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1  | INTRODUC TION

Phylum Rotifera originally consisted of three clades of microscopic 
aquatic invertebrates, Seisonidea, Bdelloidea, and Monogononta, 
which comprise over 2,000 marine, freshwater, and semi-terrestrial 
species (Segers,  2007); more recently, the parasitic acanthoceph-
alans have been subsumed within the phylum (Herlyn et al., 2003; 

Sielaff et  al.,  2015). The traditionally recognized rotifers are char-
acterized by a ciliated corona, a syncytial body wall, and a mastax, 
which is a specialized pharyngeal organ with sclerotized jaws called 
trophi. Most species are planktonic, benthic, or epiphytic and use 
their ciliated corona as the primary means of locomotion and food 
collection. As ciliary feeders, many rotifers consume suspended 
microalgae, bacteria, or detritus, whereas others are occasional or 
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Abstract
Cupelopagis vorax is a sessile, predatory rotifer with indirect development. The topol-
ogy of its nervous system is partly known through histological examination of the 
female adult. However, there is no information on the larval stage, and so, no un-
derstanding of how metamorphosis might affect the configuration of neurites. Here, 
we use immunohistochemistry and confocal laser scanning microscopy to map the 
position of serotonin-like immunoreactive (SLIR) neurites, which are hypothesized to 
be important in sensory innervation and stimulating locomotory activity. We found 
that the relative position and number of SLIR neurites were similar between larvae 
and adults despite differences in their ecologies and the drastic changes that occur 
at metamorphosis. Both life stages possess at least four pairs of perikarya in the 
cerebral ganglion, a pair of lateral nerve cords, and a pair of neurites that appear to 
innervate a portion of the digestive tract. The larval stage also possesses an SLIR 
neurite ring at the base of the corona that is postulated to function in stimulating 
ciliary activity and receiving sensory information from the apical field. Although the 
adult did not appear to possess this ring, we cannot rule out its presence, because 
immunoreactive signals in the anterior end were weak. In contrast to the larvae, the 
adult possessed a pair of SLIR neurites that appeared to innervate the neck region. 
We hypothesize that these neurites form a circuit that functions in prey detection 
and capture. Based on these results, it appears that despite their overall similarities, 
the two life stages show some unique neural patterns that correspond to their ecolo-
gies; neurites that function in the planktonic environment of larvae and neurites that 
likely function in prey detection in the sessile adults.
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obligate predators, and a few are parasitic (Wallace et  al.,  2006). 
Food is processed by the mastax, where the trophi masticate it 
before being moved through the esophagus and into the stomach 
(Starkweather, 1996; Wallace et  al.,  2015). Variations in feeding 
behavior and digestive organization are present in specialized taxa 
(e.g., parasitic rotifers: May,  1989; Cupelopagis vorax (Leidy 1857): 
Bevington et al., 1995; Hochberg et al., 2017).

Among the three aquatic clades, the class Monogononta 
is the most speciose and contains the widest variety of body 
forms and lifestyles, including a variety of species that are obli-
gately sessile as adults. Sessile rotifers are present in three fam-
ilies of superorder Gnesiotrocha: Flosculariidae, Collothecidae, 
and Atrochidae. Sessile females are permanently attached to 
submerged plants and reproduce via cyclical parthenogenesis 
(Wallace & Edmondson, 1986). The asexual phase is dominant in 
their life cycle. It leads to the production of amictic (asexual) em-
bryos that develop into nonfeeding, free-swimming, female larvae 
(Fontaneto et al., 2003). Historically, the larval stage was not con-
sidered a true larva because many adult organs are already present 
(Wallace,  1980; Wallace et  al.,  2015). However, observations of 
several species of Collothecidae and Atrochidae, together form-
ing the order Collothecaceae, have shown that this life stage goes 
through a dramatic metamorphosis. This transformation leads to 
a complete replacement of the larval head with a new adult head, 
called the infundibulum (Hochberg & Hochberg,  2015, 2017; 
Hochberg et al., 2017, 2019; Kutikova, 1995). Larvae do not feed 
but appear to survive on limited maternal reserves (Wallace, 1993; 
Young et al., 2019) and must, therefore, find a suitable substrate 
before expending their energy (Wallace,  1980). Because attach-
ment is permanent, substrate selection is a critical factor in feed-
ing, the survival of adults, and reproductive success (Butler, 1983; 
Fontaneto et al., 2003).

