.9/min (P<0.05). This
forskolin-mediated effect was even more pronounced after
20 min (P=0.001) and was sustained until the end of the
experiment (Figure 8A) by which time movements had increased
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Functional Mapping of PKA in S. mansoni

Figure 5. Activated PKA associates with the nervous system of adult female S. mansoni. Schistosomes were fixed and stained with anti-
phospho-PKA-C antibodies (green) and rhodamine phalloidin (red) to localize activated PKA and actin, respectively, as detailed in Materials and
Methods. Images show z-axis projections in maximum pixel brightness mode with further z, x and y, z projections in E. Activated PKA is particularly
associated with: (A) longitudinal nerve cord (LNC), neural structures in the oral sucker (OS), ciliated vitelline duct (CVD) adjacent to the vitelline
follicles (VF) but not the non-ciliated vitelline duct (NCVD); (B) neural structures of the ventral sucker (VS), surface-proximal nerve endings (NE)
extending from the complex nerve plexus (PL) including those on the VS, and transverse nerve cords (TNC); (C) neural structures (NS) innervating the
ootype (OT) surrounding the egg (EG), LNC and uterus (UT); (D and E) ovary (OV) and innervating nerves (arrowed) which extend to regions including
the vitelline ducts (VD, obscuring the oviducts) and the seminal receptacle complex (SRC). Bar: A=100 um; B, D=40 um; C=20 um.
doi:10.1371/journal.pntd.0001988.g005

to 4.3 times that of control (P=0.001). Forskolin-treated worms compared to controls (Figure 8A). After 10, 15, and 20 min, the

also displayed excessive ‘coiling’ when compared to their non- frequency of movements was significantly greater in the presence
treated counterparts and this was particularly evident after 20, of 100 uM forskolin than in 50 pM forskolin (P=0.01), and after
25 and 30 min exposure (30 min shown in Figure 8B). The 20 min exposure worms displayed 41.5 movements/min com-
effects of 100 uM forskolin on gross random muscular move- pared to only 7.7 in the control group (Figure 8A; P=0.001).
ments were more pronounced than with 50 uM forskolin, Despite the increased motility observed in the presence of
showing a significant increase after only 5 min (P=0.05) when forskolin, there was no apparent difference in the number of
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Functional Mapping of PKA in S. mansoni

Figure 6. Immunolocalization of activated PKA in forskolin-treated adult male (M) and female (F) S. mansoni in copula. Worm couples
were incubated in 50 uM forskolin for 1 h and fixed and stained with anti-phospho-PKA-C antibodies (green) and rhodamine phalloidin (red) to
localize activated PKA, and actin, respectively, as detailed in Materials and Methods. Intense PKA activation is seen in the tegument (TE) musculature
and the nervous system including the longitudinal nerve cords (LNC) and nerve endings (NE) covering the TE and oral sucker (OS). The
uncharacterized tubular structures (TS) previously show in Figure 2 also display activated PKA. Image shows a z-axis projection in maximum pixel

brightness mode. Bar=100 pum.
doi:10.1371/journal.pntd.0001988.g006

worm pairs that separated during the course of the experiment.
The movie (Video S1) provides a visual inspection of the effects
of forskolin treatment on worm movement at 20 min exposure.
Movies of worms exposed to forskolin for 20 min were then
subjected to quantitative thrashing (body bend) analysis using the
Image] plugin wrMTrck. Both the number of body bends and
the extent of angular movement increased considerably following
exposure to either 50 pM or 100 uM forskolin when compared
to DMSO controls (Figure 8C), with irregular movements
observed. Using a threshold of 6° change, the average number
of body bends per worm following exposure to these concentra-
tions of forskolin was 4.6 and 6.9 times that of controls,
respectively, and was broadly similar to that determined for this
time point by semi-quantitative analysis (Figure 8A). Important-
ly, wrMTrck analysis also revealed the extent of change in
angular movement of worms following treatment. Whereas
thrashing in excess of =25° was infrequent in controls, it was
considerably more common with forskolin (Figure 8C). More-
over, thrashing in excess of £50° did not occur in controls, but
did on eight occasions with 50 uM forskolin and 24 occasions
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with 100 uM forskolin. Collectively, this data highlights the
nature of the hyperkinetic effect of forskolin and thus PKA
activation on S. manson: worm movement.

