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5.1 Introduction

Maintenance of body fluid ion homeostasis is of extreme importance when inhabiting
harsh environments, where organisms may experience either very ion-poor environments
(i.e., freshwater and water film of soil particles) or constant fluctuations in environmental
salinity as seen in estuaries and intertidal zones. Organisms inhabiting these environ-
ments typically actively osmoregulate through well-ventilated and vascularized tissues,
which have a large surface area. Tissues important for osmoregulation such as the gills, the
skin, and the digestive system have also been suggested to play a critical role in various
other physiological and biochemical processes such as nitrogen balance, gas exchange,
and acid-base regulation (Anderson et al. 2015; Cruz et al. 2013; Hwang 2009; Hwang
et al. 2011; Larsen et al. 2014; Rubino et al. 2014; Shih et al. 2008; Weihrauch et al. 2009;
Wilson et al. 2013; Wright and Wood 2009). The multifunctional role of these tissues
implicates that many of these ionoregulatory processes may be directly linked, since some
functions require the same transporter, channel, or ion pump, for instance, the Na*/K*-
ATPase (Larsen et al. 2014). This means that environmental challenges affecting one pro-
cess (e.g., NaCl uptake) will likely directly impact the ability of the tissue to regulate other
physiological processes (e.g., acid-base regulation, nitrogen excretion). In this chapter we
will summarize how the challenges posed by freshwater environments and the water film
of soil particles influence nitrogen excretion strategies in the phyla Nematoda,
Platyhelminthes, and Annelida.

5.1.1 Challenges of Inhabiting Freshwater Environments

Freshwater environments are characteristically known for having very low concentrations
of dissolved ions. Due to the low ion concentration in freshwater, organisms inhabiting
these environments face the problem of a large osmotic gradient between the body fluids
and the environment, which drives a water influx by diffusion. As such, freshwater organ-
isms secrete large amounts of hypoosmotic urine to maintain water balance while mini-
mizing ion losses (Riegel 1968; Zerbst-Boroftka et al. 1997). Although freshwater
vertebrates and invertebrates have kidneys or analogous structures for ion retention and
very tight epithelia to reduce the paracellular loss of ions, the strong outwardly directed
ion gradients faced by freshwater organisms still results in a passive loss of ions from the
body fluids (Larsen et al. 2014). Consequently, freshwater organisms must maintain ion
homeostasis through active NaCl uptake from the environment and consumption of food.
In freshwater fish, uptake of ions through food has been shown to be essential for compen-
sation of diffusive ion loss, as ion gradients across the intestine facilitate ion uptake rela-
tive to ion uptake from the environment (reviewed in Wood and Bucking 2011).
Investigations regarding osmoregulation in freshwater organisms have mainly been
focused on fish with some studies also looking at crustaceans and amphibians (Bianchini
and Wood 2008; Kirschner 2004; Kumai and Perry 2012; Marshall 2002; Onken and
Mcnamara 2002; Onken and Putzenlechner 1995; Onken et al. 2000; Parks et al. 2008;
Weihrauch et al. 2004a). Based on studies of these organisms, general hypothetical models
for sodium and chloride uptake have been proposed (8 Fig. 5.1). In terms of sodium trans-
port, the Na*/K*-ATPase, which is present in most animal cells, has been established as one
of the driving forces for Na* uptake in freshwater organisms. This transporter, which is
discussed more thoroughly in » Chap. 3, is localized on the basolateral membrane, where it


http://dx.doi.org/10.1007/978-3-319-39617-0_3

129
Chapter 5 - Nitrogen Excretion in Nematodes, Platyhelminthes, and Annelids

NH4Jr
a b T
Apical H* NH; + H*
ITI
ATPase / Ill \
Na* Na*
Epithelium
K* K*/NH,*
\ ATPase| | | | / \ ATPaseI | /
Basolateral Na* Na* HCO; Na*
Apical -
c HCO, d
ar Cl Na*
HCO;
H,O
- ()
co,
H* K+
K th ATPase / ATPase
U
Basolateral cl H* Na* Na* HCO;~ CI

