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Abstract

A sub-population of 34 specimens of chub, Squalius cephalus, was sampled from the River Brenta
(Northern Italy) and examined for ecto- and endo-parasites. Pomphorhynchus laevis was the only
enteric helminth encountered. Immunofluorescence and ultrastructural studies were conducted on
the intestines of chub. Near the site of parasite’s attachment, mucous cells, mast cells (MCs),
neutrophils and rodlet cells (RCs) were found to co-occur within the intestinal epithelium. The
numbers of mucous cells, MCs and neutrophils were significantly higher in infected fish (Mann-
Whitney U test, p < 0.05). Dual immunofluorescence staining with the lectin Dolichos Biflorus
Agglutinin (DBA) and the macrophage-specific MAC387 monoclonal antibody, with parallel
transmission electron microscopy, revealed that epithelial MCs often made intimate contact with the
mucous cells. Degranulation of a large number of MCs around the site of the acanthocephalan’s
attachment and in proximity to mucous cells was also documented. MCs and neutrophils were
abundant in the submucosa. Immune cells of the intestinal epithelium have been described at the

ultrastructural level and their possible functions and interactions are discussed.
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1. Introduction

The mucosal immune system of higher vertebrates has been the subject of intense investigation for
several decades. In contrast few details are known regarding mucosal immunity in fish [1,2]. In all
vertebrates, the digestive tract is a primary route of infection [3]; the intestinal canal affords a
remarkably benign and rich environment for otherwise vulnerable enteric parasites, offering them
protection and nutrients [4].

In fish, the innate immune system comprises: proteins that mediate the responses to
pathogen infection (e.g., the complement system); cytotoxic (i.e. natural Kkiller) or phagocytic (i.e.
macrophages, granulocytes) cells; and physical (e.g. epithelial) and chemical (e.g. anti-microbial
peptides) barriers to minimise the likelihood of parasitic infection [5]. Evidence for the involvement
of mast cells (MCs) [6-8], macrophage aggregates (MASs) [9,10], neutrophils [11-13] and rodlet
cells (RCs) [14-16] in the immune system of fish is growing where they have been reported to play
a crucial role in the defence against pathogens [17,18].

Numerous helminth parasites are characterized by long lifespans and due to this longevity
the parasites tend to provoke chronic infections. Indeed, the immune response that develops during
helminth infection often proceeds to induce pathological alterations in gut tissue [19], alterations
which themselves end up being the primary cause of disease [20]. In chronic helminthiases, the
main concern for the host is to modulate its immune response adequately [20].

A close relationship between epithelial MC degranulation and excessive mucus secretion by
mucous cells has been reported in several studies of mammal-intestinal helminth disease systems
[21-26]. Nevertheless, similar studies on the occurrence of intestinal MCs in fish-helminth systems
are infrequent [15,27,28] and even fewer studies have quantified the effects of intestinal helminth
infection on the density of mucous cells and on the composition of the mucus [29,30]. Therefore the
present study sought to help clarify the mechanism by which epithelial MCs might induce excessive
mucus secretion in the intestines of fish naturally infected with the enteric helminth

Pomphorhynchus laevis. Fluorescent probe labeling and ultrastructural analysis revealed an intimate
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physical relationship between MCs and mucous cells, with MC degranulation occurring in close
proximity to mucous cells. The possible functions and cooperation of MCs, neutrophils, RCs and
mucous cells in the mucosal immune system in response to infection by this intestinal worm are

discussed.

