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ABSTRACT: Leukocytes isolated from the head kidney and peripheral blood of 3-spined sticklebacks
Gasterosteus aculeatus L. were analysed by means of flow cytometry during infection with the tape-
worm Schistocephalus solidus (Muller, 1776). Although parasites increased their body weight contin-
uously throughout the observation period (98 d), proportions of granulocytes increased in blood and
head kidney only up to Day 63 post-infection (p.i.). Thereafter, declining proportions of granulocytes
were observed in both organs. Thus the relative decrease in granulocyte number was not correlated
to a decline in the parasitic load of the fish. To investigate a possible modulatory impact of S. solidus
on granulocyte function, head kidney leukocytes were isolated at times before Day 63 p.i. and tested
in vitro for their capacity to produce reactive oxygen species (ROS). Head kidney leukocytes from S.
solidus-infected fish, analysed immediately after isolation (ex vivo, Day 40 p.i.), exhibited a higher
ROS production when stimulated with phorbol myristate acetate (PMA), than leukocytes from naive,
sham-treated control fish and fish that had resisted or cleared the infection (exposed but not
infected). The latter showed an increased spontaneous ROS production that was not correlated to the
numbers of granulocytes present in the head kidney isolates. In infected sticklebacks, spontaneous
and PMA-induced ROS production was significantly correlated with numbers of granulocytes pres-
entin the head kidney isolates, suggesting that elevated ROS production was due to higher numbers
of responding cells rather than an increased capacity of single cells. In vitro, after cultivation for 4 d
in the presence of pokeweed mitogen (PWM) or extracts from S. solidus, head kidney leukocytes from
control fish showed an increased ROS production and phagocytic activity compared with non-
stimulated control cultures. In contrast, head kidney leukocytes from infected fish isolated on Days 48
and 44 p.i., failed to respond to S. solidus antigens in vitro. During S. solidus infection, granulocyte
mobilisation resulted in elevated numbers of these cells in head kidneys, but the lack of an in vitro
response to S. solidus antigens indicates an in vivo priming of granulocytes by the parasite. These
observations may reflect the ability of S. solidus to impair the host's immune response once the para-
site is developing in the body cavity of G. aculeatus.
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INTRODUCTION

The plerocercoid larvae of the pseudophyllidean
cestode Schistocephalus solidus are frequent parasites
in the body cavity of the 3-spined stickleback through-
out its geographical range (Arme & Owen 1967). The
infection is under investigation as a model of host—
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parasite interaction in studies on behaviour (Milinski
1984, 1985, 1990, Overli et al. 2001), reproduction
(Meakins 1974, McPhail & Peacock 1983, Candolin &
Voigt 2001) and evolutionary ecology (Barber & Ruxton
1998, Aeschlimann et al. 2000, Arnott et al. 2000, Binz
et al. 2000, Reimchen & Nosil 2001, Christen & Milinski
2003, Kurtz et al. 2004). Yet little is known about
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immune mechanisms that may play a role in S. solidus
infection of the stickleback.

Mobilisation and activation of granulocytes has been
considered a significant part of the immune response
of cyprinids (Hoole & Arme 1983, Taylor & Hoole 1993,
1995, Nie & Hoole 2000) and rainbow trout (Sharp et al.
1992) to helminth parasites. Increased production of
oxygen intermediates like nitric oxide (NO) and reac-
tive oxygen species (ROS) occur (Whyte et al. 1990,
Secombes & Chappell 1996), indicating the functional
importance of granulocyte and macrophage responses
to helminths. Indeed, in vitro larvacidal activity of
macrophages from rainbow trout to diplostomules of
the eye fluke Diplostomum spathaceum has been
demonstrated (Whyte et al. 1989). It is not yet clear
whether large helminth parasites of fishes are killed by
cellular responses in vivo (Secombes & Chappell 1996).
The fate of Schistocephalus solidus plerocercoids in
fish species other than the natural host, the 3-spined
stickleback Gasterosteus aculeatus, do however indi-
cate that the plerocercoids can be harmed by fish
immune defence. Growth of plerocercoids was much
slower in 9-spined sticklebacks Pungitius pungitius, in
which degenerative changes in the plerocercoids’
tegument were detected (Orr et al. 1969). Heterotrans-
plants of S. solidus from G. aculeatus to other species of
fishes (Cottus gobio, Nemacheilus barbatula, Phoxinus
phoxinus, Salmo trutta, Coregonus clupeoides, Perca
fluviatilis, Rutilus rutilus, Esox lucius), including P.
pungitius, died within 2 to 10 d of transfer, while homo-
transplants between G. aculeatus survived (Braten
1966). Whether the parasites were actively destroyed
by the immune system was not analysed. However
these observations indicate that S. solidus plerocer-
coids may be able to suppress an effective immune
response in G. aculeatus, but not in other fish species.