B Fig.5.1 Hypothetical models for Na* and CI~ uptake in freshwater fish. (a) V-ATPase and Na*/
K*-ATPase driven Na* uptake model via Na* channels. (b) Rh-NHE metabolon model for sodium uptake.
Here the transport of NH, by Rh proteins creates an apical alkalization which drives a proton secretion
and sodium uptake via NHEs. (c) CI~ uptake model by CI7/HCO,~ exchanger coupled with basolateral
H*-ATPase. (d) Na* and CI~ uptake model by NCC coupled with Na*/K*-ATPase, CI~ channel, and Na*/
HCO,~ cotransporter. Models are adapted after Hwang et al. (2011), Kumai and Perry (2012), Parks et al.
(2008), and Tresguerres et al. (2006)
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transports 3 Na* out of the cell and 2 K* into the cytoplasm. This active transport of Na* out
of the cell generates a low intracellular Na* concentration to facilitate apical Na* uptake
from the ion-poor environment in the case of a freshwater scenario. While early work by
Krogh (1938) and Kerstetter et al. (1970) established that a Na*/H* or NH,* exchange is
occurring across the apical membrane of the osmoregulating tissues, the transporters
responsible for this exchange remain unsolved. The current debate of which transporters
are responsible for apical Na* uptake revolves around whether an electroneutral Na*/H*
exchanger (B Fig. 5.1a) or Na* channel electrically coupled with a H*-ATPase (8 Fig. 5.1b)
is driving the apical transport of sodium. Throughout the years, various studies have pro-
vided some evidences for both mechanisms (Boisen et al. 2003; Bury and Wood 1999;
Dymowska et al. 2014; Edwards et al. 1999; Hirata et al. 2003; Horng et al. 2007; Shih et al.
2012; Wilson et al. 2000). However, the main arguments against these models lie in that a
freshwater environment generates a condition where electroneutral Na*/H* exchangers are
thermodynamically unfavorable (Avella and Bornancin 1989; Parks et al. 2008). Further,
until the recent demonstration of the potential role for acid-sensing ion channels (ASICs)
as a pathway for sodium uptake in trout gills, there had been no apical epithelial sodium
channel (ENaC) identified in fish, which are the more widely studied freshwater organisms
(Dymowska et al. 2014). In terms of Cl~ uptake, the mechanism remains relatively unclear;
however, it is evident that a CI"/HCO," exchange is occurring in at least some organisms,
which has also been suggested to be coupled with a H*-ATPase (8 Fig. 5.1c) (Tresguerres
et al. 2006). Another potential mechanism for Na* and Cl~ uptake has emerged more
recently with the identification of Na*/Cl~ cotransporters (NCCs) being identified in the
apical membrane of tilapia (Oreochromis mossambicus) type II ionocytes (@ Fig. 5.1d)
(Hiroi et al. 2008; Inokuchi et al. 2008). Various studies have provided evidence for NCC in
Na*/Cl~ uptake not just in tilapia but also in zebrafish through scanning ion-selective elec-
trode technique (SIET) studies coupled with inhibitors, knockdown studies, ionocyte den-
sity measurements, and mRNA expression during low ion acclimations (Horng et al. 2009;
Inokuchi et al. 2008, 2009; Wang et al. 2009). However, the most important study for justi-
tying this mechanism’s ability to function in ion-poor environments such as freshwater
may be an electrophysiological study by Horng and colleagues demonstrating that Na*/
Cl" fluxes from adjacent cells are likely providing a microenvironment, which allows NCC-
containing cells to uptake Na*/Cl~ from the environment (Horng et al. 2009). For a more
detailed review on sodium and chloride uptake in freshwater organisms, particularly in
fish, refer to Hwang et al. (2011), Kirschner (2004), Kumai and Perry (2012), Marshall
(2002), Parks et al. (2008) and Tresguerres et al. (2006).