A sessile lifestyle is hypothesized to entail lower metabolic 
costs and predation risks; yet, a significant trade-off is lower 
feeding efficiency (Kiørboe,  2011). An evolutionary adaptation 
to counteract lower feeding efficiency in the sessile floscula-
riid rotifers may be the larger, more ornate corona compared to 
their planktonic and benthic counterparts (reviewed in Wallace 
et  al.,  2006). By contrast, in collothecid rotifers the head has 
taken on an entirely unique shape (Hochberg et al., 2019). In these 
species, the larval head is replaced by the adult infundibulum at 
metamorphosis. This new head lacks locomotory (or current-gen-
erating) cilia, but instead, it has a funnel or bowl shape that 
functions to trap prey. Some collothecids, such as Stephanoceros 
fimbriatus (Goldfuss 1820), have long tentacles and setae (mod-
ified cilia) on their infundibulum that trap suspended organisms 
(e.g., phytoplankton, protists). By contrast, species of Atrochidae, 
such as C. vorax, have a large, bowl-shaped mouth that allows them 
to envelop live benthic prey, including gastrotrichs and other ro-
tifers (Wallace et  al.,  2015). Both of these species are generally 
considered ambush predators (Wallace et al., 2015).

To date, little is known about how rotifer larvae select their 
substrata for settlement (Edmondson, 1945; Wallace, 1978, 1980), 

even though adults often show distinct patterns of distribution on 
submerged vegetation (Edmondson, 1944; Wallace, 1980; Wallace 
& Edmondson, 1986). In the case of sessile ambush predators, it is 
imperative to have a good understanding of both life stages to ap-
preciate the factors that determine substrate selection, which likely 
govern prey availability and ultimately successful adult reproduc-
tion. One method to help understand this process is to study the 
nervous system.

According to Vasisht and Dawar (1969), the nervous system of 
adult females of C. vorax consists of a cerebral ganglion, three pairs 
of fine nerves (i.e., neurites) that innervate a dorsal sense organ, and 
eight pairs of lateral nerves. The largest of the lateral nerves form 
the paired nerve cords that extend posteriorly, and the remaining 
nerves appear to innervate various regions of the body, including 
the viscera and sensory organs of the trunk. Specifically, the fifth 
lateral nerve innervates two sensory organs: the lateral and coro-
nal antennae. Lateral antennae are located at the junction of the in-
fundibulum and trunk, and coronal antennae are present within the 
infundibulum. Mechanoreceptive cilia within these sensory organs 
are proposed to aid individuals of C. vorax in detecting the position 
of potential prey (Bevington et  al.,  1995). Whether these sensory 
organs are also present in larvae remains unknown. This lack of data 
also means that sensory devices likely to play a significant role in 
larval substrate selection also remain unknown.

To date, serotonin-like immunoreactive (SLIR) neurites are 
known from both the central nervous system (cerebral ganglion, 
nerve cords) and peripheral nervous system (e.g., neurites that in-
nervate morphologically identifiable sensory organs, coronal re-
gion, mastax) of several rotifer species (Gąsiorowski et al., 2019; 
Hochberg,  2006, 2007, 2009; Hochberg & Hochberg,  2015; 
Hochberg & Lilley, 2010; Kotikova et al., 2005; Leasi et al., 2009). 
These taxa include a wide variety of planktonic and sessile forms. 
In these species, the SLIR neurites are hypothesized to modulate 
both ciliary activity and feeding behavior, and so, in fact, might 
have cilioexcitatory and sensory functions. Here, we study the 
nervous system of the rotifer C. vorax to determine whether there 
are differences in the distribution of SLIR neurites between the 
nonfeeding planktonic larva, and the sessile adult female. We hy-
pothesize that differences in the SLIR nervous system of larval 
and adult stages may potentially reveal neurites associated strictly 
with mobility in larvae or feeding behavior in adults. Cupelopagis 
vorax also provides a unique model among rotifers because it is the 
only species known to respond to vibrations produced by potential 
prey (Bevington et al., 1995).

2  | METHODS

Specimens of C. vorax were collected from Minto Pond, Marion 
Co., OR (44.9204 N, 123.0613 W), in May 2014, and Moon (Birch) 
Lake, Marquette Co., WI (43.8026  N, 89.3698  W), in September 
2015. Adults were cultured under laboratory conditions in modi-
fied Marine Biological Laboratory (MBL) medium (Stemberger, 1981) 
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and fed once a week with a mixture of Chlamydomonas reinhardtii 
Dangeard 1899 (Culture Collection of Algae at The University of 
Texas at Austin [UTEX] #90), Chlorella vulgaris Beyerinck [Beijerinck] 
1890 (UTEX #26), Rhodomonas minuta Skuja 1948, and metazo-
ans Lepadella triba Myers 1934 (in culture, Walsh laboratory) and 
Lepidodermella squamata (Dujardin 1841) (Carolina Biological Supply 
Co.). Larvae were isolated by allowing them to settle on coverslips 
placed in the culture dishes, or while swimming.