Information on the cellular immune response of
stickleback against Schistocephalus solidus is still lim-
ited. Although encystment of S. solidus plerocercoids
in the body cavity of infected sticklebacks was not
observed (Arme & Owen 1967), total white blood cell
counts increased during S. solidus infection (Barber et
al. 2001). Thus leukocytes are mobilised during S.
solidus infection of stickleback, but the parasite may
have evolved strategies of immuno-suppression or
immuno-avoidance.

The present study investigated cellular responses of
sticklebacks infected with Schistocephalus solidus.
Leukocytes isolated from the peripheral blood and the
head kidney of stickleback were analysed by means of
flow cytometry for the frequency of leukocyte subsets
and production of reactive oxygen species (ROS), and
phagocytosis activity of head kidney leukocytes were
analysed following in vitro stimulation with S. solidus
extracts.

MATERIALS AND METHODS

Propagation of Gasterosteus aculeatus and Schisto-
cephalus solidus. Both fish and tapeworms were labo-
ratory-raised offspring of individuals originating from
the Neustdadter Binnenwasser (northern Germany), a
brackish lagoon of the Baltic Sea. Sticklebacks were
raised and kept in groups of 10 to 20 fish in 20 1 tanks
with a continuous supply of aerated tap water at 18°C
and a day:night rhythm of 16:8 h. During the first few
weeks after hatching, fish were fed daily with Artemia
sp. naupliae, and later 3 to 5 times per week with
frozen mosquito larvae and occasionally frozen clado-
cerans ad libitum. Mature S. solidus plerocercoids
were removed from the fish body-cavity aseptically
and allowed to reproduce in an in vitro system modi-
fied from Smyth (1954), as described in Wedekind et al.
(1998). Eggs released by the worms were washed and
stored in tap water at 18°C in the dark. After 20 d incu-
bation, hatching of coracidia was stimulated by light
(Dubinina 1980).

Infection experiments. As first intermediate hosts,
laboratory-bred copepods Macrocyclops albidus were
each individually incubated with 6 Schistocephalus
solidus coracidia, and screened for intensity of infec-
tion after 2 wk. Subsequently, individual sticklebacks
were exposed to 3 copepods containing together a total
of 4 procercoids in tanks with 500 ml of water for 48 h.
Ingestion of the intermediate hosts was confirmed by
subsequent filtration of the water and screening for
remaining copepods. To follow up the development of
S. solidus plerocercoids associated with expected
changes in frequencies of leukocyte subpopulations,
reflecting an immune response, 105 sticklebacks were
exposed to infected copepods and kept in groups of 15
in separate tanks. All fish from individual tanks were
sacrificed and sampled at set time points (see Fig. 2).
Infection was monitored by measuring the fresh
weight of S. solidus plerocercoids. Head kidney and
peripheral blood leukocytes were isolated from
infected fish. From the same stock, 20 fish that were
not exposed to copepods were analysed as a Day 0
control. For in vitro analysis of leukocytes from S.
solidus-infected sticklebacks, 36 sticklebacks were
exposed to infected copepods and 18 fish were
exposed to non-infected copepods (sham-exposed).
Exposed fish were kept in groups of 6 in separate tanks
until sampling. Head kidney leukocytes were collected
at time points before the peak of granulocyte frequen-
cies (see Fig. 2) from 12 fish exposed to infected cope-
pods and 6 sham-exposed fish at 40, 44 and 48 d.

Preparation of Schistocephalus solidus extract. Ple-
rocercoids of S. solidus, with an individual weight of 15
to 200 mg, were collected from laboratory-infected
sticklebacks. Plerocercoids were washed with phos-
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phate-buffered saline (PBS) and frozen at —-20°C in PBS
(1 g wet weight mI~! PBS, pH 7.4). After thawing, the
worms were chopped up with a scalpel and sonicated
for 60 s on ice. The resulting suspension was cen-
trifuged at 20800 x g and 4°C for 15 min. The
supernatant was removed and 0.45 pm-filtered. Subse-
quently the protein content was determined colori-
metrically using bovine serum albumin as a standard,
and aliquots were stored at —20°C.