5.1.2 Challenges of Inhabiting Soil

Under moist soil conditions, soil-inhabiting organisms such as nematodes and annelids
face similar challenges to that occurring in freshwater environments. In soil, the concen-
tration of ions relative to the body fluids of organisms inhabiting these environments is
relatively low. For example, a study by Tavakkoli et al. (2011) measured soil Na* and CI~
concentrations of 1.9 mmol 1"}, which is approximately 40- and 25-fold lower than the
coelomic fluid Na* and Cl~ concentration of the earthworm (Lumbricus terrestris) (Diets
and Alvarado 1970). Therefore, like in freshwater organisms, soil-dwelling nematodes and
annelids would face strong outwardly directed ion gradients driving a loss of ions from the
body fluids. In order to compensate for these passive losses, soil dwellers must actively
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uptake ions from the water film of soil particles and/or consume food. Further challenges
to ion homeostasis of soil dwellers are experienced following rainfall; as the soil becomes
flooded, a dilution of environmental ion concentration occurs generating even greater
outwardly directed ion gradients. This dilution of environmental ion concentration would
increase osmotic pressure driving water into the organisms similar to what is seen in
freshwater organisms. One can assume that soil-dwelling nematodes and annelids likely
counter this water uptake through excretion of very dilute urine to conserve ions and
excrete water. However, unlike freshwater organisms, soil-dwelling organisms do not
always have a high abundance of water present and may, in fact, encounter periods of
desiccation. During desiccation, the water content of the soil decreases and therefore ion
concentrations increase, which results in osmotic pressure driving water out of the organ-
isms, thereby dehydrating the organisms (Roots 1955). In terms of ion balance, these
organisms would still have the need to actively osmoregulate in order to maintain homeo-
stasis as the decrease in body water would result in elevated body fluid ion concentration.

Unlike typically seen in freshwater environments, soil can have relatively high amounts
of ammonia ranging from micromolar to millimolar concentrations (Nesdoly and Van
Rees 1998). This high presence of ammonia typically serves as a major source of nitrogen
for plant cells but can also be highly toxic to plants in abundance (Britto and Kronzucker
2002). For soil-inhabiting invertebrates such as nematodes and annelids, this high envi-
ronmental ammonia provides a challenge as ammonia is highly toxic to animals (> see
Sect. 5.1.3). In order to survive these high-ammonia environments, soil-dwelling inverte-
brates must either be very ammonia tolerant or have developed extremely efficient mech-
anisms to prevent influxes while excreting or detoxifying ammonia.

5.1.3 Nitrogenous Waste Excretion in Aquatic Invertebrates

While some exceptions may exist, the primary nitrogenous waste product of aquatic
invertebrates isammonia (Larsen et al. 2014; Wright 1995). For the purpose of this chapter,
NH, refers to nonionic ammonia, NH,* or ammonium to the ionic ammonia, and ammo-
nia to the sum of both. In aquatic invertebrates, ammonia is formed through amino acid
catabolism, where most amino acids are first transaminated into glutamate and subse-
quently deaminated into a-ketoglutarate and ammonia (Wright 1995). While primarily
formed through transdeamination, other pathways for ammonia synthesis are seen in
aquatic invertebrates and described for crustaceans in » Chap. 1. In addition to ammonia,
some aquatic invertebrates also excrete urea, although to a lesser extent (Adlimoghaddam
et al. 2015; Hoeger et al. 1987; Martin et al. 2011; Quijada-Rodriguez et al. 2015). Urea
production in aquatic invertebrates typically occurs through uricolysis or argininolysis
(Wright 1995), while dietary urea may also comprise a portion of urea excreted.
Metabolic ammonia production within the body fluids can be highly toxic; therefore
an effective excretion or detoxification of ammonia into molecules such as urea and uric
acid is critical to prevent physiological distress. At least in mammals, the mode of ammo-
nia toxicity to the central nervous system has been thoroughly studied (reviewed in
Braissant et al. 2013). In aquatic invertebrates, the majority of studies on ammonia toxicity
have been focused on crustaceans (» see Chap. 1). However, with invertebrates being such
a large and diverse group, a paucity of data on the toxic effects of ammonia in the remain-
ing invertebrate phyla exists. There are some general effects of ammonia that likely apply
across all animals. For example, the uncoupling of proton gradients across the inner


http://dx.doi.org/10.1007/978-3-319-39617-0_1
http://dx.doi.org/10.1007/978-3-319-39617-0_1

132 A.R. Quijada-Rodriguez et al.

mitochondrial membrane can disrupt oxidative phosphorylation (O'Donnell 1997).
Further, ammonia is capable of altering intracellular and/or intraorganelle pH, thereby
disrupting the optimal pH required for proper function of proteins and organelles. In
order to minimize the risk of accumulation of toxic ammonia, animals have specialized
tissues capable of excreting nitrogenous wastes from the body (Cruz et al. 2013; Glover
etal. 2013; Larsen et al. 2014; Quijada-Rodriguez et al. 2015; Rubino et al. 2014; Shih et al.
2008; Weihrauch et al. 2009; Wilson et al. 2013; Wright and Wood 2009).