Discussion

By using anti-phospho-specific antibodies and laser-scanning
confocal microscopy we have mapped in detail activated PKA, the
major transducer of cAMP signalling in eukaryotes [31], to
discrete tissues of intact male and female adult S. mansoni. In male
worms, activated PKA was found particularly associated with the
tegument, gynaecophoric canal muscles, oral and ventral suckers,
oesophagus, seminal vesicle wall, other areas of somatic muscu-
lature, and anterior tubular structures of unknown function. In
females, activated PKA was observed particularly in the tegument,
suckers, oesophagus, uterus and ootype wall, and ovary. In
addition, in a subset of worms obtained from a pool of mice all
from the same infection and in forskolin-treated worms, striking
PKA activation was observed throughout much of the central and
peripheral nervous systems including at nerve endings at the worm
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15 min

30 min

60 min

Female

Functional Mapping of PKA in S. mansoni

Pair

Figure 7. Activation of PKA in the nervous system of adult male (M) and female (F) S. mansoni upon pair separation. Schistosomes
were fixed (A-C) 15 min, (D-F) 30 min, or (G-I) 60 min after separation and were stained with anti-phospho-PKA-C antibodies (green) to localize
activated PKA as detailed in Materials and Methods; schistosomes that remained in copula (pair; C,F,l) for these durations were also processed for
comparison with separated males (A,D,G) or females (B,E,H). Images show z-axis projections in maximum pixel brightness mode. The arrows highlight
regions of PKA activation within the nervous system; the putative surface-proximal nerve endings (NE) are also indicated.

doi:10.1371/journal.pntd.0001988.g007

surface. Activation of neuronal PKA appeared to increase during
worm separation  vitro, and pharmacological activation of PKA
by forskolin induced hyperkinesias in worms in a time and dose-
responsive manner. Collectively, these data are consistent with
PKA likely playing a vital part in S. manson: muscular activity and
neuronal communication, and interplay between these two
systems.

Schistosomes employ a variety of biogenic amines (e.g. 5-
hydroxytryptamine (5-HT/serotonin), dopamine and histamine)
and neuropeptides in their nervous system [32,33]. Biogenic
amines signal through GPCRs and in some cases activate adenylyl
cyclase, elevating intracellular cAMP levels which in turn activate

PLOS Neglected Tropical Diseases | www.plosntds.org
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PKA [34,35]. 5-HT increases the motility of intact schistosomes
vitro [e.g. 36—-38] and has been localized to the male gynaecophoric
canal and oral and ventral suckers [37] with a distribution similar
to that seen with activated PKA in the current study. Other
GPCRs such as SmGPR-3 [39] and SmD2 [40] which are
activated by dopamine and are expressed in the central/peripheral
nervous systems and body wall musculature, respectively, might
influence S. mansonz movement in a complex fashion given that
dopamine suppresses . mansoni motor activity [39,41] but induces
cAMP production zia SmD2 [40]. Furthermore, L-glutamate
induces muscle contraction in isolated S. manson: muscle fibres [42]
likely via L-glutamate receptors [43] and kainic acid, an agonist
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Functional Mapping of PKA in S. mansoni

Figure 8. Forskolin increases the frequency and angle of S. mansoni adult worm movements. (A) Adult worms were incubated in either
50 uM or 100 uM forskolin, or DMSO vehicle (control) for various durations (0-30 min) and were filmed for 1 min and analyzed as detailed in
Materials and Methods. Values shown represent mean number of gross random muscular movements per minute (=SEM, n=7 for each treatment at
each time point); *P=0.05; **P=0.001. (B) An increased propensity of worm coiling was observed following incubation with 50 uM forskolin when
compared to controls; effects after 30 min are illustrated. (C) Detailed analysis of individual worm (shape) movements using the ImageJ plugin
wrMTrck when worms were incubated in either 50 uM or 100 uM forskolin, or DMSO vehicle (control) for 20 min. The angle (degrees) of worm
movement is shown as a function of time (frame) during 1 min recording; results of at least 5 individual worms are shown.

