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Abstract
Owing to its ability to switch between free-living and parasitic modes of development,
Parastrongyloides trichosuri represents a valuable model with which to study the evolution of
parasitism among the nematodes, especially aspects pertaining to morphogenesis of infective
third-stage larvae. In the free-living nematode Caenorhabditis elegans, developmental fates of
third-stage larvae are determined in part by environmental cues received by chemosensory neurons
in the amphidial sensillae. As a basis for comparative study, we have described the neuroanatomy
of the amphidial sensillae of P. trichosuri. Using computational methods we incorporated serial
electron micrographs into a three-dimensional reconstruction of the amphidial neurons of this
parasite. Each amphid is innervated by 13 neurons, and the dendritic processes of 10 of these
extend nearly to the amphidial pore. Dendritic processes of two specialized neurons leave the
amphidial channel and terminate within invaginations of the sheath cell. One of these is similar to
the finger cell of C. elegans, terminating in digitiform projections. The other projects a single
cilium into the sheath cell. The dendritic process of a third specialized neuron terminates within
the tight junction of the amphid. Each amphidial neuron was traced from the tip of its dendrite(s)
to its cell body in the lateral ganglion. Positions of these cell bodies approximate those of
morphologically similar amphidial neurons in Caenorhabditis elegans, so the standard
nomenclature for amphidial neurons in C. elegans was adopted. A map of cell bodies within the
lateral ganglion of P. trichosuri was prepared to facilitate functional study of these neurons.
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INTRODUCTION
Amphids are paired anterior sensillae of nematodes, which play crucial roles in sensing
physico-chemical cues from the environment (Bargmann et al., 1990; Bargmann and
Horvitz, 1991a; Ren et al., 1996; Schackwitz et al., 1996; Pierce et al., 2001; Li et al., 2003).
The anatomy of the amphids and functions of the amphidial neurons in the free-living
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nematode Caenorhabditis elegans have been described in detail (Bargmann,; Ward et al.,
1975; Bargmann and Horvitz, 1991b; Bargmann et al., 1993; Mori and Ohshima, 1995;
Troemel et al., 1997; Pierce-Shimomura et al., 2001). Selection of a suitable model with
which to adapt these methods to study the sensory neurobiology of parasitic nematodes is an
important priority. Considering previous research into the functions of amphidial neurons in
C. elegans, the essential requirements for a model parasitic nematode in which to study the
structure and function of amphidial neurons would be similar morphology of the first-stage
larva (L1) and a cuticle with sufficient optical transparency to allow visual observation of
neurons by light microscopy and, when technology allows, detection of fluorescent reporters
encoded in neuronally expressed transgenes. Strongyloides stercoralis, a member of the
family Strongyloididae, was previously selected as a model based on fulfillment of these
minimal criteria, and significant findings on the functions of its amphidial neurons were
obtained (Ashton et al., 1998; Forbes et al., 2004; Nolan et al., 2004; Ashton et al., 2007).
Although it is well suited for microlaser surgical study of neuronal function in individual
specimens, the fact that S. stercoralis can complete only one generation of free-living
development will significantly curtail application of new genetically based methods of
neuronal ablation now being pioneered in C. elegans (Chelur and Chalfie, 2007). For this
reason we are seeking an alternative model parasitic nematode more amenable to genetic
manipulation for studies of sensory neurobiology.

Parastrongyloides trichosuri, a parasite of the Australian brush-tailed possum and another
member of the family Strongyloididae, shares the aforementioned advantages of S.
stercoralis and has the added advantage of being able to cycle indefinitely as a free-living
organism that can be cultured in the laboratory on bacterial lawns using techniques similar
to those that are standard for C. elegans. These attributes make P. trichosuri amenable to
genetic analysis (Grant et al., 2006b), a characterization that is substantiated by the
development of a robust system for transgenesis in this nematode (Grant et al., 2006a).
Moreover, infective third-stage larvae (L3i) of P. trichosuri arise from free-living
populations under conditions of crowding or depleted food resources as do the dauer larvae
of C. elegans. These L3i are capable of infecting their marsupial host by skin penetration
followed by a canonical program of parasitic development reminiscent of other members of
the family Strongyloididae. Additionally, we have identified the sugar glider, Petaurus
breviceps, as a small marsupial host, which can be obtained commercially and maintained in
the laboratory (Nolan et al., 2007). In view of these advantages, we consider P. trichosuri to
be a potential model for studies of sensory neurobiology that incorporate new molecular
genetic approaches. This worm is particularly well suited to basic studies of specific
adaptations to parasitism among the Nematoda.

