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a b s t r a c t

Evidence for the presumed linkage between the enigmatic rodlet cells of fish and exposure to helminths
is anecdotal and indirect. We evaluated the proliferation and development of rodlet cells in the optic
lobes of fathead minnows exposed to cercariae of Ornithodiplostomum ptychocheilus. Mean rodlet cell
densities (ca. 10/mm2) in the optic lobes were similar between unexposed controls and minnows with
1- and 2-week old infections. Rodlet cell densities increased at 4 weeks p.i., reaching maxima (ca. 200/
mm2) at 6 weeks p.i., followed by a decline at 9 weeks. This temporal pattern of proliferation and matu-
ration paralleled the development of metacercariae within the optic lobes. Unencysted metacercariae
develop rapidly within tissues of the optic lobes for approximately 4 weeks after penetration by cercariae,
then shift to the adjacent meninges to encyst. The former stage is associated with tissue damage, the lat-
ter with massive inflammation of the meninges. Thus, peak densities and maturation of rodlet cells cor-
respond to the period when inflammation of the meninges caused by the large metacercarial cysts is at a
maximum. Our results support recent contentions that rodlet cells comprise part of the host inflamma-
tory defence response.

� 2009 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The presence of distinctive pear-shaped cells, known as ‘rodlet
cells’, within the epithelia of tissues of most species of teleost fish,
has been known for almost 120 years. Their widespread distribution
within and across most species of freshwater and marine fish is well
established, as is their characteristic ultrastructure, although their
function continues to be hotly debated (reviews by Manera and
Dezfuli (2004) and Reite and Evenson (2006)). While definitive
studies by cell and molecular biologists are lacking, the current view
is that rodlet cells are a component of a generalised host response to
a variety of external stressors, especially parasitic infection (Leino,
1996; Iger and Abraham, 1997; Dezfuli et al., 2008). Evidence for
the linkage between rodlet cells and infection comes from observa-
tional studies that consistently report an association between rodlet
cell proliferation and the presence of a variety of types of parasites
(Reite and Evenson, 2006). Thus, high densities of rodlet cells tend to
occur in close proximity to attached and/or feeding myxozoans,
trematodes, cestodes, nematodes and acanthocephalans of fishes
(Leino, 1996; Reite, 1997; Dezfuli et al., 2007a, 2008).

Direct evidence for a causal linkage between rodlet cell densi-
ties and the presence or number of parasites is generally lacking,
sitology Inc. Published by Elsevier
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especially for interactions involving helminths. Most simply, com-
parisons of rodlet cell development and maturation in the tissues
between exposed versus unexposed fish have not been completed.
Nor do we understand the temporal pattern of rodlet cell prolifer-
ation and development following initial exposure to helminth
infective stages. Lastly, the view that rodlet cells are associated
with host defence against parasites (Reite and Evenson, 2006; Ma-
zon et al., 2007), with parasite-induced tissue damage a likely cue
for recruitment and proliferation (Leino, 1996; Reite, 2005), is
based also on observational studies. These limitations are due to
the lack of appropriate model systems that are amenable to exper-
imental manipulation.

Metacercariae of Ornithodiplostomum ptychocheilus encyst in the
brain of fathead minnows, Pimephales promelas. Experimental
studies have indicated a complex bi-phasic pattern of metacercar-
ial development following exposure of fish to cercariae (Sandland
and Goater, 2000; Goater et al., 2005; Conn et al., 2008). Migrating
diplostomules navigate to the outer layer of the tissues of the optic
lobes within 24 h of exposure, after which they enter a 4-week per-
iod of rapid growth and development. During this phase, the tegu-
ment is enveloped by elaborate microvilli that extend outwards
into adjacent host tissue (Goater et al., 2005). This phase is associ-
ated with transient tissue damage and impaired visual perfor-
mance (Shirakashi and Goater, 2005). At approximately 4 weeks,
metacercariae enter a characteristic encystment and resting phase
(Goater et al., 2005). Altered visual performance was absent during
Ltd. All rights reserved.
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this phase, but encystment is associated with inflammation of the
meninges that leads to cranial distortion (Sandland and Goater,
2001). Over the course of these studies, rodlet cells were frequently
observed in close proximity to metacercariae at various stages of
development (Goater et al., 2005), similar to the descriptions of
rodlet cells in the brains of European minnows infected with met-
acercariae of Diplostomum phoxini (Dezfuli et al., 2007b).