Fluorescent staining was performed to visualize serotonin-like 
immunoreactivity (SLIR) and complementary structures (i.e., nuclei) 
using methods modified from Hochberg (2009). Antibodies were 
diluted to their desired concentrations using 0.5% PBT, a solution 
of 0.1M phosphate-buffered saline (PBS; Bio-Rad Laboratories), 
and Triton X-100 (Bio-Rad Laboratories). All steps were conducted 
in 1.5-ml microcentrifuge tubes on an orbital shaker at 4°C. Prior 
to staining, whole animals were relaxed in 0.5% bupivacaine, fixed 
in 4% paraformaldehyde for 2 hr, and rinsed in 0.1M PBS for 1 hr. 
Animals were placed in a blocking solution consisting of 1% bovine 
serum albumin (Sigma–Aldrich) and 0.1M PBS overnight. Animals 
were rinsed in 0.1M PBS for 1  hr and transferred into polyclonal 
primary antibody solution (Sigma-Aldrich #S5545, rabbit anti-5HT 
whole antiserum, 1:2000). The antibody is designed for immuno-
histochemistry and labels serotonin in formalin-fixed sections and 
whole-mount invertebrate tissues (Haynes et al., 2015). As rotifers 
have been demonstrated to possess serotonin through the use of 
dot blot immunoassays and HPLC (Gallardo et  al.,  2000), we in-
ferred that the anti-5HT antibody would successfully label sero-
tonin in C. vorax. This same antibody has been used to demonstrate 
serotonin in a wide variety of other invertebrates (Bekkouche & 
Worsaae, 2016; Gąsiorowski et al., 2017; Martín-Durán et al., 2016) 
including rotifers (Gąsiorowski et al., 2019). Negative controls were 
employed by omitting the primary antibody, which is a way to con-
trol for nonspecific binding of the secondary antibody (Hewitt 
et  al.,  2014). Subsequently, all animals were rinsed in 0.5% PBT 
for 24 hr and incubated in polyclonal secondary antibody solution 
(Invitrogen #A-11010, goat anti-rabbit IgG, 1:200, Alexa 546  nm). 
Following removal from the secondary solution, animals were rinsed 
in 0.5% PBT for 24 hr and incubated in DAPI (Invitrogen #D1306). 
Microcentrifuge tubes were wrapped with foil during secondary and 
fluorophore incubations to preserve fluorescence. Specimens were 
mounted in Fluoromount-G (Thermo Fisher Scientific) on glass slides 
and stored at 4°C before imaging.

Fluorescent labeling was observed using a Zeiss LSM 700 
confocal laser-scanning microscope. Confocal z-stacks were 
generated at 0.1-µm intervals and processed as TIFF images 
using ZEN 2.3 software. Three-dimensional images and QTVR 
videos were produced using Volocity 6.3 software. SLIR was la-
beled according to structure and topology rather than function 
(Richter et al., 2010). Labels were consistent with Hochberg and 
Hochberg (2015). Measurements of SLIR cell bodies (perikarya; 
mean  ±  SD) were performed on confocal images imported into 
ZEN 2.3 software.

3  | RESULTS

Serotonin-like immunoreactivity (SLIR) was successfully visual-
ized in the nervous system of larvae (n = 8) and adults (n = 8) of C. 
vorax (Figures 1 and 2). Although this study focuses on the results 
of SLIR, DAPI staining was also employed to determine whether 
specific SLIR regions (potential perikarya) were actual cells, based 
on nuclear staining, and not the result of artifacts. There was no 

F I G U R E  1   The larva of Cupelopagis vorax. A. Lateral view of 
larva with corona (top) contracted. B,C. Confocal images of the 
larva showing serotonin-like immunoreactivity (SLIR). B. Neurites 
and perikarya of the larva, anterior is up. C. Close-up of SLIR in 
the anterior end of a larva, dorsal view. Inset: Inverted gray-scale 
image of the perikarya in the cerebral ganglion to more clearly 
show the potential anterolateral perikarya. Scale bars: A = 30 µm; 
B,C = 34 µm (includes inset). *, position of potential anterolateral 
perikarya (ALP, see text); short arrows, regions of posterolateral 
perikarya of the cerebral ganglion (PLP); AP, anterior perikarya 
of the cerebral ganglion; APan, anterior-directed neurites of the 
anterior perikarya; AR, potential anterior receptors of the ventral 
margin of the corona; cr, corona; LN, lateral nerve cords; MN, 
medial neurites that extend from the lateral nerve cords in the 
trunk region; nr, neurite ring; PLPn, posterolateral neurites of the 
posterolateral perikarya (PLP; data not shown); PP, large posterior 
perikarya of the cerebral ganglion; TN, trunk neurites that appear 
to extend from the lateral nerve cords
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labeling of SLIR in the negative controls. We determined that SLIR 
was present in the cerebral ganglion, paired lateral nerve cords, and 
a small number of additional neurites in the anterior and posterior 
body regions. The cerebral ganglion was outlined by a large cluster 
of nuclei at the anterior end and verified by colocalization between 
serotonin-like immunoreactivity and DAPI staining. In both larvae 
and adults, two pairs of neurites innervated the region around the 
ciliated corona, and three pairs of neurites were present in the trunk 
region (Figure 3).