In this study, we present a reconstruction based on transmission electron micrographs of
serial sections of amphidial neurons of the L1 stage larvae of P. trichosuri. Such a
reconstruction is a prerequisite for functional study of these neurons based on ablation of
their cell bodies by microlaser surgery or genetically targeted cell killing. Our reconstruction
includes 13 amphidial cells and two supporting cells, the socket cell and sheath cell.
Additionally, unidentified cell bodies in the lateral ganglia were also reconstructed in order
to establish a precise map of cells in this region for future studies.

MATERIALS AND METHODS
Parasites

The strain of P. trichosuri used in this study was originally obtained from a laboratory
culture established with field-collected material from New Zealand (Grant et al., 2006b).
The parasites were maintained in sugar gliders (Nolan et al., 2007) and in free-living plate
cultures as described (Grant et al., 2006b). First-stage larvae (L1) were obtained within 12
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hours of hatching from eggs collected from growing cultures of free-living P. trichosuri
adults.

Fixation and embedding
P. trichosuri L1 were fixed by methods based on those used previously for S. stercoralis
(Ashton et al., 1995). Freshly hatched worms were transferred into 0.5M M9 buffer with
0.3% 1-phenoxy-2-propanol for anesthesia. Anesthetized worms were placed in ice-cold 4%
glutaraldehyde in 0.05 M cacodylate buffer, pH 6.8, for 3 hours. Worms were then collected
from glutaraldehyde by centrifugation, rinsed three times in ice-cold 0.05 M cacodylate
buffer, pH 6.8 and then post-fixed in 1% osmium tetroxide in 0.05 M cacodylate buffer, pH
6.8, for one hour at room temperature. After fixation, worms were dehydrated in an acetone
series, and embedded in 1:1 Araldite 502: DDSA (Electron Microscopy Sciences, Inc.,
Hatfield, PA). Plastic monomers were evacuated twice by vacuum pump and polymerized at
60° C for 48 hours.

Sectioning and electron microscopy
Serial sections were cut on a Sorvall MT-2 ultramicrotome with a diamond knife, and
ribbons of sections were collected on Formvar-covered single slotted grids. The sections
were stained in 1.5% uranyl acetate in methanol for 17 minutes in the dark at room
temperature and then for 10 minutes at room temperature with lead citrate by the Reynolds
procedure (Reynolds, 1963). In order to minimize errors in tracing amphidial dendrites,
three complete sets of serial sections extending posterior from the tip of head through the
nerve ring to the lateral ganglion were prepared with two different average thicknesses: one
setat 150-nm and two sets at 90-nm thickness. Serial sections were observed and images of
them captured into Tiff digital image stacks using a JEOL 1010 transmission electron
microscope operating at 80KV at the Biomedical Imaging Core of University of
Pennsylvania.

Tracing and three-dimensional reconstruction
Three-dimensional reconstructions of the sensory neuroanatomy were made by importing
Tiff digital image stacks into the Imod© (Boulder Laboratory for 3-Dimensional Electron
Microscopy of Cells and the Regents of the University of Colorado) software package for
tracing, contour-based volume segmentation and meshing (Kremer et al., 1996). Sensory
neuroanatomic structures of the right amphid were traced manually, section by section, in
order to account for the extremely small changes that can occur between adjacent sections
and thereby generate an accurate three dimensional reconstruction. Structures of the left
amphid were traced in every tenth section to confirm symmetry between the two amphids.