The purpose of this study was to evaluate temporal changes in
the proliferation and maturation of rodlet cells in the optic lobes of
minnows exposed once to cercariae of O. ptychocheilus. Our ability
to experimentally manipulate this host–parasite system provides
an opportunity to test alternative hypotheses regarding the func-
tional link between rodlet cell development and proliferation,
and helminth infection. According to the ‘anti-parasite hypothesis’,
rodlet cell secretions primarily function to reduce the development
and survival of parasites (Leino, 1996). If this is so, peak rodlet cell
densities should occur at approximately 1–2 weeks after infection,
corresponding to the period of maximum damage to adjacent host
tissue. If rodlet cells play a role in the inflammatory defence re-
sponse of fish (‘inflammation hypothesis’; Manera and Dezfuli,
2004; Reite and Evenson, 2006), peak densities should be present
at approximately 4 weeks after infection when metacercariae have
entered the encystment phase and are causing severe inflamma-
tion of the adjacent meninges.
2. Materials and methods

2.1. Infection procedure

The methods used to infect fathead minnows with O. ptychoc-
heilus cercariae followed Sandland and Goater (2000). Trematode
eggs were collected from the faeces of day-old chicks that were
fed the brains of field collected infected minnows, and processed
through a series of washes and filters. The F1 generation of field
collected snails, Physa gyrina, reared in the laboratory in de-chlori-
nated water and fed boiled lettuce ad libitum, was exposed to the
hatched miracidia in June 2007. Cercariae were collected from
individual snails approximately 4 weeks later.

Uninfected juvenile fathead minnows (30 days old, approxi-
mately 1.5–2.0 cm standard length) obtained from a supply com-
pany were acclimatised in aerated water and fed tetramin fish
flakes twice per day for approximately 7 days prior to experimen-
tal infections. Thirty fish were randomly selected from a stock tank
and placed into individual Petri dishes containing de-chlorinated
water. Twenty-seven fish were exposed, in August 2007, to 100
cercariae for 3–4 h; the remaining three fish were sham-exposed
in water. Cercariae originated from eight snails that had been iso-
lated for a maximum of 3 h. Cercariae from the eight snails were
pooled and the total number present in 100 mL was estimated
via dilution (Sandland and Goater, 2000). The volume of water con-
taining 100 cercariae was then added to Petri dishes that contained
individual fish. Following exposure, fish were housed in 30 �
30 � 60 cm (H �W � L) aquaria of aerated water and maintained
on tetramin fish flakes until sacrifice.
2.2. Evaluation of rodlet cell density

The time course to evaluate temporal changes in rodlet cell den-
sity was selected to encompass the period of metacercariae devel-
opment between migration to the brain and encystment (Goater
et al., 2005). Thus, minnows exposed to cercariae were selected
for dissection at 1, 2, 4, 6 and 9 weeks p.i. Three minnows were as-
signed at random to each interval. Three sham-exposed minnows
were controls. Exposed and sham-exposed minnows were sacri-
ficed by immersion in a lethal dose of clove oil and the optic lobes
removed with fine-forceps. Tissue samples were fixed in fresh Kar-
novsky’s solution for a minimum of 24 h and rinsed overnight in
0.1 M sodium cacodylate buffer (pH 7.3) followed by 1 h post-fixa-
tion in 1% osmium tetraoxide in the same buffer (Goater et al.,
2005). Samples were dehydrated in a graded ethanol series prior
to embedding in a graded ethanol: Spurr’s resin series. Samples
were then polymerised in an oven at 60 �C for 24 h.