The cerebral ganglion of both life stages contained at least four 
bilateral pairs of SLIR perikarya in similar positions, although the 
state of contraction of the specimens and their orientation during 
visualization often made direct comparisons difficult. The most 
anterior pair of SLIR perikarya (AP) was bipolar, medium-sized 
(7.03  ±  1.47  µm long; 4.85  ±  1.06  µm wide) and positioned in 
the dorsal brain region (Figures  1 and 2). In larvae, one neurite 
extended anteriorly toward the corona and the other extended 
posteriorly to the neuropile (Figure 1c). The anterior pair of neur-
ites (APan) projected frontally and appeared to innervate an SLIR 
neurite ring (nr) that encircled the coronae in larvae (Figure 1B,C). 
Ventrally, there were some light SLIR regions proximal to the neu-
rite ring (data not shown), but these regions lacked DAPI staining 
and so appeared to correspond to the ciliary cushions of rotifer 
coronae (e.g., see Hochberg et al., 2019). Neither the anterior pair 
of neurites (APan) nor the ring were observed in adults, although 
some small patches of immunoreactivity (IR) were present around 
the infundibulum that may indicate their presence (Figure  2). A 
pair of small protrusions on the ventral side of the larval corona 
had weak IR and appeared to be innervated by the neurite ring 
(AR; Figure 1B,C). These protrusions were not consistently stained 
but may represent sensory receptors in larvae; they were not ob-
served in adults. The posterior neurite (APpn) extended into the 
neuropile, but whether it innervated other regions (e.g., nerve 
cords) remains unknown.

The second pair of strong IR perikarya (PP) was dorsal in posi-
tion, located posterior of the neuropile, and large (9.72 ± 2.20 µm 
long; 6.62 ± 1.35 µm wide). Each perikaryon appeared to be uni-
polar with an anterior neurite (APan) that projected frontally from 
each cell body toward the neuropile (Figures 1C, 3). The neurites 
appeared to either unite medially or were close enough to each 
other to appear to form a singular, arch-shaped structure. In ei-
ther case, two neurites extended ventrally from the center of 
the arch and projected beneath each pair of perikarya toward a 
swollen region interpreted as a perikaryon (PLP) based on nuclear 
staining (data not shown). Each PLP was ~2  µm in diameter and 
positioned at the posterolateral border of each pair of perikarya 
(Figure  3). It was undetermined whether the neurites innervated 
these perikarya. Each PLP appeared to give rise to a single wavy 
neurite (PLPn) that extended anteriorly into the head region and 
always curved posterior before terminating somewhere in the side 
of the head (neck region in larvae, near the base of the infundibu-
lum in adults; Figures 1–3). A second pair of perikaryon-like swell-
ings (ALP, ~2 µm long) was also present, though in most specimens, 
their immunoreactivity was weak and it was difficult to determine 
whether the DAPI staining was colocalized to these or cells just be-
neath them. The perikaryon-like swellings (ALP) appeared bipolar 
and positioned on the anterolateral border of the neuropile (aster-
isks, Figure 1C, inset). One neurite (ALPmn) projected medially into 
the neuropile, but the posterior neurite (ALPpn) could not be easily 
followed to termination.

In two adult specimens, there was a pair of weakly stained SLIR 
neurites on either side of the body projecting from beneath the 

F I G U R E  2   Photomicrographs of adult females of Cupelopagis 
vorax. A. Lateral view of live specimen. B. Ventral view of live 
specimen. C. Serotonin-like immunoreactivity (SLIR) in neurites 
and perikarya in a contracted specimen; the infundibulum (inf) 
denotes the anterior end. Dashed circle indicates region of cerebral 
ganglion. Scale bars: A = 140 µm; B = 150 µm; C = 60 µm. CG, 
cerebral ganglion; inf, region of infundibulum; LN, lateral nerve 
cords; MN, medial neurites that extend from the lateral nerve 
cords in the trunk region; mt, mouth; PLP, posterolateral perikarya 
appear as swollen immunoreactive regions (see text); PLPn, 
posterolateral neurites of the posterolateral perikarya; pvn, region 
of proventriculus (showing autofluorescent contents); TN, trunk 
neurites that appear to extend from the lateral nerve cords; tnk, 
trunk region
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perikarya. The neurites appeared to branch before innervating a lat-
eral region around the neck (bfn, Figure 3). Their cell bodies were 
not identified.