Neuronal dye filling studies
Patterns of fluorescent dye uptake into amphidial neurons were observed in newly hatched
first-stage larvae of P. trichosuri. We employed two dyes, which have been used previously
for neuronal dye filling studies in other nematodes: 5-fluorescein isothiocyanate (FITC) and
DiI. Studies with FITC were conducted as described (Hedgecock et al., 1985). Stock
solutions containing 20 mg/ml of FITC in dimethylformamide were prepared and stored
−20° C until use. For dye filling experiments FITC stock was diluted 1:50 in M9 buffer to
give a working solution of 0.4 mg/ml. Studies with DiI were carried out as described
(Shaham, 2006). Stock solutions containing 2 mg/ml of DiI were prepared in
dimethylformamide and stored at −20° C until use. For dye filling experiments a working
solution containing 0.02 mg/ml of DiI was prepared by diluting the dimethylformamide
stock solution 1:100 in M9 buffer. For both FITC and DiI, P. trichosuri larvae were
incubated for two hours at room temperature in the working solution of dye, washed three
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times in M9 buffer and then incubated for two hours on NGM agar plates with E. coli
HB101 lawns to allow clearance of ingested dye from their digestive tracts. Dye treated
worms were mounted on 3% agar pads containing 1-phenoxy-2-propanol as an anesthetic
and examined by differential interference constrast (DIC) and fluorescence microscopy.
Images were captured with a Spot RT Color digital camera and processed using either the
Spot Advanced image analysis software package (Diagnostic Instruments, Inc., Sterling
Heights, Michigan, USA) or Adobe Photoshop 7.0. All image processing algorithms (eg.
brightness and contrast adjustments) were applied in a linear fashion to the entire image.

Nomenclature
The amphidial neurons of P. trichosuri were named using the nomenclature for amphidial
neurons of C. elegans (White et al., 1986). In this schema, three letters are used per name:
the first letter is A for amphid; the second letter is either S (single) for the neurons that have
one dendritic process or D (double) for those with two such processes. The specialized wing
cells of C. elegans are identified by a W and the finger cells by F in the second position. In
C. elegans, there are 12 neurons in the amphidial complex, and each neuron is assigned a
third letter, from A to L (Ward et al., 1975). In assigning three-letter designations to the
neurons of P. trichosuri, first letters were always A, and second letters were based on
morphologies of dendrites of individual neurons. The third letters were assigned based on
comparison of positions of neuronal cell bodies in the lateral ganglia of P. trichosuri to
those of C. elegans.

RESULTS
Visual interpretation of serial sections

All visual interpretations and three-dimensional reconstructions were based on complete sets
of serial sections from three first-stage P. trichosuri larvae, one at 150 nm thickness and two
at 90 nm thickness. There was virtually complete consistency between morphological
features seen in comparable sections from these three sets.

There are 13 pairs of amphidial neurons in P. trichosuri, with one member of each pair per
amphid. Each bipolar amphidial neuron consists of a dendritic process in the form of a
modified cilium, a dendrite, a cell body, and an axon. Each amphidial channel is formed by
a socket cell and a sheath cell and contains 11 amphidial cilia, which contact the external
environment via the amphidial pore. The opening of the amphidial channel, lying
approximately 2 μm from the cephalic extremity, is formed by the socket cell, which
parallels the amphidial channel and takes on dendrite-like morphology beginning with the
42nd section, approximately 4.5 μm posterior to the amphidial opening (Fig. 1A, C). At this
same level, the sheath cell connects with the socket cell by a tight junction and encloses the
left cavity of the amphidial channel without forming a self-tight junction. The longest cilium
in the amphidial channel extends to within approximately 1.5 μm of the amphidial opening,
and the other cilia terminate at different levels within the amphidal channel (Fig. 1B).
Approximately 5μm posterior to the amphidial pore, the two digitiform dendrites of the
finger cell AFD and the single dendrite of ASC extend ventrally and laterally from the
amphidial channel into pockets within the sheath cell. Thus, the dendrites of these two cells
do not communicate directly with the external environment (Fig. 1D). In the transition zone,
where cilia with doublet microtubules and single microtubules transform to dendrites with
only singlet microtubules, the two projections of the finger cell merge into one dendrite in
which only singlet microtubules can be found. All other dendrites have both singlet and
doublet microtubules (Fig. 1E). Approximately 9.5 μm from the amphidial pores, the
dendrites enlarge and become irregular in shape (Fig. 1E). In the next four or five sections
(comprising a zone 0.4 μm wide), all of the amphidial neuronal processes form tight
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junctions with each other and with the sheath cell (Fig. 1F). As with Strongyloides
stercoralis and Haemonchus contortus, tight junctions of all amphidial neurons in P.
trichosuri appear at the same level, while those in C. elegans occur at different levels (Ward
et al., 1975; Ashton et al., 1995; Ashton et al., 1999). The single dendritic process of ASM,
the shortest dendrite of those observed in P. trichosuri terminates at the level of the tight
junction (Fig. 1F). This morphology is similar to that of ASA in S. stercoralis. Posterior to
the tight junction region, the sheath cell, like the socket cell, changes to a dendrite-like
process, which continues in a loose bundle with the socket cell and the dendritic processes
of all 13 amphidal neurons posterior toward the nerve ring (Fig. 2). The individual dendrites
in the bundle are irregular in shape and vary in thickness. For this reason, a set of 60 nm-
thick serial sections was prepared from the region just posterior of the amphidial tight
junction to minimize differences between adjacent sections and thereby enhance the
accuracy of tracing the neuronal processes. Beginning approximately 33 μm from the
amphidial pore, the dendrite-like process of the socket cell enlarges and merges into its cell
body (Fig. 3). The anterior margin of the nerve ring appears approximately 57 μm from the
amphidial pore and runs through the next 40 sections (2.4 μm). The dendritic bundles bypass
the nerve ring near its lateral surface (Fig. 4). The cell bodies in the lateral ganglia, including
those of the amphidial neurons, appear just posterior to the nerve ring. The cell bodies of
AFD-class neurons are the most anterior of the amphidial neurons, being positioned
approximately 61μm from the amphidial pores (Fig 5). The other individual dendrites,
including those of the sheath cells, exit the bundles and connect to their corresponding cell
bodies at different levels within the lateral ganglia.