2. Materials & Methods

2.1. Histology

Thirty-four specimens of Squalius cephalus (average total length 29.4 + 1.1 cm, mean * SE, range
21-37 cm, n = 34) were sampled in July 2014 by electrofishing from the River Brenta, Northern
Italy. The chub were anaesthetised with a 125 mg L MS222 (tricaine methanesulphonate,
Sandoz), followed by severing the spinal cord. After dissection, fresh smears of gills, stomach,
intestine, liver, heart, gonads, spleen and kidney were screened microscopically for ecto- or endo-
parasites. Then, several pieces of 15 x 15 mm of gills, stomach, liver, heart, gonads, spleen, kidney
were excised and fixed in 10% neutral buffered formalin for 24 h, wax-embedded and cut with
routine techniques for the presence of parasites. P. laevis was the only enteric helminth found in
chub. The worm was visible with the naked eye during screening of the intestine. In all infected
chub P. laevis was encountered only in the mid-gut. For acanthocephalans found still attached to
the intestine, their position was registered and 15 x 15 mm pieces of the mid-gut were fixed in 10%
neutral buffered formalin for 24 h, wax-embedded as mentioned above. Corresponding pieces of
uninfected mid-gut were also processed so that a direct comparison with the infected material could
be made. No other parasites were detected with the above techniques.

2.2. Dual fluorescence staining

Sections of the mid-gut of chub were dewaxed and re-hydrated, then treated with 0.1% Trypsin in
Tris-HCI buffer saline (TBS; 0.05 M, pH 7.4, 0.55 M NaCl) for 20 min at room temperature (RT) as
antigen retrieval process. Slides were incubated with a mouse monoclonal antibody specific to

macrophage, diluted 1:50 (clone MAC387, code ab22506, Abcam, Cambridge, UK) in TBS for 3
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days at 4 °C, washed in TBS, and treated with the Biotin-Avidin Blocking Kit (Vector Lab., USA).
Monoclonal mouse anti-human macrophage antibody has been previously shown to cross-react with
chub mast cells [31]. Sections were then incubated with 10 pug/ml goat biotinylated anti-mouse 1gG
(Vector Lab.) in TBS-T for 4 h at RT. After rinsing in TBS, the sections were treated with 10 ug/ml
Fluorescein Avidin D (Vector Lab.) in 0.1M NaHCO3 pH 8.5 with 0.15M NaCl for 4 h at RT.

The slides previously incubated for the demonstration of the MAC387 antigen were then
treated with 10 pug ml? biotinylated Dolichos Biflorus Agglutinin (DBA, Vector Lab.) in 10 mM
HEPES pH 7.5, 0.15 M NacCl, 0.08% sodium azide, 0.1 mM CacCl; for 3 days at 4°C. DBA is a
glycoprotein, isolated from the horse gram seed, with a high binding affinity for N-
acetylgalactosamine residues that are widely present in mucins, and has been previously used as
marker for the intestinal mucous cells of fish [32,33]. Afterwards sections were rinsed in TBS and
then incubated with 10 ng ml*? rhodamine avidin D (Vector Lab.) in 0.1 M NaHCO3 pH 8.5 with
0.15 M NaCl for 2 h at RT. The stained tissue sections were mounted with Vectashield® mounting
medium (Vector Lab.) and examined on a Zeiss 510 confocal laser scanning microscope (CLSM).
Sections of rat spleen were used as positive controls for the anti-macrophage antibody, whereas
negative controls were obtained by the omission of the primary antibody on representative sections
from chub infected with the acanthocephalans. Both sets of controls gave the expected results.

2.3. Transmission Electron Microscopy

For TEM, 7 x 7 mm pieces of infected and uninfected intestinal tissues were fixed in chilled 2.5%
glutaraldehyde in 0.1M sodium cacodylate buffer for 3 h. The fixed tissues were then post-fixed in
1 % osmium tetroxide for 2 h and then rinsed and stored in 0.1 M sodium cacodylate buffer
containing 6% sucrose for 12 h. Thereafter, the pieces of tissue were dehydrated through a graded
acetone series and embedded in epoxy resin (Durcupan ACM, Fluka). Semi thin sections (1.5 pm)
were cut on a Reichert Om U 2 ultra microtome and stained with toluidine blue. Ultra-thin sections
(90 nm) were stained with 4% uranyl acetate solution in 50% ethanol and Reynold’s lead citrate and

then examined using an Hitachi H-800 transmission electron microscope. The identification of MCs
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and neutrophils by LM is not completely reliable because both cells are similar in shape and contain
granules in the cytoplasm. Therefore, TEM was used for accurate identification of these
granulocytes.