Three pairs of neurites were always present in the trunk region 
of all specimens (Figures  1–3). One pair formed the lateral nerve 
cords (LN), which may either be an extension of the perikaryon-like 
swellings or an undetermined neurite in the neuropile. The lateral 
nerve cords appeared to anastomose close to the posterior end of 
the trunk; it was not determined whether they innervated the foot, 
because many larvae were contracted. A second trunk neurite (TN) 
paralleled the lateral nerve cords for approximately one-third of their 
length and was often undetectable until it branched from the lateral 
nerve cords (Figures 1C and 2C). This neurite always extended me-
dially into the body around the digestive organs, but its specific site 
of innervation was never determined. The third pair of neurites (MN) 
branched off the lateral nerve cords approximately three-quarters of 
the way down the length of the trunk. In adult specimens, the neur-
ites appeared to terminate around the proventriculus or perhaps the 
stomach; in larvae, their site of innervation could not be followed 
with accuracy.

4  | DISCUSSION

In many invertebrates, the activity and connectivity of the 
nervous system are reorganized during metamorphosis 
(Carvalho & Mirth,  2015; Kaul-Strehlow et  al.,  2015; Tissot & 
Stocker,  2000). However, in the Rotifera (sensu lato), only spe-
cies of Acanthocephala and sessile species of Gnesiotrocha 
(Monogononta) undergo indirect development, and so, these ro-
tifers provide the only examples of metamorphosis in the phylum. 
In sessile monogononts, the larval and adult stages are morpho-
logically distinct: larvae are minute (≤200  µm), vermiform, and 
possess a ciliated corona, whereas adults are large (≤1,000 µm), 
often encased in a secreted tube, and may possess a large, ornate 
corona (Flosculariidae; e.g., Fontaneto et  al.,  2003) or an elabo-
rate infundibulum that develops from the larval digestive tract 
(Collothecacea; Hochberg & Hochberg,  2017). Details of larval 
metamorphosis remain vague for most species (e.g., Hochberg & 
Hochberg, 2015, 2017; Kutikova, 1995, 2007) because larvae are 
small, highly contractile, and are usually produced in low numbers. 
Therefore, their morphologies are rarely documented with the 

F I G U R E  3   Schematic of the nervous system of adults and larvae of Cupelopagis vorax. Illustrations are not to scale. A. Topology of 
all neurites and sensory organs in an adult female as described by Vasisht and Dawar (1969) (left side) and position of serotonin-like 
immunoreactivity (SLIR) in neurites and perikarya of the current study (right side). B. Topology of SLIR neurites in the female larva; organ 
systems not shown because they are still developing. *, anterior SLIR neurites of the ALP; ALP, anterolateral SLIR perikarya; ALPpn, posterior 
SLIR neurites of the ALP; AP, anterior SLIR perikarya; APan, anterior SLIR neurites of the AP; APpn, posterior SLIR neurites of the AP; AR, 
small SLIR neurite protrusions from the nerve ring. ASO, anterior sensory organ; bfn, bifurcating SLIR neurite with potential homology to 
lateral nerve #5 of Vashist and Dewar (1969); CG, cerebral ganglion; CORGAN, coronal sensory organ; DSN, dorsal sensory neurite; DSO, 
dorsal sensory organ; inf, adult infundibular region; L1–8, lateral nerves; LG, ganglion innervated by the seventh and eighth lateral nerves; 
LN, lateral SLIR nerve cords; LSO, lateral sensory organ; MN, medial SLIR neurites that extend from the lateral nerve cords in the trunk 
region; nr, SLIR neurite ring; PLP, posterolateral SLIR perikarya; PLPn, posterolateral SLIR neurites of the PLP; PP, large posterior SLIR 
perikarya; PSO, pharyngeal sensory organ; TN, trunk SLIR neurites that appear to extend from the lateral nerve cords; tnk adult trunk region



6 of 10  |     PREZA et al.

same detail as the adults, and so, changes that occur between life 
stages are generally unknown.

To date, there is little information on the lifecycle dynamics or 
larvae of C. vorax (Evans,  1981; Koste,  1978), but several details 
exist on the morphology of the adult female (Cori, 1925; Gast, 1900; 
Hochberg et al., 2017; Koste, 1978; Leidy, 1857; Montgomery, 1903; 
Vasisht & Dawar, 1969). In particular, the study by Vasisht and Dawar 
(1969) provided comprehensive information on the adult female's 
nervous system, ultimately concluding that despite the species' 
unique appearance, it was very similar to that of other rotifers. In 
the current study, our goals were to supplement this information 
by providing the first data on the larval nervous system, determine 
whether serotonin was present in specific subsets of nervous cells, 
and decide whether metamorphosis had a significant effect on the 
organization of the nervous system.