Three-dimensional reconstructions
Three-dimensional reconstructions were made to better understand the structure of the
amphids and positional relationships of neurons within them. The reconstructions show the
neuronal processes with the socket and sheath cells from their anterior-most tips through the
lateral ganglia (Fig. 6A). The three-dimensional model of the anterior amphids (Fig. 6B, C)
indicates the presence of a socket cell, a sheath cell, a finger cell and twelve single cilium
cells in each amphid. The uniciliate sensory neurons, designated ASA, ASB, ASC, ASE,
ASF, ASG, ASH, ASI, ASJ, ASK, ASM, terminate near the amphidial pore and have similar
simple morphology within the amphidial channels. The finger cell, AFD, projects seven to
eight finger-like sensory cilia into pockets within the sheath cell where they terminate.
Unlike other uniciliate dendrites, ASC projects its cilium into a pocket within the sheath
cell.

Figure 7A is a model of cell bodies in the right lateral ganglion. This reconstruction
comprises not only the 13 amphidial neurons, which were traced from the tips of their
dendritic processes to their cell bodies, but also unidentified cell bodies in the right lateral
ganglion as well. Thus, the spatial relationships between all cell bodies in the lateral ganglia
may be discerned. This feature will facilitate identification of individual neurons for
functional study by microlaser surgery or genetically targeted cell killing.

Arrangement of dendritic processes at the tight junction
One criterion used in comparative study of amphidial neuronal anatomy in various species
of nematode is the arrangement of dendritic processes within the amphidial bundle viewed
in cross section (Ward et al., 1975; Ashton et al., 1995; Li et al., 2000; Li et al., 2001;
Bumbarger et al., 2009). We compared this arrangement in cross sections taken at the level
of the tight junction of P. trichosuri L1 (diagrammed in Fig. 8) to similar data from the
parasitic nematode Haemonchus contortus (Li et al., 2000) and the microbe-feeding
nematode Acrobeles complexus (Bumbarger et al., 2009). The arrangement of dendrites in P.
trichosuri was generally more similar to that in H. contortus than to that in A. complexus.
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Marked similarities in dendritic position were seen in six neurons (ASA, ASB/ADB, AFD,
ASE, ASG and ASJ) of P. trichosuri and H. contortus (Fig. 8). If, as we consider likely, the
unidentified dendrite in the amphidial bundle of H. contortus is that of ASM, then the
number of dendrites with similar positions to those in P. trichosuri increases to seven. By
contrast, positions of only two dendrites (those of ASE and ASJ) were similar in P.
trichosuri and A. complexus (Fig. 8).

Neuronal dye filling studies
No amphidial neurons in P. trichosuri L1 took up FITC. However, the amphidial channels
of these larvae filled with this dye (Fig. 9A, B). A single pair of amphidial neurons took up
DiI. These neurons have a single dendritic process extending to the amphidial pore and an
axon extending to the nerve ring (Fig. 10B). The cell bodies of neurons staining with DiI in
P. trichosuri L1 are located just anterior to the pharyngeal bulb and are the most dorsal of
the amphidial cell bodies in this region (Fig. 10A, B). After comparing this position to the 3-
dimensional reconstruction of the lateral ganglia of P. trichosuri L1 (Fig. 7), we tentatively
identify the DiI-staining pair of neurons as ASL.