Culture media. Culture media for cell separation
and cultivation and phosphate-buffered saline (PBS)
were diluted with 10% (v/v) distilled water to adjust
their osmotic pressure according to stickleback serum
osmolarity. For blood collection, diluted Leibovitz 15
(L-15) medium (Sigma Aldrich) with 50000 IU 1!
sodium heparin (Sigma-Aldrich) was used (hepar-
inised medium). Washing procedures were conducted
with diluted L-15 (wash medium). For cultivation
experiments diluted L-15 was supplemented with
100000 IU 1! penicillin, 100 mg 1! streptomycin,
4 mmol I L-glutamine, 7% (v/v) foetal bovine serum
(FBS; all chemicals: Sigma Aldrich) and 3% (v/v) carp
serum (culture medium). Carp serum was used as a
source of piscine serum because of the limitations
inherent in the preparation of sufficient amounts of
stickleback serum. Carp serum was a pool of sera from
10 individual fish. It was heat-inactivated for 30 min at
56°C, 0.2 pm-filtered and stored at —22°C until use.

Leukocyte isolation. Media and cells were kept on
ice, and washing procedures were performed at 4°C.
Fish were anaesthetised by a blow on the head and
killed by incision of the brain. Blood was collected into
wells of 24-well plates prefilled with 0.5 ml
heparinised medium, after cutting off the tail of the
fish. Peripheral blood leukocytes (PBL) were separated
from erythrocytes by centrifugation (30 min, 750 X g)
over Lymphoprep (1.077 g ml™!, Nycomed) discontinu-
ous density-gradient, as described by Miller & McKin-
ney (1994). Cell suspensions from head kidneys were
prepared by forcing the tissues through a 40 pm nylon
screen (BD-Falcon, USA). Isolated PBL and head kid-
ney leukocytes (HKL) were washed once with wash
medium (10 min, 550 x g) and once with culture
medium, and resuspended in cell-culture medium.
Numbers of viable cells (exclusion of propidium-
iodide-positive cells) were enumerated by means of
flow cytometry.

Flow cytometry analysis. Suspensions of freshly iso-
lated and of cultured PBL or HKL were analysed by
flow cytometry (PAS III, Partec, Germany). All samples
were supplemented with propidium iodide (2 mg 1'%,
Sigma Aldrich) to detect dead cells, and tubes were
kept on ice until measurement. Forward- and side-
scatter values (FSC/SSC characteristics) of at least
10000 events were acquired in linear mode; fluores-

cence intensities at wavelengths of 530 nm and 650 nm
were acquired at log-scale. All flow-cytometry data
were analysed with the software WinMDI, Version 2.8
(Trotter 1998: http://facs.scripps.edu/software.html).
Cellular debris with low FSC characteristics and dead
cells (propidium-iodide-positive) were excluded from
further evaluation. Different cellular subsets were
identified according to their characteristic FSC/SSC
profiles. For the assessment of phagocytosis activity
after in vitro stimulation, plates with cultured cells
were placed on ice (15 min) and briefly shaken, and
the whole content of each well was transferred to indi-
vidual flow-cytometer tubes. Phagocytic active cells
were (reen-fluorescence-positive after ingestion of
fluorescent latex beads. For the adjustment of cell
numbers for in vitro assays, total cell counts in suspen-
sions of freshly isolated cells were determined with the
standard cell dilution assay (SCDA, Pechhold et al.
1994) in a modified form: 2 x 10° green fluorescent
standard particles (4 pm, Polyscience, USA) were
added to each tube. Standard particles (green-
fluorescence-positive) could be easily discriminated
from viable cells (propidium-iodide-negative, green-
fluorescence-negative). Absolute numbers of cells in
individual samples were calculated according to N
(vital cells) = events (vital cells) X number (standard
beads)/events (standard beads).

Leukocyte cultivation. For cell-culture experiments,
HKL were incubated in 96-well flat-bottomed
microtitre plates (2 x 10° cells well™* in a final volume of
175 pl). All setups were made in duplicate at least.
Mitogen stimulation of cultured leukocytes was in-
duced with PWM (pokeweed mitogen, 2 mg 1"!). Para-
site extracts were added at final concentrations of 10
and 100 mg 1! (protein fraction). The cultures were
incubated for 4 d at 18°C in a water-vapour-saturated
atmosphere with 2% CO,.