As previously mentioned, tissues responsible for osmoregulation usually also play a
role in other processes such as excretion of nitrogenous wastes and acid-base balance. In
freshwater organism, the link between sodium uptake and ammonia excretion have been
mainly focused on teleost fish (Kumai and Perry 2011; Shih et al. 2008, 2012; Tsui et al.
2009; Wright and Wood 2009; Wu et al. 2010; Zimmer et al. 2010). In freshwater organ-
isms four key transporters are generally suggested to link sodium uptake and ammonia
excretion; these include the basolateral Na*/K*-ATPase, apical V-type H*-ATPase, Rhesus
glycoproteins, and apical Na*/H* exchanger. The functional role of these transporters with
the exception of the Rhesus glycoprotein and Na*/H* exchanger in ammonia excretion
and sodium uptake will be covered in » Chap. 3. For a review of the role of Rhesus proteins
and Na*/H* exchangers in linking ammonia excretion and sodium uptake, see Wright and
Wood (2009), Weihrauch and colleagues (2009), and Kumai and Perry (2012).

5.2 Nitrogen Excretion in Annelids, Planarians, and Nematodes

5.2.1 Nitrogenous Waste Products of Planarians, Nematodes,
and Annelids

Members of the phyla Annelida, Nematoda, and Platyhelminthes inhabit a variety of ecologi-
cal niches including freshwater environments, marine systems, and terrestrial habitats, in
addition to parasitizing both vertebrate and invertebrate hosts. Their success in these wide-
ranging habitats is likely in part dependent on their adaptive ability to regulate ion homeostasis
and eliminate toxic waste products (Adlimoghaddam et al. 2014, 2015; Diets and Alvarado
1970; Quijada-Rodriguez et al. 2015; Rothstein 1963; Weber et al. 1995; Weihrauch et al. 2012;
Zerbst-Boroftka et al. 1997). Aquatic invertebrates primarily excrete their nitrogenous waste
as ammonia (B Table 5.1, for crustaceans » see Chap. 1). Thus far, aquatic annelids are no
exception with both carnivorous and sanguivorous leeches exhibiting greater rates of ammo-
nia excretion than urea (Quijada-Rodriguez et al. 2015; Tschoerner and Zebe 1989). In fact in
an unfed state, the carnivorous ribbon leech (Nephelopsis obscura) excretes approximately
92% of its measured nitrogenous waste as ammonia. After feeding, nitrogenous excretion
rates rapidly increased in both the carnivorous leech (N. obscura) and sanguivorous leech
(Hirudo medicinalis), likely as a result to elevated protein catabolism and elimination of con-
sumed nitrogenous wastes, i.e., ammonia and urea (Quijada-Rodriguez et al. 2015; Tscho-
erner and Zebe 1989). In H. medicinalis, feeding resulted in an elevated urea excretion rates
from nearly undetectable levels to about 14 pmol individual™! day~!. While H. medicinalis
experienced elevated urea excretion, in N. obscura urea excretion rates remain unaltered after
feeding (A.R. Quijada-Rodriguez personal communication). It is noteworthy that in the
aforementioned studies, excretion of other less commonly excreted (in aquatic organisms)
nitrogenous products such as uric acid, amino acids, guanine, allantoin, etc., have not been
measured and may contribute to a portion of nitrogenous waste excretion. In terms of
members of the platyhelminthes, the excretion capabilities of nitrogenous wastes remain rela-
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O Table 5.1
crustaceans