Using TEM, the numbers of mucous cells, RCs, MCs and neutrophils were counted on grids
in two tissue areas measuring 1,800 um? from each fish (for uninfected N. areas = 30; for infected
N. areas = 38 in close proximity to the point of parasite attachment). The cell counting was done by
TEM for better accuracy and also to rule out any error on the correct number of granulocytes.
STATISTICA 7 was adopted as statistical software package. Because the data did not meet
Gaussian distribution (normality), evaluated with Kolmogorov—Smirnov test, a nonparametric
method was used: the Mann-Whitney U test was performed to compare the cell densities between
uninfected and infected fish and the densities of MCs and neutrophils between the epithelium and
the connective tissues of the lamina propria and submucosa. The level of significance selected was

p < 0.05.

3. Results

No parasites were found in gills or other visceral organs, and P. laevis appeared to be the only
helminth present. Nineteen fish (55.9 %) were infected with the acanthocephalan. The intensity of
infection was 1-20 worms per host (12.2 £ 1.3, mean + standard error SE, n = 19). Mid-gut was the
only infected region, where P. laevis were found to penetrate deeply through all the layers of the
intestinal wall by means of its long slender neck, bulb and proboscis. Thus at the site of attachment,
the mucosa, submucosa and both muscle layers were completely disrupted by the acanthocephalan’s
neck. A schematic representation of chub intestinal mucosa and P. laevis penetration in the
intestinal wall is shown in Figure 1.

3.1. Fluorescent labeling: spatial relationship of mast and mucous cells in infected intestine
Mucous cells were present at high density in the intestinal epithelium of the parasitized chub (Figs 2
and 3). Mucous cells were labelled positively with DBA, with the lectin exhibiting a variable

staining intensity that ranged from moderate to strong (Figs 2b and 3b,c). Despite this variation in
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intensity, mucous cells were nonetheless discretely stained by the lectin and mucous granules were
clearly visible.
MCs were also present within the intestinal epithelium, situated mainly near the basal membrane
and frequently in close vicinity or in contact with the mucous cells (Figs 2b and 3 and see further).
Dual fluorescence staining demonstrated a positive reaction of the MCs to either the MAC387
antibody or to the lectin (Figs 2b and 3). MCs were highly concentrated in the lamina propria and in
the submucosa of the area in close proximity to the site of acanthocephalan attachment (Fig. 2a).
The number of MCs was lower in tunica muscularis; although staining showed considerable
fluorescent material, this is most likely the products of MCs degranulation adhering to the
acanthocephalan’s tegument (Fig. 2a).
3.2. Quantitative data and ultrastructural analysis
The aspect of uninfected intestines was documented in Fig. 4. In both healthy and infected fish the
intestinal epithelium is a simple columnar type, made up mainly of enterocytes, mucous cells and a
few RCs. The occurrence of other cell types, MCs and neutrophils, varied among uninfected and
infected individuals. The densities of all these cells are reported in Table 1. Briefly, the numbers of
mucous cells, MCs and neutrophils were significantly higher in infected intestines (see Tab. 1).
TEM sections of infected intestines showed MCs (Fig. 5a) and neutrophils within the epithelium, in
the lamina propria and in the submucosal layer (see Tab. 1). MCs and neutrophils were more
abundant in the lamina propria and submucosa than in epithelium (see Tab. 1).
MCs were irregular in shape with an eccentric nucleus, and a cytoplasm characterised by numerous
large, electron-dense, membrane-bounded granules (Fig. 5b). The cytoplasm typically contained
two to three mitochondria and an inconspicuous Golgi apparatus. Contact between MCs and
mucous cells plasmalemma was frequently observed (Fig. 5c).