Production of reactive oxygen species by head kid-
ney leukocytes. Generation of reactive oxygen species
(ROS) by HKL was measured by the nitro blue tetra-
zolium salt (NBT, Sigma-Aldrich) reduction assay. A
first set of HKL was collected at Day 40 p.i. and tested
immediately after isolation to assess the ex vivo ROS
production. Therefore 4 x 10° cells per well of 96-well
flat-bottomed microtitre plates were incubated in
175 pl culture medium containing the reactive re-
agents. A second set of HKL was isolated at Day 48 p.i.
and tested for ROS production after in vitro stimulation
with Schistocephalus solidus antigens, as described
above. Culture supernatants were removed from each
well and replaced by 175 nl HKL medium containing
the respective reactive components. Both HKL setups
were tested following the same protocol for the NBT-
reduction assay. Receptor-independent ROS produc-
tion was induced by adding 0.15 mg I"! phorbol myris-
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Fig. 1. Density plots showing flow-cytometry characteristics of

stickleback leukocytes. In leukocytes isolated from (a) the

peripheral blood and (b) the head kidney, 2 distinct cell pop-

ulations were detected according to their FSC/SSC (forward-

/side-scatter) profiles. Cells gated in R1 were small lympho-
cytes, cells gated in R2 were granulocytes

tate acetate (PMA, Sigma-Aldrich). The indicator NBT
was added at 1 g I, and wells without PMA served to
determine spontaneous ROS generation. After incuba-
tion for 2 h at 22°C, the supernatants were removed
and the cells were fixed by adding 125 pl of 100%
methanol. Each well was washed 2 times with 125 pl of
70 % (v/v) methanol and the fixed cells were air-dried
for 20 h. The reduced NBT (formazan) was dissolved in
125 pl 2 mol I"! KOH and 125 ul DMSO per well. Opti-
cal densities were recorded with a spectrophotometer
at 650 nm.

Phagocytic activity. Phagocytic activity of cultured
HKL was tested as described by Chilmonczyk &
Monge (1999). HKL isolated at Day 44 p.i. were cul-
tured as described above for 3 d in vitro and co-
incubated with 2.5 x 10°® green fluorescent latex parti-
cles (1 pm, Polyscience, USA) for an additional 18 h.
Harvested cells were analysed by flow cytometry for

the presence and fraction of green fluorescent cells
(phagocytosis-positive).

Statistics. To determine the significance of differ-
ences between independent groups, data were com-
pared by ANOVA, and by ANOVA-on-ranks if the
equal variance test failed. Results were confirmed
using Student's t-test, and a Mann-Whitney rank-sum
test, if the normality test failed. Differences between
dependent groups were tested with a paired t-test.
Correlation between data sets was tested by regres-
sion analysis. All statistical tests were done using Jan-
del, Sigma Stat 2.0 software.

RESULTS

Lymphocyte and granulocyte frequencies in blood
and head kidney of sticklebacks

In isolates of stickleback peripheral blood and head
kidney leukocytes, 2 distinct cell populations were
identified by means of flow cytometry according to
their forward-/side scatter characteristics (FSC/SSC
profiles; Fig. 1). A population of small cells with low-
complexity values (FSC/SSC low) was characterised as
lymphocytes by parallel microscopic analysis (R1,
Fig. 1). The majority of large cells with high complex-
ity (FSC/SSC high), microscopically showed character-
istics of granulocytes, such as increased numbers of
granules and polymorphic nuclei, and were gated in
Region 2 (R2, Fig. 1).

To follow potential changes in frequencies of lym-
phocytes (R1-cells) and granulocytes (R2-cells) during
Schistocephalus solidus infection, leukocytes from the
head kidney and blood were analysed by flow cytome-
try. During the course of infection, increasing propor-
tions of granulocytes and decreasing proportions of
lymphocytes were initially observed in the head kid-
ney and blood (Fig. 2a,b). Interestingly, this progres-
sion was reversed after 63 d p.i. and the proportion of
granulocytes started to decrease. Development of S.
solidus plerocercoids did not appear to be affected by
the mobilisation of granulocytes, as parasites were
growing continuously throughout the observation
period up to 98 d p.i. (Fig. 2c¢).