DISCUSSION
Since they are well characterized both anatomically (Ward et al., 1975; Ware et al., 1975)
and functionally (Bargmann et al., 1993), we used the amphidial neurons of C. elegans as a
basis for the comparative anatomical study of P. trichosuri. Each amphid in C. elegans
contains 12 sensory neurons. These include three specialized neurons with flattened
dendritic processes known as wing cells, a finger cell featuring a large number of microvillar
projections, two neurons with double ciliate processes and six neurons with single ciliate
process (Ward et al., 1975). The wing cells, which detect volatile substances (Bargmann et
al., 1993) and the finger cell, which has thermosensory function (Mori and Ohshima, 1995),
terminate within pockets or invaginations of the sheath cell membrane, and so do not
communicate with environment directly. Dendrites of the other eight neurons extend
through the amphidial channels and communicate with the environment directly through the
amphidial pores.

The structures of the amphidial neurons of P. trichosuri are similar to those of C. elegans
but there are differences that may indicate some important, as yet unknown, adaptations for
host-finding or other function related to parasitism. These differences may also reflect the
phylogenetic divergence of the genera Caenorhabditis and Parastrongyloides, which belong
to Clades IV and V, respectively, in the contemporary molecular phylogeny of nematodes
(Blaxter et al., 1998). Each amphid of P. trichosuri has a neuron, designated AFD, with
complex dendritic processes sharing some morphologic characteristics with the finger cell
(AFD) of C. elegans. In C. elegans, the finger cell dendrite, which contains singlet
microtubules, has myriad tiny microvillus-like projections terminating dorsal to the
amphidial channel in a pocket within the sheath cell. By contrast, dendritic processes of
AFD in P. trichosuri have only seven to eight larger finger-like projections terminating in a
pocket of the sheath cell ventral to the amphidial channel. Like the dendritic processes of
AFD in C. elegans, those of P. trichosuri have singlet microtubules only. The cell bodies of
AFD-class neurons in P. trichosuri, like those of the finger cells in C. elegans, are the most
anterior of the amphidial cell bodies in the lateral ganglia (Fig. 5). For these reasons, we
hypothesize that AFD-class neurons of P. trichosuri are homologs of the finger cells (AFD)
in C. elegans and have similar thermosensory functions.

In C. elegans, the wing cells are unusually shaped neurons that do not traverse the entire
amphidial channel but rather terminate within invaginations of the sheath cell. The
microtubules of the dendrites within the amphidial channels and of the three wing cells
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change from singlet to doublet within the transition zone, whereas no doublet microtubules
appear in the finger cells (Ward et al., 1975). Similarly, dendrites in the amphidial channels
of P. trichosuri and those of ASChave both singlet and doublet microtubules. By contrast,
AFD, which terminates within the sheath cell of P. trichosuri, has only singlet microtubules.
Based upon these morphological similarities, we hypothesize that ASC neurons in P.
trichosuri are the homologs of one of three pairs of wing cells in C. elegans. Under this
hypothesis, ASC neurons of P. trichosuri would serve to detect volatile chemical cues
(Bargmann et al., 1993), a potentially crucial function in host finding by infective larvae of
this skin-penetrating parasite.

The anterior neuroanatomy of P. trichosuri is extraordinarily similar to that of S. stercoralis,
another member of the family Strongyloididae. Both P. trichosuri and S. stercoralis have 13
amphidial neurons, 12 with single ciliae and one with complex dendritic processes. They are
also similar in that their shortest amphidial neurons (ASM) terminate at the bases of their
amphidial channels. P. trichosuri and S. stercoralis both have specialized neurons, the finger
cell AFD and lamellar cell ALD, respectively, which bear complex dendritic processes
terminating within invaginations ofthe sheath cell. The dendritic processes of the finger cell
of P. trichosuri and the lamellar cell of S. stercoralis both terminate ventral to the amphidial
channels.

The cell bodies of amphidial neurons of S. stercoralis are positioned in the lateral ganglia
similarly to those of C. elegans. With the exception of ASA, ASB and ASC, which are
located anterior of nerve ring, all other amphidial neurons located in lateral ganglia of S.
stercoralis were named by the positional comparison to amphidial neurons of C. elegans
(Ashton et al., 1998; Ashton et al., 1999). This process allows positional homologs to be
tentatively identified and functions to be hypothesized. In P. trichosuri, the cell bodies of
amphidial neurons are also in positions similar to those in S. stercoralis and C. elegans. P.
trichosuri differs from S. stercoralis and resembles C. elegans in that cell bodies of all 13
amphidial neurons are located posterior to the nerve ring.