doi:10.1371/journal.pntd.0001988.g008

that mimics the effect of glutamate, causes hyperkinesias and
coiling in adult worms [44] similar to that observed with forskolin
in the present study. Motor activity in S. mansoni thus appears to be
under complex regulatory control from neuromodulators and
classical neurotransmitters some of which will likely signal to PKA.
Our findings should thus help drive forward research aimed at
elucidating some of the crucial downstream signalling mechanisms
that govern muscular activity which is central to parasite survival
and reproduction in the host. It is important to note, however, that
the mechanisms by which PKA influences muscle contraction and
relaxation in mammals are complex and are not fully understood
(see for example, [45]). Elucidating mechanistic control of motility
in schistosomes will therefore require significant endeavor.
Extensive PKA activation was evident in the muscular walls of
the uterus and ootype. The ootype which comprises regularly
arranged circular and longitudinal muscle fibres [46] is the site of
egg formation where an egg is produced from a fertilized ovum,
with secretions from the vitelline cells and Mehlis’ gland. The
uterus, which possesses mainly circular fibers [46] leads from the
ootype to the genital pore and opens close to the ventral sucker of
the female. Swierczewski and Davies [25,47] demonstrated that
the PKA inhibitor H-89, or PKI 14-22 amide, significantly
impaired egg output by S. mansoni, and when used at 10 uM or
higher, H-89 stopped egg production during the first day of
observation. Our findings suggest that active PKA helps regulate S.
mansont muscular activity and thus coordinated activation of PKA
in the ootype wall could be vital for successful egg formation. In
addition, because activated PKA was observed around eggs within
the uterus during egg expulsion and also in ring like structures that
circumscribed the egg, PKA activity could be necessary for egg
propulsion, a process presumably enabled through peristaltic
movement. Thus, the effects of PKA inhibitors on egg output by
female worms observed by Swierczewski and Davies [25,47] may
have been, at least in part, due to blockade of egg formation in the
ootype or dysregulated peristaltic movement along the uterus.
Swierczewski and Davies [25] also reported that H-89 caused
dissociation of worm pairs, although the duration required for
separation was not reported. Here, in the presence of the PKA
activator forskolin for 30 min, there was no difference in the
number of worm pairs that separated when compared to controls
despite the hyperkinetic effects of forskolin on worm motility.
Striking PKA activation was observed in an extensive network
of nerve endings at the surface of the tegument, including those
associated with the oral and ventral suckers. These endings were
linked to the underlying nerve plexus associated with the
peripheral and central nervous systems, which in some worms
also displayed extensive PKA activation. The presence of such an
evolutionarily-conserved signalling pathway [31] at tegumental
nerve endings is intriguing as it suggests that S. manson: might use
these structures to transduce signals from the host and perhaps
from other individual worms via PKA signalling. In this context, it
is interesting that after worm pair separation i wvitro, PKA
activation visibly increased specifically in the nervous tissue,
including in the central nervous system; in closely coupled worms,
active PKA in the nervous system was essentially absent. From the
behavioral stand point this is an important finding as it suggests
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that worm pairing and maintenance of the i copula state may
somewhat be governed by sensory neuronal mechanisms mediated
by PKA. As recently highlighted [2], integration of cell signalling
into research on schistosome sensory biology will help drive
forward this important area of research.

The presence of activated PKA in the muscular uterus,
oesophagus, suckers, and ring-like structures in the gynaecophoric
canal and in the uterus during egg propulsion, the nerves
innervating the musculature, and the effects of forskolin on gross
worm movements (hyperkinesia) shown here, coupled with un-
pairing in the presence of H-89 reported previously [25] support a
role for activated PKA in the regulation of S. mansoni motor activity.
It is worthy to note that PKA possesses wide ranging regulatory roles
in animals. For example, in neurons PKA has also been implicated
in processes such as protein degradation, protein trafficking and
gene transcription [48-50]. Indeed, PKA signalling through the
nervous system might well be one mechanism by which schisto-
somes transmit signals to maintain homeostasis. Certainly, the lethal
effect of PKA-C knockdown by either RNAi or PKA inhibition [25]
signifies the central importance of this enzyme to worm function.

In S. mansoni PKA has also been implicated in regulating the
ciliary motion of miracidia [51] likely through conserved
axonemal mechanisms (discussed by Ressurreicao et al. [52]). In
addition, PKA inhibition by H-89 has been shown to speed up the
rate of transformation of miracidia to mother sporocysts [53],
possibly through the effect of attenuated locomotion and thus early
loss of epidermal ciliated plates. Expression levels of PKA-C were
recently found to differ between different life stages of S. mansonz,
and inhibition of PKA by H-89 or PKI 14-22 amide was found to
be lethal to cercariac [47] as in adult worms. Our overall
knowledge of the signalling mechanisms that regulate schistosome
development and function is poor (discussed in [2]) and it is
therefore important for future studies to encompass the impor-
tance of protein kinases, such as PKA, PKC [54] and MAPKs [55]
to the development of definitive host stages particularly in the
context of organism function and possible host-parasite interplay.
In the case of PKA, consideration should be given to the
importance of the regulatory subunits (also highlighted in [25])
and also AKAPs which permit targeting of PKA to certain sub-
cellular locations. The current work, which includes a vital atlas of
exclusively activated PKA in adult male and female S. mansonz,
should prove invaluable for future studies into PKA function
during worm development, pairing, and host-parasite interactions,
as well as for studies into upstream effector mechanisms and
downstream target molecules.

Supporting Information

Video S1 Forskolin increases the frequency of gross
muscular movements in adult S. mansoni. Adult worms
were incubated in either 50 uM or 100 uM forskolin, or DMSO
vehicle (control) for 20 min and were filmed for 1 min. In addition
to the increased worm movement observed in the presence of
forskolin, note the increased tendency of worms to ‘coil’
particularly at the higher dose (100 uM).
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