Respiratory burst-activity of freshly isolated head
kidney leukocytes

To analyze whether modulation by Schistocephalus
solidus plerocercoids could be the cause for the drop in
granulocyte mobilisation, a second infection experi-
ment was conducted. Head kidney leukocytes were
functionally analysed at time points before the peak
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Fig. 2. Gasterosteus aculeatus infected with Schistocephalus
solidus. Changes in leukocyte subpopulations in sticklebacks.
(a) Head kidney leukocytes and (b) peripheral blood leuko-
cytes were analysed by flow cytometry during (c) course of
infection. Proportions of lymphocytes and granulocytes were
determined according to the regions shown in Fig. 1. Day 0
measurement represents non-infected fish (n = 20); at subse-
quent time points, data are mean and +SD of indicated num-
ber of infected fish out of 15 fish exposed to the parasite. Note
decreasing proportions of granulocytes (R2 cells) after 63 d
p.i. although S. solidus were still present and growing. Data
on parasite growth (c) were collected by Haberli et al. (2002).
*: Significantly different from Day 0; p < 0.05; (*: significantly
different from Day 63; p < 0.05

granulocyte activity seen in the first infection experi-
ment. When analysed with the NBT-reduction assay
immediately after isolation at Day 40 p.i., head kidney
leukocytes from infected and from sticklebacks that
had cleared the infection (exposed but not infected)
exhibited a significantly higher production of reactive
oxygen species (ROS) when stimulated with phorbol
myristate acetate (PMA) than sham-exposed control
fish (exposed to non-infected copepods; Fig. 3).
Exposed but non-infected sticklebacks showed an

oD

increased spontaneous (not PMA-induced) ROS pro-
duction (Fig. 3) compared with infected and sham-
exposed fish.

In infected fish, but not in sham-exposed fish, and
exposed but not infected fish, proportions of granulo-
cytes (R2 cells) present in head kidney isolates were
significantly correlated to the amount of ROS produced
in PMA (r = 0.819; p < 0.05)-stimulated cultures and
cultures without PMA (r = 0.794; p < 0.05). This indi-
cates that higher numbers of granulocytes in head kid-
ney isolates from infected fish, rather than elevated
capacities for ROS production of single cells, caused
the increased PMA response.

Respiratory burst-activity of head kidney leukocytes
after in vitro stimulation

For further characterisation of the influence of Schis-
tocephalus solidus on head kidney leukocytes, cells
were stimulated in culture with S. solidus antigens and
subsequently tested for production of ROS. Head kid-
ney leukocytes were isolated 48 d p.i. and incubated in
medium alone, with poke weed mitogen (PWM) and
with S. solidus extracts, and tested in the NBT-
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Fig. 3. Respiratory-burst activity of freshly isolated head kid-
ney leukocytes from sticklebacks infected and not infected
with Schistocephalus solidus. Production of reactive oxygen
species (ROS) was measured immediately after cell isolation
(40 d p..). Optical density (OD) values are mean + SD of
triplicate cultures from control (n = 6), exposed but non-
infected (n = 5) and infected (n = 7) fish. Note that head
kidney leukocytes from S. solidus-infected and -exposed but
not infected sticklebacks exhibited a significantly higher
phorbol myristate acetate (PMA) response than sham-
exposed controls. In exposed but non-infected fish,
spontaneous (not PMA-induced) ROS production was sig-
nificantly increased



146 Dis Aquat Org 59: 141-150, 2004

Sham-exposed
0.3 ‘ | ‘ ‘
P<0.05
0.2 4 *
[=]
o
0.1
0.0 -
Infected
0.3 - mmmm PMA 0 mg/L
—= PMA0.15mg/
*
0.2 4
[=]
o
0.1 4
0.0 -
Ctr PWM SSE SSE

2mgL 10mg/lL 100 mg/L

Fig. 4. Gasterosteus aculeatus infected with Schistocephalus
solidus. Respiratory-burst activity of head kidney leukocytes
after stimulation in cell culture. Head kidney leukocytes from
sticklebacks infected (n = 10) and not infected (sham-exposed,
n = 6) with Schistocephalus solidus (48 d p.i.) were cultured in
duplicate for 4 d in medium alone (Ctr), with poke weed mito-
gen (PWM) and with S. solidus extract (SSE). After the
incubation period, respiratory-burst activity was measured.
Control cultures from both fish groups exhibited an elevated
ROS response to stimulation with PMA (* = p < 0.05) that was
not detectable after previous cultivation with PWM and S.
solidus extract. While for leukocytes from sham-exposed fish
spontaneous (without PMA) ROS production significantly
increased after cultivation with PWM and S. solidus extract,
for leukocytes from infected fish no significant response to
cultivation with PWM and S. solidus extract was observed