Our major finding is that despite the dramatic changes that take 
place during metamorphosis of the larvae of C. vorax (e.g., loss of 
corona, loss of pigmented eyespots, development of infundibulum, 
elongation of body, and maturation of organ systems), there are few 
major changes in the number or position of SLIR perikarya or neur-
ites in the central or peripheral nervous systems. In general, the ner-
vous systems of larval and adult females are similar: they possess a 
cerebral ganglion with four pairs of SLIR perikarya that innervate the 
head and trunk regions; and in the trunk, a pair of lateral nerve cords 
that innervate the posterior body region, likely the foot. Neurites 
also extend from the nerve cords to innervate portions of the diges-
tive tract. While specific sites of innervation are extremely difficult 
to determine in both life stages, which limits our understanding of 
their specific roles, evidence suggests that serotonin is probably im-
portant in modulating the activity of different organ systems. For 
example, both larvae and adults possess SLIR neurites that appear 
to innervate sensory receptors in the head region, and both pos-
sess neurites that likely innervate the proventriculus or stomach (in 
adults) and perhaps their ontogenetic precursors (which are under-
going development) in larvae. Both the sensory organs and stom-
ach are ciliated, while the proventriculus is not ciliated but rather a 
large postoral cavity for retaining prey prior to mastication by the 
mastax. The fact that SLIR neurites innervate ciliated organs is not 
surprising because many other invertebrates show similar patterns 
of innervation (e.g., larval phoronids, ctenophores, molluscs; Hay-
Schmidt,  1990, 2000) including other rotifers (e.g., Gąsiorowski 
et al., 2019; Hochberg & Hochberg, 2015; Hochberg, 2007, 2009; 
Hochberg & Lilley, 2010; Kotikova et al., 2005; Leasi et al., 2009). 
In some cases, these SLIR neurites are presumed to be sensory, 
whereas in others, they may be cilioexcitatory and therefore func-
tion as motor neurons. For example, innervation of the anterior 
sense organs, which may be the case for perikaryon, would indicate 
a sensory function; but potential innervation of the ciliated stomach 
wall by the third pair of neurites in the trunk region may indicate a 
motor function, unless there are undetermined sensory cells in the 
stomach. Likewise, SLIR innervation of the proventriculus might in-
dicate the presence of sensory receptors that function to detect the 
presence of prey in the cavity (i.e., fullness; see more below).

While similarities between larvae and adults are obvious (see 
Figure  3), we do note some potential differences in neuronal pat-
terns between the life stages. For example, only larvae appear to 
possess a distinct pair of neurites, the anterior neurites (APan), that 
project from the AP perikarya to an SLIR neurite ring. This ring is 
closely affiliated with a pair of (presumed) sensory receptors in the 
ventral apical field of the corona (Figure  1). Unfortunately, these 
receptors could not be verified with light microscopy, so we are 
uncertain of their true identity. Still, presence of a circular neurite 
that is adjacent to the ciliated corona, and its proximity to recep-
tors, underscores the likelihood of the importance of serotonin in 
both locomotory activity and sensory reception. The pair of APan 
neurites, the SLIR nerve ring, and ventral receptor innervation were 
not observed in adult females, suggesting three possibilities: (a) they 
are lost at metamorphosis; (b) their signal is too diffuse to verify; 
or (c) their neurotransmitter phenotype changes at metamorphosis. 
Distinguishing among these choices is difficult without further evi-
dence, but we currently think the latter two possibilities are the most 
intriguing for exploration. A loss of the anterior perikarya and neu-
rite ring may certainly occur considering the dramatic changes that 
happen at metamorphosis, but when we compare our results with 
those of other studies, the other possibilities seem a better choice. 
For example, another gnesiotrochan rotifer with indirect develop-
ment, S. fimbriatus, also possesses a neurite ring in the adult stage 
despite losing its coronal field of cilia at metamorphosis (Hochberg & 
Hochberg, 2015). Also, many direct developing rotifers possess such 
a ring (Hochberg, 2006; Kotikova et al., 2005). The study of C. vorax 
by Vasisht and Dawar (1969) also provides compelling evidence that 
the ring may still be present in adults. They describe lateral nerve #1 
as a pair of neurites that extend anteriorly from the brain, but they 
could not follow it to innervation. However, they think the neurites 
may bend around to unite at the coronal ganglion (we did not see 
such a ganglion), effectively producing a neurite ring. Whether this 
is accurate will require further study. However, if the ring is in fact 
present in adults of C. vorax, it seems likely to be a homolog of the 
neurite (coronal) rings in other taxa based on position.