Neutrophils were round to oval in shape with irregular borders, and contained a round nucleus
and the typical rod-like electron dense granules (Fig. 5d). Fragments of rough endoplasmic reticulum

were observed in the cytoplasm, whereas few mitochondria were present. RCs, in variable numbers,



173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

were also observed among the epithelium of chub in infected fish (Fig. 6a), and were primarily
located in zones in close proximity to the P. laevis site of attachment. RCs displayed typical
cytological features such as a subplasmalemmar fibrillar capsule, an eccentric basally-placed nucleus
and cytoplasmic inclusions called rodlets (Fig. 6a). Rodlets were located at the nuclear proximal end
of the cell and their cores tips were oriented toward the apical end of the cell (Fig. 6a). Small vesicles
were observed throughout the interior of the cell and mitochondria were not readily identified. In
some cases expulsion of rodlets into the intestinal lumen was visible (Fig. 6b).

Morphological heterogeneity existed between adjacent mucous cells of the intestine, but the vast
majority were pear-shaped cells while the remaining were slender, elongated cells. The nuclei of
mucous cells were elongated and basally-placed, with the mucus granules occupying the entire
supranuclear cytoplasm (Fig. 6¢). A well developed rough endoplasmic reticulum, Golgi apparatus
and numerous round-oval mitochondria were observed in the basal portion of the cell.

Mucus granules were spherical or polyhedral, surrounded by a single membrane, generally electron-
dense, but some of them were electron-lucent (Fig. 6d). Discharge of mucous cells on the surface of

epithelium (Fig. 6d) was more frequent in infected intestines than in uninfected ones.

4. Discussion

Fish which include over 27,000 species are, phylogenetically, the oldest vertebrate group
representing more than one-half of the vertebrates on the planet [34]. Understanding the immune
systems of fish, therefore, is of great relevance as it provides information on the evolution of
immunity and the responses seen in fish against helminths will contribute to our core knowledge of
immunological processes with potential relevance to other vertebrate classes [4,35].

The mucosal immune system plays a key role in the defence against pathogens and is
therefore considered an important and highly active site of immune responses [36,37]. Healthy fish
defend against pathogenic organisms using a complex system of innate and adaptive immune

responses [2,7,38,39], and in helminth infection this response is associated with inflammatory
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reactions [40,41]. The manner by which the host immune system deals with helminth infections is
very different from the way it copes with infection or invasion by microorganisms such as viruses,
bacteria, fungi and protozoa [42]. According to Buchmann [43], “.... a successful co-evolution of
the host and its parasite necessitates that the latter develop evading mechanisms in order to avoid
extinction.”

In fish, the intestinal epithelial barrier is divided into the extrinsic, intrinsic and
immunological barriers [44]. According to Jutfelt [44], the intrinsic barrier is formed by
enterocytes, mucous cells, endocrine and immune cells (e.g., macrophages, neutrophils,
lymphocytes, natural killer-like cells and RCs). MCs are also included in immune cells [6,8,45, 46].
Notable morphological studies have been carried out on different types of fish immune cells.
Nonetheless, detailed data on fish immune cells were provided using transmission electron
microscopy and the interested reader is referred to excellent monographs by Zapata et al. [47] and
Ferguson [48].

The presence of P. laevis in chub induces an intense inflammatory response which results in
an increased number of neutrophils and MCs near the site of parasite attachment, both within the
epithelia, the lamina propria and the submucosa. Similar findings of an increase in granulocytes in
submucosa were reported in intestines of cestode-infected rainbow trout [15,49], and tench infected
with a cestode [50]. Recruitment of the MCs into intestine of fish infected with myxozoan parasite
Enteromyxum leei have been reported in several records [51-56] and the same phenomenon was
reported for other parasitic diseases (see review by Alvarez-Pellitero [57]).