reduction assay. After 4 d cultivation in medium alone
(Ctr; Fig. 4), head kidney leukocytes from sham-
exposed and S. solidus-infected sticklebacks exhibited
a significant ROS response to stimulation with phorbol
myristate acetate (PMA). When cultured in medium
with PWM or S. solidus extract (SSE; Fig. 4), supple-
mentation with PMA did not result in an elevated ROS
production in either setup. Interestingly, leukocytes
from sham-exposed fish exhibited a significantly
higher spontaneous (not PMA-induced) ROS produc-
tion in cultures stimulated with PWM and extracts of S.
solidus than the corresponding control (Fig. 4), indicat-
ing an in vitroresponse to these stimuli (Fig. 4). In con-
trast, spontaneous ROS production of head kidney
leukocytes from infected fish in cultures stimulated
with S. solidus antigen did not exceed the values
recorded for control cultures. Thus head kidney leuko-
cytes from S. solidus-infected fish in this assay did not
respond to stimulation with S. solidus antigens. Data of

head kidney leukocytes from exposed but not infected
fish (n = 2) did not show significant differences be-
tween treatment groups (data not shown).

Phagocytosis activity of stickleback head kidney
leukocytes after in vitro stimulation

Comparable observations were made when head
kidney leukocytes (isolated at Day 44 p.i.) were
analysed for phagocytic activity after 4 d in vitro stim-
ulation (Fig. 5). Head kidney granulocytes from sham-
exposed fish significantly increased their phagocytic
activity in cultures stimulated with PWM and extracts
of S. solidus. Granulocytes from infected fish were
responding to PWM stimulation, but not to stimulation
with S. solidus extracts with increased phagocytic
activity. Data of head kidney leukocytes from exposed
but not infected fish (n = 2) are not shown, as signifi-
cant differences between treatment groups were not
found.

Taken together, Schistocephalus solidus-primed
granulocytes ex vivo showed increased capacities for
ROS production compared with sham-treated controls
(Fig. 3). Cultivation of head kidney leukocytes with S.
solidus extract triggered in vitro ROS production and
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Fig. 5. Gasterosteus aculeatus infected with Schistocephalus
solidus. Phagocytic activity of head kidney leukocytes after
stimulation in cell culture. Head kidney leukocytes from
sticklebacks infected (n = 9) and not infected (sham-exposed,
n = 6) with Schistocephalus solidus (44 d p.i.) were cultured in
duplicate for 3 d in medium alone (Ctr), with PWM (2 mg 1"!)
and with S. solidus extract (SSE). Fluorescent particles were
added for another 18 h incubation. Proportions of phagocyto-
sis (green fluorescence)-positive granulocytes (R2 cells) were
determined by flow cytometry. While head kidney leukocytes
from sham-exposed control fish exhibited a significant
increase in phagocytic activity in cultures with PWM and
extracts of S. solidus, infected fish did not respond to stimula-
tion with S. solidus antigens, but did respond to stimulation
with PWM
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phagocytic activity of cells from sham treated control
fish, but leukocytes from infected fish did not respond
to direct contact with S. solidus extracts (Figs. 4 & 5).