For histological analysis, semi-thin coronal sections (thick-
ness = 1 lm) were cut approximately every 50 lm on a Reichart
OM-U2 ultramicrotome. The distance between sections was suffi-
cient to ensure that individual rodlet cells would not be sectioned
twice. Sections were mounted on glass slides coated with gelatin,
dehydrated on a slide warmer in an atmosphere of the clearing agent
HemoDe and stained with 1% toluidine blue. To compare rodlet cell
counts between individual fish, we sectioned all brain tissue be-
tween the cerebellum and the periventricular zone of the optic tec-
tum. The latter was a distinctive region of the optic lobes that
contains densely packed cell bodies. Depending on the size of the op-
tic lobes, the numbers of sections that were evaluated between these
two landmarks ranged from 6 to 15. Counts were made at 400�mag-
nification following methods adapted from Dezfuli et al. (2008).

To estimate the proportion of rodlet cells in the migration
phase, rodlet cells observed within brain tissues were distin-
guished from those in the meninges. Rodlet cells originate in the
basal layers of epithelial tissues (Desser and Lester, 1975) and then
migrate to the lumen or surfaces of organs before expelling their
contents (Iger and Abraham, 1990). Thus, rodlet cells observed in
brain tissues are considered to be migrating from their source of
origin in the basal layers of epithelial tissue in the brain.

If rodlet cell densities in the tissues and their rate of maturation
are associated with the presence of metacercariae, then the density
of rodlet cells may be associated with metacercariae infrapopula-
tion size (=parasite intensity, Bush et al., 1997) and/or the total
area that the infrapopulation occupies in the optic lobes. To evalu-
ate this relationship, the number of metacercariae in the optic
lobes was assessed for each fish. Further, the total area occupied
by metacercariae in each fish was assessed by estimating the area
occupied by metacercariae in each section. Individual images of all
sections were acquired using a digital camera at 50� magnifica-
tion. The total area occupied by metacercariae in the optic lobes
of each fish was estimate using imaging software (Image J).

2.3. Evaluation of rodlet cell maturation

A further aim was to assess temporal changes in rodlet cell mat-
uration. For this component, material was prepared for evaluation
via transmission election microscopy (TEM). To encompass multi-
ple stages of metacercarial development, three fish at each interval
were dissected at 4 days, 3 and 6 weeks p.i., and were fixed and
prepared as described above. For each individual sample, one ultra-
thin section (90 lm) was cut along the coronal plane of the optic
lobes on an OM-U2 ultramicrotome, stained with 4% uranyl acetate
for 20 min and Reynolds lead citrate for 5 min. Whole sections
were scanned at a minimum of 5,000� using an Hitachi TEM. Pho-
tographs were taken at an accelerating voltage of 100 keV. The
developmental status of each cell encountered in each section
was designated as immature, mature or discharging, according to
detailed descriptions provided by Leino (1974), Bielek (2002) and
Kramer and Potter (2002).

2.4. Analyses

Rodlet cell counts were variable between individual hosts and
between sections within a host. For hypothesis testing involving
density data, Kruskal–Wallis non-parametric tests were used for
comparisons between multiple means. Wilcoxon two-group tests
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were used for comparisons between selected pairs of means. Pro-
portional data on rodlet cell location (tissue versus meninges) were
normally distributed following arcsine (square root) transforma-
tion. Data on the proportion of rodlet cells in the tissues and rodlet
cell maturation were analysed with one-way ANOVA, with post-
hoc comparisons made using Tukey–Kramer honestly significant
differences (HSD) tests. Correlations between metacercarial inten-
sity and both rodlet cell density and the proportion of rodlet cells
in the tissues used Spearman’s non-parametric tests. Differences
were considered significant at the level of P < 0.05.
Fig. 2. Temporal changes in median rodlet cell density in the optic lobes of
minnows experimentally infected with Ornithodiplostomum ptychocheilus cercariae.
3. Results

3.1. Temporal changes in rodlet cell density

Rodlet cells were present in the optic lobes and in the adjacent
meninges at 1 week p.i., coinciding with the period when diplostom-
ules occupied the outermost layer of the optic lobes (Fig. 1A). At
6 weeks p.i., the fully encysted metacercariae had shifted location
from the tissues of the optic lobes to the adjacent meninges
Fig. 1. Light micrographs of the optic lobes of fathead minnows experimentally
infected with Ornithodiplostomum ptychocheilus cercariae. (A) At 1 week p.i. the
diplostomulum (d) is found in the outer edges of the tissues of the optic lobes (t). A
large gap between the host and diplostomulum indicates substantial disruption of
host tissues caused by the developing diplostomule. Several rodlet cells (arrows)
are found in the endomeninx (em) and brain tissue. (B) At 6 weeks p.i. the
metacercariae (me) is fully encysted (c) in the host meninges. At this time, rodlet
cells are significantly greater in number, with a large proportion found in the brain
tissues. Scale bar = 200 lm.