Species

Nematoda

Caenorhabditis
elegans

Annelida

Arenicola marina

Arenicola marina

Hirudo medicinalis

Nephelopsis obscura

Platyhelminthes

Schmidtea
mediterranea

Echinodermata
Tripneustes gratilla

Protoreaster
nodosus

Ophiorachna
incrassata

Eupentacta
quinquesemita

Eupentacta
quinquesemita

Strongylocentrotus
droebachiensis

Strongylocentrotus
droebachiensis

Mollusca
Illex illecebrosus

Loligo forbesii

Salinity

~350 mOsm

SW

BW

FW (fed)

FW

FW

SW
SW

SW

BW

SW

SW

SW
SW

Ammonia
(umol/g/h)

1.25

1.6

1.25

0.166

0.70

1.45

0.492

0.361

1.75

1.95

1.43

10.9

Urea (umol/g/h)

0.125

NM
NM
0.58 pmol/

individual/h
0.014

NM

NM
NM

NM

0.07

0.03

0.05

0.09

0.23

0.42
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Ammonia and urea excretion rates in a number of aquatic invertebrates excluding

Source

Adlimoghaddam
etal. (2015)

Reitze and Schottler
(1989)

Reitze and Schottler
(1989)

Tschoerner and
Zebe (1989)

Quijada-Rodriguez
etal. (2015)

Weihrauch et al.
(2012)

Dy and Yap (2000)
Dy and Yap (2000)

Dy and Yap (2000)

Sabourin and
Stickle (1981)

Sabourin and
Stickle (1981)

Sabourin and
Stickle (1981)

Sabourin and
Stickle (1981)

Hoeger et al. (1987)

Boucher-Rodoni
and Mangold (1989)

(continued)



134 A.R. Quijada-Rodriguez et al.

B Table 5.1 (continued)

Species Salinity Ammonia  Urea (umol/g/h) Source
(umol/g/h)
Octopus rubescens SW 0.25 0.052 Hoeger et al. (1987)
Acmaea scutum SW 1.28 ND Duerr (1968)
Acmaea digitalis SW 0.112 ND Duerr (1968)
Calliostoma ligatum ~ SW 2.53 ND Duerr (1968)
Littorina sitkana SW 1.78 ND Duerr (1968)
Fusitriton SW 0.625 ND Duerr (1968)
oregonensis
Thais lima SW 0.119 ND Duerr (1968)
Thais lamellosa SW 0.208 ND Duerr (1968)

» See Chap. 1 for crustaceans
SW is seawater, BW is brackish water, FW is freshwater, NM means not measured, and ND means
measured but nothing significantly detected

tively unknown with the exception of relatively high levels of ammonia excreted by the pla-
narian (Schmidtea mediterranea) (Weihrauch et al. 2012).

Similar to aquatic leeches and planarians, soil nematodes and annelids such as
Caenorhabditis elegans and Lumbricus terrestris are predominantly ammonotelic
(Adlimoghaddam et al. 2015; Cohen and Lewis 1949; Tillinghast et al. 1969). However,
unlike leeches and planarians, soil-dwelling invertebrates have been shown to switch from
ammonotelism to ureotelism based on feeding status and water availability. For example,
in L. terrestris a switch to ureotelism has been reported when starved and water supply is
limited (Tillinghast et al. 1969). Presumably this change to ureotelism may act as a counter
measure to conserve water while maintaining an excretion of nitrogenous wastes. However,
unlike in L. terrestris, all the enzymes of the urea cycle are not present in C. elegans (» see
www.wormbase.org), so a similar change to ureotelism is less conceivable and remains to
be investigated. During starvation, C. elegans experiences an approximately threefold
decrease in ammonia excretion due to decreased protein metabolism but unchanged urea
excretion (Adlimoghaddam et al. 2015). During starvation ammonia and urea excretion
rates in C. elegans are about the same, while in L. terrestris, there is a marked change as
rates of urea excretion increase (Adlimoghaddam et al. 2015; Tillinghast et al. 1969).