In the current study of the chub-acanthocephalan system within the intestinal epithelium, a
close association or contact between RCs, neutrophils and MCs with mucous cells was documented.
We discuss further the role of these cells in fish-helminth systems, with emphasis on the eventual
effect MCs may have on mucous cell secretion.

RCs are unique to teleost fish tissues and are closely linked to other piscine inflammatory

cells such as MCs and epithelioid cells [45]. RCs are commonly associated with epithelia (e.g.,
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gills, olfactory epithelium, kidney, intestine and skin) [14,58,59]. During the development of carp
(Cyprinus carpio) RCs appear in the gills 14 days after fertilization, suggesting that this cell type is
an innate constituent of fish tissues [60]. Consistent with the general belief that RCs have an
important role in host defense against parasites [14,16,18,45,60-62], our study of infected intestinal
epithelium finds RCs frequently in close association with mucous cells.

Neutrophils are among the first cell types to arrive at the site of insult and possess a
formidable armamentarium in their response [11-13,63]. The involvement of neutrophils in fish in
response to helminth infections is well documented [3,10,62], and their chemotaxis, phagocytosis
and destruction of intracellular and extracellular pathogens demonstrate their important role in
innate immunity [11,64]. In current study of parasitized intestine, neutrophils were observed to be
in close contact with MCs in the epithelium, in lamina propria and in submucosa. This finding is
consistent with degranulation of MCs in teleosts having a role in attracting granulocytes such as
neutrophils to the site of infection [65].

MCs have been described in several teleost species and have been identified in digestive,
circulatory, urinary, reproductive, tegumentary and respiratory tissues [66,67]. Close similarities in
the tissue distribution, function, morphology and cytochemical properties have led to the suggestion
that fish MCs are analogous to mammalian MCs [15,46,68]. MCs are motile [50,69,70] and often
associated with bacteria [71,72] and parasitic infection [10,40,45,51-56,70,73]. The granules of fish
MCs contain various phospholipids, acid mucopolysaccharides, alkaline phosphatases, acid
phosphatases, arylsulphatase, 5-nucleotidase [74], lysozyme [75], serotonin, met-enkephalin [69],
histamine [76] and the antimicrobial peptides named piscidins in species belonging to the order
Perciformes [6,77,78]. In the current study, MC granules were reactive to the lectin DBA indicating
the presence mucopolysaccharides with residues of a-N-acetyl-galactosamine. The degranulation of
MCs in response to parasite presence has been reported in several recent studies, notably Dezfuli et

al. [50], Rieger and Barreda [63] and Prykhozhi and Berman [7].
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Interestingly, macrophage-specific monoclonal antibody clone MAC387 recognises the L1 or
Calprotectin molecule, an intracytoplasmic antigen comprising of a 12kD alpha chain and a 14kD
beta chain. The protein is a member of the S100 family, and the subunits are termed S100A8 and
S100A9. The antigen is expressed in granulocytes, blood monocytes, tissue histiocytes, squamous
mucosal epithelia, and reactive epidermis. Variable results have been reported for [MAC387]
staining in brain macrophages and microglia [79-83]. Interestingly, the antibody was properly
clustered as anti-myeloid at the Third International Workshop and Conference on Human Leucocyte
Differentiation Antigens [84]. Recently, a cell population termed basophil/MC common progenitor,
has been described in the mouse spleen and is derived from granulocyte/macrophage progenitors in
the bone marrow [85], supporting the hypothesis of a joint granulocyte/macrophage progenitor. This
view is also supported by observation of Dobson et al. [86] in zebrafish MCs. MAC387 and other
anti-macrophage antibodies have been used in order to test the hypothesis that human tissue mast
cells are progeny of hemopoietic stem cells and are closely related to cells of the mononuclear
phagocyte system. Although many antibodies showed cross reactivity with MCs (namely, KP1
[CD68], Ki-M1P, and PG-M1 [CD68]), MAC387 did not react with MCs in mammalian tissue [87].