The possible retention of the neural ring in adults that lack a co-
rona is difficult to explain considering the absence of locomotory 
cilia. However, we speculate that the ring may have more than one 
function that varies with ontogeny. For example, gnesiotrochan 
larvae require innervation of the apical field for both locomotion 
and sensation, as do most adult ploimate rotifers (Hochberg, 2009; 
Kotikova et al., 2005). The only difference is that adult rotifers also 
feed while swimming, while gnesiotrochan larvae appear to be lec-
ithotrophic (Yang et al., 2019; Young et al., 2019). However, a lack of 
feeding should not imply that larvae do not require apical sensory re-
ceptors, only that their receptors are not important for locating prey. 
We hypothesize the neurite ring may, therefore, function as part of 
a circuit to relay motor information (to the locomotory cilia) and re-
ceive sensory information (from the apical field), regardless of taxon 
or age. The major differences will be found in the types of receptors 
present in the apical field. For example, large predatory ploimates 
such as Asplanchna brightwellii Gosse 1850 have a wide diversity of 
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receptors that function in chemical and mechanical reception for 
feeding and reproduction (Joanidopoulos & Marwan,  1998) and 
at least some of these receive SLIR innervation (Hochberg, 2009). 
In larvae, the receptor fields are largely unknown, but we suspect 
there are receptors that receive substrate-specific cues prior to 
settlement and metamorphosis, whether those cues be chemical 
(e.g., Clément, 1987: Collotheca; Wallace, 1978: Ptygura beauchampi 
Edmondson 1940) or perhaps related to substrate morphology (e.g., 
Butler,  1983; Edmondson,  1949). In sessile adult gnesiotrochans, 
the ring may also play a role in sensation and movement: different 
sensory receptors on the infundibulum might detect prey and relay 
information to the cerebral ganglion that leads to closure of the in-
fundibulum around the prey; receptors may also sense chemicals or 
mechanical vibrations of potential predators, leading to the with-
drawal of the body away from the source of the disturbance. Why 
the neurite ring fails to have significant immunoreactivity in adults 
of C. vorax is unknown, but it could be related to the third possibil-
ity mentioned above, that the neurotransmitter phenotype changes 
after metamorphosis. If this scenario is plausible, then the absence 
of SLIR in adults of C. vorax merely indicates a switch in modality 
after metamorphosis, which may be related to a necessary change in 
sensory reception as an adaptation to living on hydrophytes.

A second difference between the life stages is in the presence of 
some weak IR neurites in the lateral neck region of adults compared 
to larvae. In some adult specimens, we noted a neurite (bfn) that ap-
peared to originate in the cerebral ganglion and innervate a site near 
the base of the infundibulum (Figure  3). Interestingly, this neurite 
bifurcated prior to innervation, though its termini were never ascer-
tained. Its position and structure correspond to lateral nerve #5 of 
adult females examined by Vasisht and Dawar (1969), who described 

a neuron that innervates both the pharyngeal sense organ and a 
posterolateral sense organ (Figure 3; Table 1). Both organs are cil-
iated, and so, their innervation by an SLIR neurite is not surprising. 
Significantly, behavioral studies provide indirect evidence for the 
presence of mechanoreceptors within the infundibulum—likely to be 
the pharyngeal sense organ—which is expected to be ciliated. These 
mechanoreceptors are probably involved in the detection and cap-
ture of prey items (Bevington et al., 1995). An individual of C. vorax 
initiates an attack by lunging forward on its foot, capturing the prey 
in the hood-like infundibulum, and then pushing the prey back to 
the esophagus for storage in the proventriculus. Eventually, prey are 
macerated by the mastax and transferred to the stomach (Wallace 
et al., 2015). We think it is possible that this behavior—from sensory 
reception, to lunging, to storage within the proventriculus—may be 
controlled in part by SLIR neurites. We propose that these neurites 
may form a circuit that the adult uses to know when to attack or 
not attack prey given the storage capacity of the proventriculus. The 
presence of sensory cells in the proventriculus would provide evi-
dence for this possibility.