Comparative anatomical studies of anterior sensory neurons in nematodes have been based
positions of amphidial cell bodies in the lateral ganglion and the morphology of dendritic
processes and the location of their termini either near the amphidial pore or within
invaginations of the sheath cell. In addition, the arrangement of dendrites in the amphidial
bundle has also served as a criterion (Ward et al., 1975; Ashton et al., 1995; Li et al., 2000;
Li et al., 2001; Bumbarger et al., 2009). Our comparison of the arrangement of dendrites in
P. trichosuri L1 to the same character in H. contortus and A. complexus revealed a closer
concordance between P. trichosuri and H. contortus than between P. trichosuri and A.
complexus. This result is inconsistent with the contemporary concept of the phylogenetic
relationships of these worms (Blaxter et al., 1998) in which P. trichosuri and A. complexus
inhabit Clade IV and H. contortus represents Clade V. The possibility that this result reflects
real differences in sensory neuronal anatomy cannot be discounted, especially in view of the
respective parasitic and microbiverous life histories of P. trichosuri and A. complexus.
However, it is also possible that this inconsistency is due to different approaches to
tentatively identifying amphidial neurons in the species under study. Our approach in the
present study of P. trichosuri, and that of Li et al (2001) in their study of H. contortus both
involved tracing the dendritic processes of each amphidial neuron from its origin in the
amphidial channel to its cell body in the lateral ganglion. The amphidial neurons of P.
trichosuri and H. contortus were then tentatively identified based on the positions of their
cell bodies relative to similarly positioned amphidial neuronal cell bodies in C. elegans
(Ward et al., 1975). By contrast tentative identifications of neurons in A. complexus
(Bumbarger et al., 2009) were based largely on comparison of the arrangement of its
amphidial dendrites at the posterior entrance to the sheath cell to the same character in third-
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stage S. stercoralis larvae (Ashton et al., 1995). This ambiguity underscores the highly
tentative nature of neuronal identities based solely on positional homology with a standard
organism (eg. C. elegans) and also the need for caution in making comparisons between
neurons tentatively identified based on different criteria.

The present finding that no amphidial neurons in P. trichosuri L1 fill with FITC constrasts
starkly with the FITC filling pattern in C. elegans in which amphidial neuron pairs ASH,
ASI, ASJ, ASK ADF and ADL take up this dye (Hedgecock et al., 1985). Similarly, whereas
six pairs of amphidial neurons in C. elegans (ASH, ASI, ASJ, ASK ADL and AWB) take up
DiI, only a single neuron pair in P. trichosuri L1, tentatively identified as ASL, does so.
This result represents a departure from a conserved pattern of dye filling in amphidial
neurons seen in a wide range of free-living and insect-associated nematodes spanning
phylogenetic Clades IV and V (Blaxter et al., 1998; Srinivasan et al., 2008) and may reflect
as yet unknown adaptations in neuronal physiology or structure that are specific to animal
parasitism. Nevertheless, it is noteworthy that the single amphidial neuron in P. trichosuri
that takes up DiI (ASL) is the positional homolog of one that does so in C. elegans (ADL).
This observation, alongside cell body position and dendritic morphology, constitutes a third
line of evidence supporting our identification of this neuron in P. trichosuri as ASL. From a
practical standpoint, future functional studies of individual neurons in P. trichosuri, either
by microlaser ablation or genetically targeted cell killing, will require examination of
neuronal cell bodies by light microscopy. Therefore, the map of amphidial cell bodies (Fig
7B) that we have prepared based on our 3-dimensional reconstruction of the lateral ganglion
(Fig. 7A) will have to be reconciled with views of this structure that can be obtained by DIC
microscopy. Tentative identification of the cell bodies of ASL neurons by position and DiI
filling provides a useful landmark with which to begin this process.