Chub MCs have been previously shown to cross react with another anti-macrophage
antibody (clone no. LN-5, code M-1919; Sigma, St Louis, MO, USA) and the data led the authors
to propose a bone marrow-like origin (see [31]). The preceding conclusion was also based on
comparisons between piscine MCs and mammalian mast cells [67], in addition to the fact that the
antibody used in our previous investigation [31] also reacts with human bone marrow lymphoid and
myeloid precursor cells [88]. The current account is the first description of the immune labeling of
piscine MCs with MAC387 antibody. The apparent discrepancy with regard to mammalian MCs
reactivity could be related to the retention in piscine MCs, of some myeloid characteristics which
are lost, during maturation, in mammalian MCs. The possible phylogenetic implication of this result

deserves further research.
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The endoparasitic helminth attachment organ frequently induces inflammation of the host’s
gastrointestinal tract [19,89]. Inflammation is a protective reaction of the host in response to injury
[83]. In the alimentary tract, the mucus barrier is an important part of the innate immune system
which hydrates and protects the underlying epithelia. The main structural components of the mucus
barrier are gel-forming mucins, secreted by epithelial mucous cells [90,91]. Fish mucus is involved
in a wide range of functions, including ionic and osmotic regulation, feeding, respiration,
reproduction, excretion and in the protection against, and resistance to, disease [30,92]. In some fish
species mucous cells are able to produce and release defensive substances [93,94]. The few studies
available that have quantified the effects of intestinal helminths on the density of mucous cells show
an increase in the number of intestinal mucous cells of brown trout infected with acanthocephalans
and/or cestodes [29,30]. The current study provides further evidence that helminths may elicit an
hyperplastic response of mucous cells. As contrary, in the intestine of Sparus auratus infected with
E. leei the number of goblet cells was considerably and significantly decreased in heavily infected
fish [53]. There is no complete agreement on the role of excessive mucus secretion which, in the
intestines of vertebrates infected with helminths, appears as an adherent blanket of mucus. It has
been suggested that increased mucus production in mammals may facilitate the expulsion of
intestinal nematodes [95]. However, all the P. laevis were found to be firmly attached to the host
intestinal wall and no dislodged acanthocephalans were found at post-mortem. Thus we concur with
the general suggestion that the main role of mucus is to protect the underlying intestinal mucosa as
a physical barrier against the mechanical and biochemical damage induced by parasites [30,90].
There are numerous investigations on the presence and function of MCs in epithelia of
mammals infected with enteric worms [21,23,24]. These studies indicate that in mammal-intestinal
helminth systems there is a close relationship between MC degranulation and excessive mucus
secretion by intestinal mucous cells [22,25,26]. However, few papers are available regarding the
occurrence of MCs in intestinal epithelium of fish [15,27,77, current study]. Herein, in numerous

grids especially of infected intestines, epithelial MCs were often found in contact with mucous
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cells. In some cases MC degranulation near mucous cells plasmalemma was also noted. The
relationship between the abundance of MCs in the pharyngeal mucous epithelium and propria-
submucosa has been tentatively linked to the epithelial modifications (mainly hyperplasia) and to
mucous-epithelial cysts formation observed in a branchial osteogenetic neoplasm in barbel Barbus
plebejus [96]. Moreover, a distinct population of effector T cells, termed as Th9 cells, has been
described in humans to have roles both in mucus production and in IL-9 secretion, functions which
stimulate mast cells [97]. Indeed, NOS (inducible isoform) immunohistochemical reactivity in
branchial mucous cells of Abramis brama infected with Ergasilus sieboldi (Copepoda) shows a
massive presence of MCs in the primary lamellae tissue beneath the covering epithelia [98]. Similar
findings on the presence of MCs and their relationship with mucous cells in the gills of different
species of fish infected with crustaceans have been reported [99,100]. These accounts favour a
cooperation between MCs and mucous cells in the immune response of fish tissues.