DISCUSSION

The present study investigated responses of leuko-
cytes from the stickleback to the pseudophyllidean
cestode Schistocephalus solidus. During the initial
phase of infection, proportions of granulocytes in
leukocyte isolates from the head kidney and blood
increased, while the proportions of lymphocytes
decreased (Fig. 2a,b). In another study by Barber et al.
(2001), elevated counts of total white blood cells were
detected in S. solidus-infected G. aculeatus; however,
their study did not distinguish between lymphocytes
and granulocytes. Mobilisation of granulocytes is a
common feature of the immune responses of fishes to
helminth parasites (Taylor & Hoole 1989, Sharp et al.
1992, Secombes & Chappell 1996). The initial increase
in granulocyte proportions in the blood and head kid-
ney of infected stickleback described here could be
due to the mobilisation of granulocytes against S.
solidus rather than to changes in lymphocyte frequen-
cies. Whether the changes in the lymphocyte and
granulocyte populations are associated with a
leukopenia or leukocytosis remains to be verified, as
total leukocyte counts in the blood were not done dur-
ing the present study. Production of reactive oxygen
species (ROS) by head kidney leukocytes from S.
solidus-infected stickleback in response to stimulation
with phorbol myristate acetate (PMA) showed an
increase when analysed immediately after isolation
(40 d p.i., Fig. 3). This finding is corroborated by
another experiment, in which head kidney leukocytes
from sticklebacks infected with S. solidus showed a
higher respiratory-burst reaction upon phagocytosis
of zymosan particles in vitro (Kurtz et al. 2004). In the
present study, ROS production was positively cor-
related with proportions of granulocytes present in
the head kidney isolates of infected fish, indicating
that higher numbers of granulocytes in head kidney
isolates rather than elevated capacities for ROS pro-
duction of single cells caused increased PMA
response. Stickleback that had cleared the infection
(exposed but not infected) exhibited an increased
spontaneous (not PMA-induced) ROS production
(Fig. 3) that was not correlated to the proportions of
granulocytes in the head kidney isolates, suggesting
that single cells had an elevated capacity for ROS pro-
duction. This was not observed in sticklebacks show-
ing development of S. solidus plerocercoids, indicat-
ing a differential regulation of granulocyte activation
in the groups tested, perhaps suppression by the par-

asite. Granulocyte mobilisation and activation obvi-
ously did not affect the growth of S. solidus plerocer-
coids, which increased their body weight continuously
throughout the observation period (Fig. 2c). In roach
infected with the cestode Ligula intestinalis, parasites
survive apparently unharmed, despite the presence of
a host cellular immune-response, as long as the host is
alive (Hoole & Arme 1982). In the present study, none
of the infected or sham-exposed fish died during the
experiment. Interestingly, after 63 d p.i., the propor-
tions of granulocytes started to decrease in the blood
and head kidney, while lymphocytes were increasing
(Fig. 2). This might reflect the ability of S. solidus to
impair the cellular response of its host. To further
investigate this assumption, head kidney leukocytes
from infected and sham-treated stickleback were iso-
lated before peak granulocyte mobilisation and func-
tionally tested in vitro.

When analysing the ROS production of head kidney
leukocytes from infected and sham-exposed fish after
cultivation in medium alone (Ctr, Fig. 4), leukocytes
from both groups responded to receptor-independent
stimulation with PMA, indicating that responsiveness
of cells from both groups was still present after the
incubation period. In corresponding cultures incu-
bated with PWM and Schistocephalus solidus extract,
a further increase in ROS production was not induced
by the addition of PMA. This might be due to the fact
that, after incubation with PWM and S. solidus extract,
leukocytes were already triggered for maximum ROS
production and were no longer responsive to receptor-
independent PMA stimulation. However, head kidney
leukocytes from sham-exposed fish showed a signifi-
cantly higher spontaneous ROS production following
in vitro stimulation with PWM and S. solidus extracts
than medium controls (Fig. 4). In contrast, head kidney
leukocytes from S. solidus-infected stickleback did not
show elevated ROS production in the presence of S.
solidus extracts. Comparable observations were made
when analysing the phagocytic activity of head kidney
leukocytes from infected and sham-treated stickle-
back. While leukocytes from sham-exposed fish
showed increased phagocytosis after stimulation with
PWM and S. solidus extracts, leukocytes from infected
fish responded to PWM but not to S. solidus extract. As
leukocytes from infected fish showed a significant
response to PWM, the lack of response to S. solidus
extracts was not due to a general anergy of these cells.
Nie & Hoole (2000) used a polarisation assay to test
granulocytes responses to Bothriocephalus acheilo-
gnathi. In unstimulated controls at 10°C, 98 to 100 % of
granulocytes remained spherical. Addition of parasite
extracts and increase in temperature resulted in the
formation of lamellipodia at the anterior cell-pole and
small tails at the posterior cell-pole. Head kidney gran-
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ulocytes from carp, naturally and laboratory-infected
with the cestode B. acheilognathi, exhibited a reduced
polarisation response to extracts of the parasite com-
pared with granulocytes from naive carp (Nie & Hoole
2000). This suppression of polarisation was reduced by
addition of carp serum to the in vitro system (Nie &
Hoole 2000). Thus, also in the system used by Nie &
Hoole (2000), a general anergy of leukocytes from
infected carp can be excluded. In both systems, cyto-
toxic effects induced by the parasite extracts are
unlikely, as leukocytes from naive fish clearly re-
sponded.