Unexposed controls are designated ‘c’. Boxes encompass the 25th to 75th
interquartile ranges in rodlet cell density among three hosts dissected at each
time interval. The extensions to the boxes represent overall range; line extensions
represent the range of average densities.
(Fig. 1B). Our qualitative observations indicated that rodlet cell den-
sities were higher at 6 weeks p.i. than at 1 week p.i. and more cells
occurred within brain tissue.

Analysis of temporal changes in median rodlet cell density indi-
cated a complex temporal pattern of proliferation over the 9 week
period (Fig. 2; v2 = 14.89 df = 5; P = 0.011). Densities were low in
hosts with 1- and 2-week old infections, and these densities were
not significantly different from controls (v2 = 2.40; df = 2; P =
0.301). There was a 7-fold increase in rodlet cell densities at 4 weeks
p.i., reaching maximum levels at 6 weeks p.i. The increases between
2 and 4 weeks p.i (v2 = 3.86; df = 1; P = 0.050) and between 4 and
6 weeks p.i were significant (v2 = 3.86; df = 1; P = 0.050). At 9 weeks
p.i., there was a significant decline in rodlet cell densities from
6 weeks p.i. (v2 = 3.86; df = 1; P = 0.050; df = 1 P = 0.050), returning
to densities similar to those observed at 4 weeks p.i.
Fig. 3. Temporal changes in the proportion of rodlet cells in the tissues of the optic
lobes of minnows experimentally infected with Ornithodiplostomum ptychocheilus
cercariae. Unexposed controls are designated ‘c’. Boxes encompass the 25th to 75th
interquartile ranges in rodlet cell density among three hosts at each time interval.
The extensions to the boxes represent overall range; line extensions represent the
range of average densities.
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3.2. Temporal changes in rodlet cell location

There was a significant effect of time on the total proportion of
rodlet cells found in the tissues of the optic lobes (F5,12 = 3.52;
P = 0.034). Post-hoc pairwise comparisons did not detect differ-
ences among group means. Less than 10% of the total numbers of
rodlet cells evaluated at 1 and 2 weeks p.i. were located in the tis-
sues, similar to the proportion of tissue-inhabiting rodlet cells in
controls (Fig. 3). By 4 and 6 weeks p.i., the proportion of rodlet cells
in tissues had increased to over 30%. The proportions of rodlet cells
occurring in the tissues declined to 24% at 9 weeks p.i.

3.3. Temporal changes in rodlet cell maturation

Immature rodlet cells were those cells possessing a thin fibrous
capsule and rodlets without dense cores, with the cytoplasm dom-
Fig. 4. Transmission electron micrographs of rodlet cells in various stages of developme
Ornithodiplostomum ptychocheilus. (A) Immature rodlet cells possess a thin fibrillar cell wall
large electron-lucent nucleus (n) dominate the cytoplasm. Several developing rodlets are
heterochromatin is deposited in the basal nucleus. Rodlets are more numerous and tend to di
of the cell; vacuoles are found throughout the cytoplasm. (C) Prior to discharge the fibrous c
Junctional complexes (arrows) are frequently observed at the apex. (D) Contents of the disc
inated by rough endoplasmic reticulum, Golgi complexes and a rel-
atively large electron-lucent nucleus (Fig. 4A). Mature cells were
those with a well developed fibrous capsule, multiple rodlets pos-
sessing dense cores and a small basal nucleus containing electron
dense deposits. The apex of the cell possessed numerous mito-
chondria, vacuoles and ribosomes (Fig. 4B and C). Discharging rod-
let cells possessed similar characteristics to mature rodlet cells, in
addition to a distinct cytoplasmic bleb protruding from the cell
apex, with cell contents visibly being expelled (Fig. 4D). There
was a general increase in the overall proportion of rodlet cells that
were classified as mature between 4 days and 6 weeks p.i.
(F2,6 = 9.96; P = 0.012; Fig. 5). Post-hoc comparisons showed that
the 45% increase in the proportion of rodlet cells that were mature
between 4 days and 6 weeks p.i. was significant. The proportions of
rodlet cells detected in the discharge phase at 4 days, 3 weeks, and
6 weeks p.i. were not significantly different (F2,6 = 2.37; P = 0.17).
nt in the optic lobes of fathead minnows experimentally infected with cercariae of
(f). Rough endoplasmic reticulum with dilated cisternae (er), golgi complexes (g), and a