Currently our knowledge on mucosal immunity in fish-enteric helminth systems is too
limited for definitive statements to be made. Nonetheless, it does not exclude the possibility that in
fish as in mammals, epithelial MC degranulation induces excessive mucus discharge by mucous
cells against a parasite. These results provide further evidence of the importance of epithelial MCs
in the fish’s defense mechanisms [40] and provide a foundation for future investigations into the

role played by fish epithelial MCs in mucous cell secretion.
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Figure captions

Fig. 1. Schematic view of the intestinal wall of Squalius cephalus. (a) Uninfected intestine. (b)
Infected intestine with attached acanthocephalan (asterisk). The intestinal mucosa of S. cephalus is
lined by a simple columnar epithelium consisting of typical columnar epithelial cells with a sparse

intermingling of mucous cells and different types of immune cells.

Fig. 2. (a) Laser scanning microscope image of the mid-gut section of the chub parasitised with the
acanthocephalan Pomphorhynchus laevis. Mucous cells DBA-positive (thin arrows) are observed in
the epithelium; several mast cells (MCs) immunofluororeactive to MAC387 monoclonal antibody
are scattered in the lamina propria and in the submucosa, and their number decrease in tunica
muscularis (TM). The thick arrows show positive fluorescence to MAC387 on the surface of the
parasite integument, notably due to degranulation of MCs. Scale bars 100 pum. (b) Section of
intestinal folds of the parasitised chub showing mucous cells positive to DBA (thin arrows). In the
connective axis of the folds, several green-yellow MCs are observed: their staining depends on the
co-localization of MAC387 and DBA (thick arrows). Some of them are located at the epithelial base

(arrowheads), nearby the mucus vesicle of a mucous cells. Scale bar 50 um.

Fig. 3. (a) Laser scanning microscope image of the intestinal epithelium of the parasitised chub at
488 nm with mast cells (MCs) immunofluororeactive to MAC387. (b) The same microscopic image
acquired at 540 nm showing mucous cells and MCs positive to the lectin DBA. (c). Superimposition
image of the previous with mucous cells marked with DBA (thin arrows), and MCs positive to both
MAC387 and DBA (thick arrows). MCs are clearly observed at the epithelial base. Scale bars 20

um.
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Fig. 4. Transmission electron micrographs of intestinal epithelium from uninfected chub, Squalius
cephalus (L.) (@) Numerous enterocytes with nuclei indicated by arrows; scale bar = 2.86 um. (b) A

mucous cell (arrow) scattered among the enterocytes; scale bar = 3.33 pum.

Fig. 5. Transmission electron micrographs of intestinal epithelium from chub infected with the
acanthocephalan Pomphorhynchus laevis. (a) Mast cells (arrows) scattered among enterocytes
within the intestinal epithelium; scale bar = 2.86 um. (b) A mast cell (arrow): the cytoplasm is filled
with the typical electron-dense granules, note the eccentric nucleus; scale bar = 1.17 pum. (c) A mast
cell and a mucous cell are in close contact: MC granules (arrow head) in close proximity to mucous
cell plasmalemma, mucous cell cytoplasm containing numerous mitochondria (arrows); scale bar =
0.83 pum. (d) Neutrophils (arrows) within the epithelium. Note the aspect of the dark, elongated

granules inside the cytoplasm; scale bar = 1.53 um.

Fig. 6. Transmission electron micrographs of the intestinal epithelium of P. laevis-infected fish. (a)
A mucous cell (arrow) and a rodlet cell (curved arrow) within: both cells are discharging their
contents in the intestinal lumen; scale bar = 2.98 um. (b) One rodlet (arrow) is releasing from the
apical part of a rodlet cell; scale bar = 0.69 um. (c) A mucous cell (arrow) with basal nucleus (arrow
head), note different electron-density of mucus granules, scale bar = 2.00 um. (d) A mucous cell is

discharging mucus granules on the surface of the epithelium; scale bar = 1.54 pm.
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