To date, the most complete description of the nervous system 
in C. vorax comes from the study of Vasisht and Dawar (1969), who 
identified 11 cerebral nerves (neurites) and seven individual sense 
organs. Three of the 11 neurites innervated the dorsal sense organ, 
and the remaining eight neurites are proposed to innerve other re-
gions of the body, including a pair of anterolateral sense organs, a pair 
of lateral sense organs, and a pair of pharyngeal sense organs (see 
Figure 3). We feel confident that some of our SLIR neurites are likely 
to be homologous with those described by Vasisht and Dawar (1969), 
including a few already mentioned (Table 1). The remainder we inter-
pret with more caution because, in many cases, our specimens were 

Nerves of Vasisht and 
Dawar (1969) Sites of innervation

Homology with detected
SLIR neurite(s)

DSN Dorsal sense organ No known homology

L #1 Coronal ganglion AP, APpn, APan, and coronal 
neurite ring

L #2 Anterior sense organ PLP, PLPn

L #3 First coronal sphincter muscle No known homology

L #4 Posterior portion of the corona No known homology

L #5 Lateral and pharyngeal sense 
organs

bfn

L #6 Lateral side of the trunk body 
wall

No known homology

L #7 Lateral ganglion and trunk 
viscera

LN or TN

L #8 Lateral ganglion and trunk 
viscera

LN or TN

AP, anterior perikarya of the cerebral ganglion; APan, anterior-directed SLIR neurites of the anterior 
perikarya; APpn, posterior-directed SLIR neurites of the anterior perikarya; bfn, bifurcating SLIR 
neurite; DSN, dorsal sensory SLIR neurite; L1–8, lateral nerves; LN, lateral SLIR nerve cord; PLP, 
posterolateral SLIR perikarya; PLPn, anterior-directed posterolateral SLIR neurites; TN, trunk SLIR 
neuritis.

TA B L E  1   The nerves of Cupelopagis 
vorax as described by Vasisht and Dawar 
(1969), their proposed sites of innervation, 
and their proposed homologies with 
serotonin-like immunoreactivity (SLIR) 
based on position in the current study
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contracted and the sites of innervation were obscure. For example, 
we observed three pairs of SLIR neurites that might correspond with 
neurites described in the former study: PLPn (=lateral nerve #2), 
LN, and TN (=lateral nerves #7 and #8). The perikarya PLP are posi-
tioned posterior of the largest IR perikarya in the cerebral ganglion 
and appear to send a neurite into the head region of both larvae and 
adults. These neurites are often quite curvy and their position can 
vary based on the extent to which the specimens were contracted. 
Nonetheless, they always terminated somewhere near the side of 
the infundibulum in adults, often close to its base. Our initial inter-
pretation was that these neurites innervated the lateral sense or-
gans, but considering the correspondence of bfn and lateral nerve 
#5 in position and structure, we offer an alternate homology. We 
think PLP might innervate the anterior sense organs (as lateral nerve 
#2), but the contraction of the infundibulum in the adults makes this 
difficult to verify. These SLIR neurites are also present in larvae, but 
without a better description of the morphology and position of lar-
val sensory organs, it remains challenging to know whether our in-
terpretation is accurate. The other potential homologies are seen in 
the elongate neurites that innervate the trunk. Here, a single neurite 
(LN) appears to extend from the cerebral ganglion and then branch 
(MN and possibly TN) in the trunk region; an alternative to branching 
is that two neurites extend parallel to each other but cannot be op-
tically resolved. In either case, lateral nerves #7 and #8 also parallel 
each other into the trunk, but instead of separating, they unite at a 
ganglion (LG), after which, they independently innervate different 
regions in the viscera (Figure 3; Vasisht & Dawar, 1969). Such a gan-
glion was not observed in our specimens based on DAPI staining, so 
their homologies still remain in question.

At present we lack a comprehensive and well-resolved 
phylogeny of the Rotifera, as well within the Monogononta 
(Sørensen, 2002; Sørensen & Giribet, 2006), and so remain uncer-
tain about the origins of indirect development (larvae), the sessile 
lifestyle, and the ancestral body plans of Monogononta, Ploima, 
and Gnesiotrocha. While our studies have revealed the presence 
of SLIR cells in the larval and adult nervous systems, we note that 
these SLIR cells are a small subset of what is likely to be present 
in both life stages. The distribution of catecholamines, acetyl-
choline, FMRFamide, and small cardioactive peptide b (SCPb) has 
been successfully investigated in both bdelloid and monogonont 
rotifers (Gąsiorowski et  al.,  2019; Hochberg & Hochberg,  2015; 
Hochberg,  2006, 2007, 2009; Kotikova et  al.,  2005; Leasi 
et  al.,  2009). Ultimately, a better understanding of neuronal ho-
mology is going to depend on our abilities to analyze more taxa—
both closely and distantly related species—from a wide ecological 
spectrum that includes both direct and indirectly developing roti-
fers. Additionally, details of larval anatomy are extremely rare, and 
our inability to follow a species through metamorphosis limits our 
understanding of how much anatomical change takes place after 
settlement (e.g., Hochberg & Hochberg, 2015, 2017). Our efforts 
to understand the evolution of rotifer morphology, including pat-
terns of neural innervation, are therefore predicated in future ef-
forts to resolve rotifer phylogeny.
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