Following from these lines of evidence, we have proposed a hypothetical nomenclature for
the amphidial neurons of P. trichosuri based on that of their positional homologs in C.
elegans. The validity of this nomenclature, and the overall homologies implicit in it, remain
to be tested by functional studies of the amphidial neurons of P. trichosuri. Such
confirmatory functional studies, involving neuronal ablation by microlaser surgery and
observation of resulting changes in behavior and development may eventually be augmented
by additional lines of evidence based on conserved expression patterns of neuron specific
genes. The feasibility of transgenesis and other molecular biological methods necessary for
such studies has already been demonstrated for P. trichosuri (Grant et al., 2006a; Grant et
al., 2006b; Newton-Howes et al., 2006).

Functional studies have generally supported the designations of amphidial neurons in S.
stercoralis and Ancylostoma caninum based on positional similarity of cell bodies to C.
elegans (Ashton et al., 1998; Lopez et al., 2000; Forbes et al., 2004; Ketschek et al., 2004;
Nolan et al., 2004; Ashton et al., 2007). For example, neurons designated ASE and ASH in
both S. stercoralis and C. elegans mediate chemoattaction and chemorepulsion (Bargmann
and Horvitz, 1991a; Forbes et al., 2004). In similar fashion, ADL and ASH mediate
avoidance of noxious chemicals in C. elegans and A. caninum (Bargmann and Horvitz,
1991a; Ketschek et al., 2004). Moreover, C. elegans and S. stercoralis appear to exert
similar neuronal control over temperature-sensitive processes. In C. elegans thermotaxis is
controlled by AFD-class neurons (Mori and Ohshima, 1995) and the positional homologs of
these neurons, the ALD class, control both thermotaxis and temperature-regulated
developmental switching in S. stercoralis. (Lopez et al., 2000; Nolan et al., 2004). Finally,
just as ASI- and ADF-class neurons mediate dauer formation and ASJ-class neurons mediate
dauer recovery in C. elegans (Bargmann and Horvitz, 1991b), the morphogenetically similar
processes of L3i formation and reactivation in S. stercoralis depend upon ASI- and ASF-
class and ASJ-class neurons, respectively (Ashton et al., 1998; Ashton et al., 2007). The

Zhu et al. Page 8

J Comp Neurol. Author manuscript; available in PMC 2012 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