visible (r). (B) The cell wall of mature rodlet cells is visibly thickened. Appreciable
splay a more electron-dense core. Mitochondria (m) and vesicles accumulate at the apex
apsule thins at the cell apex, although a plasma membrane is still visible (arrowhead).
harging rodlet cells are expelled at the cell apex into the lumen. Scale bar = 1.7 lm.



Fig. 5. Mean (± standard error) proportion of mature and discharging rodlet cells in
the optic lobes of minnows experimentally infected with Ornithodiplostomum
ptychocheilus cercariae. One semi-thin section from three hosts at 4 days, 3 weeks,
and 6 weeks p.i. were examined at each interval.
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3.4. Correlation analyses

There were significant positive correlations between the total
area occupied by metacercariae in the optic lobes and both rodlet
cell density (Spearman’s rho = 0.84; P < 0.0001; n = 18) and the
proportion of rodlet cells in the tissues (Spearman’s rho = 0.67;
P = 0.002; n = 18). Metacercarial intensity was not correlated with
either rodlet cell density (F1,16 = 0.5279; P = 0.48) or the proportion
of rodlet cells in the tissues (F1,16 = 1.1892; P = 0.29). Rodlet cell
density was positively correlated with the proportion of rodlet
cells in the tissues (Spearman’s rho = 0.70; P = 0.001; n = 18).
4. Discussion

The 30-fold increase in rodlet cell density between uninfected
and infected minnows at 6 weeks p.i. provides direct evidence that
rodlet cell proliferation results from exposure to cercariae. The po-
sitive correlation between the total area occupied by metacercariae
in the brain and rodlet cell density provides an additional line of
evidence for an association between the presence of metacercariae
and the presence of rodlet cells. Thus, a single exposure to trema-
tode cercariae ultimately leads to a marked increase in rodlet cell
density in tissue adjacent to metacercariae. Although these results
confirm those from observational studies on helminth–fish inter-
actions (Reite, 2005; Dezfuli et al., 2007a,b), and are in line with
one experimental study involving a protozoan in carp (Mazon
et al., 2007), we believe they are the first to experimentally demon-
strate a linkage between the occurrence and density of rodlet cells
with exposure to a helminth.

Three features characterise the temporal pattern of rodlet cell
proliferation and development following exposure to trematode
cercariae. Increases in overall rodlet cell density began at approx-
imately 4 weeks after exposure, followed by a peak at 6 weeks, fol-
lowed by a decline thereafter. Further, the observed temporal
changes in density were paralleled by changes in the proportion
of cells found within the tissues of the optic lobes (compared with
the meninges), together with changes in the maturation status of
individual cells. Thus, 4 weeks after a minnow is exposed to trem-
atode cercariae, rodlet cells increase in density, more cells are
found in tissues and more are classified as mature. One simple
interpretation of these combined results is that the processes of
division, migration and maturation of rodlet cells are determined
by similar cues that originate from the presence of metacercariae
in the optic lobes. Further experimental work is required to iden-
tify the precise cue(s) that are responsible for the initiation and
coordination of these complex cellular processes.