The reduced in vitro responsiveness of leukocytes
from infected Gasterosteus aculeatus seems to be part
of a complex system. A specific in vivo priming of
leukocytes by Schistocephalus solidus plerocercoids
seems to be a prerequisite for the in vitro non-
responsiveness to S. solidus extracts. For mammals
infected with helminth parasites, it has been suggested
that granulocyte activity is capable of Killing larval, but
not adult, parasite stages (Meusen & Balic 2000). In our
experiments, the ongoing growth of S. solidus through-
out the observation period of 98 d indicates that once
the plerocercoid is developing in the body cavity of G.
aculeatus, the immune response of the host seems no
longer able to repress the parasite completely. In a
recent experiment (Kurtz et al. 2004), S. solidus tape-
worms reached a relatively smaller size 11 wk p.i. in
their stickleback hosts, which possessed an optimal
allelic diversity at their major histocompatibility com-
plex (MHC) genes. In stickleback with optimal MHC
diversity, a reduced impact of S. solidus and other par-
asites (Wegner et al. 2003a,b) was observed. During
ongoing S. solidus infection, sticklebacks may be more
dependent on mechanisms of acquired immunity and
down-regulate functions of the innate immune system.
However, mechanisms of immuno-suppression and
immuno-avoidance of helminth parasites in fishes are
barely understood (Secombes & Chappell 1996). Hoole
& Arme (1983) suggested that in gudgeon Gobio gobio
infected with Ligula intestinalis, protective host pro-
teins are absorbed onto the surface of the parasite. In
mammals infected with helminth parasites, pseudo-
cytokines produced by the parasites are suggested
to play a role in immune evasion and exploitation
(reviewed by Damian 1997). In fishes, factors produced
by helminths can influence the immune response. For
example, the proliferative response of splenic lympho-
cytes from roach to mitogens was suppressed in the
presence of L. intestinalis extracts (Taylor & Hoole
1994), and inhibition of temperature-induced polarisa-
tion of roach leukocytes occurred with L. intestinalis-
derived extracts (Taylor & Hoole 1993).

Bréten (1966) observed an ongoing growth of Schis-
tocephalus solidus plerocercoid homotransplants from

infected to naive Gasterosteus aculeatus, but not in
heterotransplants to naive Pungitius pungitius. Het-
erotransplants of S. solidus plerocercoids to other fish
species died within 2 to 10 d (Braten 1966). Thus
mechanisms of immuno-avoidance described in the
present study are likely to be a specific feature of the
S. solidus—G. aculeatus host—parasite relationship. In
a few sticklebacks in the present study, no S. solidus
plerocercoids were found after exposure to the para-
site. All copepods used for the exposure were micro-
scopically checked for the presence of S. solidus pro-
cercoids and were definitely ingested, since no
remaining copepods were found in the tanks. Thus,
exposed but not infested sticklebacks were able to
effectively prevent infective S. solidus procercoids
from entering the body cavity or eliminate already
established plerocercoids. Interestingly, elevated
spontaneous ROS production was observed exclu-
sively with leukocytes from exposed but not infected
fish (Fig. 3), indicating that production of ROS is
indeed part of a successful immune response against
S. solidus. Infected fish showed a significantly lower
spontaneous ROS production, but a high response
after PMA stimulation. This might indicate that, once
S. solidus plerocercoids are growing in the body
cavity of G. aculeatus, granulocytes are unable to
develop their activity against the parasite. Investiga-
tions on peritoneal leukocytes isolated during S.
solidus infection might provide interesting comple-
ments to the present work. However, access to leuko-
cytes in sufficient numbers for functional assays is
limited in the stickleback. The use of leukocytes from
the pronephros is a compromise; however, functional
responses of pronephros leukocytes from infected and
non-infected stickleback are differential, reflecting an
in vivo priming by the parasite.

Schistocephalus solidus appears to be very well
adapted to the immunological features of its specific
intermediate host Gasterosteus aculeatus. The initial
phase of infection seems to be decisive for the devel-
opment of a parasitosis. It is likely that mobilisation
and activation of granulocytes can be effective against
procercoid stages of S. solidus during the first weeks of
infection, but once plerocercoid stages are present in
the body cavity, granulocytes are unable to develop
their activity against S. solidus.
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