advantages that P. trichosuri offers as a model organism for the study of adaptations to
parasitism among nematodes, chiefly the ability to cycle indefinitely as a free-living
organism in laboratory culture and switch to a parasitic mode of development in response to
shifts in culture environment argue strongly for a focused effort to translate contemporary
functional neurobiological methodology to it from C. elegans and from its less tractable
relative S. stercoralis. The anatomical reconstruction we describe here represents an
important first step in that process.
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Figure 1.
Transmission electron micrographs of lateral sections at several levels between amphidial
pores and the tight junction region of P. trichosuri. The sensory dendrites of ASA (a), ASB
(b), ASC (c), AFD (d), ASE (e), ASF (f), ASG (g), ASH (h), ASI (i), ASJ (j), ASK (k), ASL
(l) and ASM (m) are shown. A: Section approximately 2 μm posterior to the cephalic
extremity. The amphidial pore (AP), which is formed by the socket cell (so) and
communicates with the external environment is seen. B: Section approximately 1.5 μm
posterior to the amphidial pore. At this level the cross section of ASE is found within the
amphidial channel formed by the socket cell (so). TJ indicates the self-tight junction of the
socket cell. C: Section approximately 4.5 μm posterior to the amphidial pore. Cross sections
of three neurons, ASE, ASH and ASL, are found within the amphidial channel formed by
the sheath cell (sh; ph=pharynx). This level contains the transition zone between the socket
cell and the sheath cell. (TJ) (see above) indicates the tight junction between these two cells.
D: Section approximately 5 μm posterior to the amphidial pore. Cross sections of five
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neurons, ASE, ASF, ASH, ASK and ASL, are found within the amphidial channel at this
level. The finger-like projection (white arrow) of the finger cell (AFD) and the single
dendrite of ASC (white arrow) are contained within the sheath cell. E: Section
approximately 9.5 μm posterior to the amphidial pore. This level shows the transition zones
of twelve neurons. F: Section approximately 10.2 μm posterior to the amphidial pore. At
this level tight junctions (TJ) form between all 13 neurons and between the neurons, the
sheath cell and the shortest neuron (ASM). Scale bar in panel F=2 microns and applies to all
panels.
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Figure 2.
Section approximately 11.2 μm posterior to the amphidial pore (1μm posterior to the tight
junction region). A: After the tight junction region, which is at the posterior extremity of the
amphidial channel, dendrites of all amphidial neurons, the socket cell and the sheath cell
form a bundle and extend posteriorly to the lateral ganglion. B: Diagram identifies the
neurons individually. Scale bar = 2 microns. Panel A corresponds to the plane labeled Fig.
2A in the three-dimensional reconstruction, Fig. 6B.
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Figure 3.
Section approximately 33 μm posterior to the amphidial pore. A: The cell body of the socket
cell is seen at this level. B: Diagram identifies the neurons individually Scale bar = 2
microns. Panel A corresponds to the plane labeled Fig. 3A in the three-dimensional
reconstruction, Fig. 6A.
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Figure 4.
Section approximately 57 μm posterior to the amphidial pore. A: The nerve ring (NR) is
found at this level. The bundle (white box) formed by all 13 amphidial neurons (AN) and the
sheath cell (sh) continues to extend posteriorly between the nerve ring and the body wall. B:
Diagram identifies the neurons individually. Scale bar = 500 nm. Panel A corresponds to the
plane labeled Fig. 4A in the three dimensional-reconstruction, Fig. 6A.
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Figure 5.
Section approximately 61μm posterior to the amphidial pore. A: The cell body and part of
the dendrite of AFD (d) are evident at this level. B: Diagram identifies the neurons
individually. Scale bar = 500 nm. Panel A corresponds to the plane labeled Fig. 5A in the
three-dimensional reconstruction, Fig. 6A.
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Figure 6.
Three-dimensional reconstruction of the amphidial neurons of Parastrongyloides trichosuri.
A: Stereo model of a reconstruction of amphidial neurons, socket cell and sheath cell of the
right amphid. Anterior is up. The dorsal aspect of the amphidial complex faces the viewer in
the left image. The ventral aspect faces the viewer in the right image. Black lines with letters
indicate the approximate planes of the amphid from which the images in Figs. 3A, 4A and
5A were obtained. B. Stereo model of the anterior extremityof the reconstruction of the right
amphid. Anterior is up. The left image is viewed from the right side of the animal. The right
image is viewed from the opposite side. Black lines with letters indicate the approximate
planes of the amphid from which the images in Figs. 1A–F and 2A were obtained. C: View
of reconstruction from Fig. 6B with socket cell and sheath cell removed for easier viewing
of amphidial dendrites. D. Models of the individual amphidial dendrites, the socket cell (sd)
and the sheath cell (sh). Lower case letters labeling the amphidial dendrites correspond to
the third letters in the unique three-letter designations of neurons to which the dendrites
belong. TJ = tight junction.
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Figure 7.
Three-dimensional reconstruction of the amphidial cell bodies of Parastrongyloides
trichosuri. Anterior is up. A: Model of the lateral ganglion to the right of the pharynx from a
lateral view. The colored cell bodies are those of the amphidial neurons. Cell bodies of other
unidentified neurons are represented in white. B: Diagram identifies the neuronal cell bodies
individually. Amphidial cell bodies are tinted and marked with letters corresponding to the
third letter of their unique three-letter designations. Unidentified cell bodies are represented
as untinted ovals.
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Figure 8.
Arrangement of amphidial dendrites of first-stage Parastrongyloides trichosuri,
Haemonchus contortus and Acrobeles complexus larvae viewed in cross section at the level
of the tight junction. The left side of each diagram is adjacent to the pharynx, and the top is
dorsal. Three-letter designations of dendritic processes reflect adaptations of the system of
nomenclature originally devised for amphidial neurons of C. elegans Ward et al. (1975).
Data for H. contortus are redrawn from Li et al. (2000) and data for A. complexus are
redrawn from Bumbarger et al. (2009).
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Figure 9.
Living first-stage P. trichosuri larva following incubation in 0.4 mg/ml FITC. A: DIC image
showing lateral aspect of the cephalic area. Bar = 10 μm. B: Fluorescence image of larva in
panel A showing amphidial channels (AC) filled with FITC.
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Figure 10.
Living first-stage P. trichosuri larva following incubation in 0.02 mg/ml DiI. A: DIC image
showing a left lateral view of the cephalic extremity. The cell body of the amphidial neuron
tentatively identified as ASL (ASL) and the nerve ring (NR) are indicated. Bar = 10 μm. B:
Fluorescence image of the larva in A showing the cell body of ASL (ASL), its axon (Axon)
and dendritic process (DP) filled with DiI.
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