The endomeninx of fish is considered analogous to the pia-
arachnoid layer found in mammals (Momose et al., 1988), sur-
rounding the CNS in three distinct laminar layers. The innermost
layer, which functions to secrete cerebrospinal fluid, contains large
extracellular spaces, fibroblasts, collagen fibrils, macrophages,
blood vessels, red blood cells and leucocytes (Hoffmann and Sch-
warz, 1996). Given the highly secretory nature of this inner layer
and the high densities of rodlet cells we observed therein, we spec-
ulate that the endomeninx represents the main source of rodlet
cells observed in the optic lobes of fathead minnows. However,
the increased proportion of rodlet cells found in the tissues be-
tween 4 and 9 weeks p.i. suggests that rodlet cells are recruited
from additional sites beyond the endomeninx immediately sur-
rounding the optic lobes. The probable source of migrating cells
observed in the tissues of the optic lobes are the epithelial tissues
lining the paired optic ventricles.

Our results on the temporal pattern of rodlet cell proliferation
and development provides indirect evidence regarding their poten-
tial function. According to the anti-parasite hypothesis, rodlet cell
secretions contribute to the elimination of parasites and/or to the
reduction in parasite growth or development (Leino, 1996). An
extension of this hypothesis is that their proliferation and recruit-
ment is stimulated by cues associated with parasite-induced dam-
age to adjacent host tissues (Leino, 1996; Reite, 2005). Our results
do not support this hypothesis or its extension. If rodlet cell secre-
tions reduce parasite growth and development, then densities of
mature rodlet cells should reach maxima prior to the period when
diplostomules are protected by their characteristic double-layered
cyst wall. Further, if rodlet cell proliferation is stimulated by tissue
injury, we would expect the highest densities of rodlet cells prior
to encystment, when feeding diplostomules are causing tissue
damage to the optic lobes (Goater et al., 2005; Conn et al., 2008).
Our results indicate that rodlet cell densities during pre-encysted
stages were low, and similar to those in controls. Further, we have
never observed dead or damaged O. ptychocheilus diplostomules or
metacercariae, even in those rare cases where rodlet cells are
releasing their contents into regions adjacent to developing
worms.

The observed temporal pattern of rodlet cell proliferation is
consistent with the inflammation hypothesis. Thus, rodlet cell pro-
liferation, maturation and migration through tissues corresponds
with the onset of the encystment process (Sandland and Goater,
2000; Goater et al., 2005; Conn et al., 2008), a period associated
with remarkable inflammation of the endomeninx (Sandland and
Goater, 2000). This inflammation can be so severe that under some
conditions, the entire cranium becomes distorted (Sandland and
Goater, 2001). Two further indicators of a generalised inflamma-
tory response at this time are increased vascularization surround-
ing individual encysted metacercariae and the proliferation of
fibroblasts that surround the metacercariae (Matisz and Goater,
unpublished observations) and form the outer cyst wall at 4 weeks
(So and Wittrock, 1982). Both features are well recognised for their
involvement in the generalised inflammatory response in fish
(Roberts and Rodger, 2001). The concordance between rodlet cell
proliferation and encystment-induced inflammation is consistent
with recent suggestions that rodlet cells play a role, perhaps in
concert with fibroblasts, in the inflammation response of fish to a
variety of stressors, including parasites (Reite and Evenson,
2006). Studies aiming to elucidate the nature of rodlet cell secre-
tions and their role in the inflammatory response are needed.

The overall role of rodlet cells in determining the outcome of
fish–parasite interactions remains unknown. One intriguing fea-
ture of the O. ptychocheilus–minnow interaction is the magnitude



312 C.E. Matisz et al. / International Journal for Parasitology 40 (2010) 307–312
of rodlet cell proliferation and maturation. The overall densities of
rodlet cells present in the optic lobes of experimentally infected
minnows were far greater than the densities reported in any other
tissue type in response to parasites or other stressors. This raises
the intriguing possibility that rodlet cells may play a key role in
regulating the tissue inflammation response to parasites (or other
stressors) that are site-specific within certain tissues. Natural
selection would favour such a defence response against parasites
that occupy critical host tissues, such as the brain, where standard
host immunological strategies tend to be silent.
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