5.2.2 Tissues Potentially Involved in Excretion of Ammonia
in Planarians, Nematodes, and Annelids

Epidermis/Hypodermis

In fish and crustaceans, oxygen exchange occurs through well-ventilated gills; however, in
worm-type organisms like platyhelminthes, nematodes, and annelids, specialized gill-like
structures are not always present. In these instances, these organisms tend to use their
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@ Fig.5.2 Hirudo body wall diagram demonstrating organization of the epidermis with epithelial cells
at the surface and mucous glands in the subepidermal layer (This image is taken from Brusca and Brusca
(2003) with permission)

outer dermal layer for enhanced oxygen exchange across the body wall. In annelids and
planarians, the outer dermal layer is termed the epidermis while in nematodes it is known
as the hypodermis, which is covered in a multilayered cuticle. The epidermis of planarians
contains specialized cells called rhabdites, which are rod-shaped structures that secrete
mucous onto the epithelial layer (Martin 1978). Similarly, annelids also contain a special-
ized cell known as gland cells that also secrete mucous. However, unlike in other annelids,
leeches contain the gland cells within the subepidermal layer with openings leading to the
epithelial surface (B Fig. 5.2) (Ahmed and Rahemo 2013). The mucous-secreting cells of
planarians and annelids could potentially play a critical role in ammonia excretion by
creating a microenvironment for acid trapping of ammonia, a mechanism described in
various freshwater organisms (Larsen et al. 2014). While annelids and planarians likely
rely on secretion of mucous for the generation of an unstirred boundary layer, nematodes
may utilize the subcuticular layer between the hypodermis and secreted cuticle or the
multilayered cuticle itself (Peixoto and De Souza 1995) to form a microenvironment for
ammonia trapping.

As previously mentioned, the epidermis/hypodermis of wormlike organisms likely
plays a major role in ammonia excretion. SIET studies in Caenorhabditis elegans have
revealed that the hypodermis of this nematode is involved in secretion of protons (8 see
Fig. 5.3a) (Adlimoghaddam et al. 2015). Further, the hypodermis of C. elegans expresses
both Rhr-1 and Rhr-2 proteins (B Fig. 5.4) (Adlimoghaddam et al. 2016; Ji et al. 2006);
therefore it is likely that the secretion of protons could drive an ammonia excretion by acid
trapping. In leeches, elevated mRNA expression levels of the “primitive” Rhesus glycopro-
tein (Rh protein) in the skin relative to the rest of the body of Nephelopsis obscura implicate
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O Fig.5.3 Representative scans of area related to transport rates of H* over the hypodermis (a) and
voltage changes indicating H* excretion by the excretory pore (b) of Caenorhabditis elegans recorded by
SIET using H*-specific electrodes (This image is taken from Adlimoghaddam et al. (2016) and
Adlimoghaddam et al. (2014) with permission)

A

B Fig.5.4 Caenorhabditis elegans Rhr-2 tissue localization achieved through Rhr-2 promoter activated
GFP expression. (a) GFP expression indicates Rhr-2 expression in the hypodermis and in the ventral nerve
cord (white arrow). Scale bar =50 um. (b) Higher magnification image demonstrating single cells where *
indicates cell nuclei. Open arrows show GFP expression concentrated at the apical membrane of the cell
and cytoplasmic indicating localization of Rhr-2 in the hypodermis of C. elegans (This image is taken from
Adlimoghaddam et al. (2016) with permission)

the skin as a site of ammonia excretion (Quijada-Rodriguez et al. 2015). Further, employ-
ing the isolated of the skin from N. obscura in Ussing chamber experiments provided
direct evidence that the skin does indeed have a high capacity for ammonia transport,
especially when compared to rates of ammonia transport by frog skin (Cruz et al. 2013;
Quijada-Rodriguez et al. 2015). As in leeches, in situ hybridization in the planarian
(Schmidtea mediterranea) suggests a high expression of an Rh protein in the epidermis
(B Fig. 5.5a, Weihrauch et al. 2012). Further, immunolocalization of the V-ATPase in the
epidermis of S. mediterranea revealed a high abundance of the V-ATPase in the
mucous-secreting rhabdites and in the epithelial cells indicating that the unstirred bound-
ary layer is likely acidified (@ Fig. 5.5b).
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B Fig.5.5 (a)Tissue expression of Rh-like protein in Schmidtea mediterranea by in situ hybridization.
Application of the antisense riboprobe revealed staining over the entire whole animal mount. At 250x
magnification, the strongest signal is seen at the edges on the epidermis. At 100x magnification the dark
arrow indicates staining of what is likely the epidermis. (b) Immunolocalization of the V-ATPase B subunit
in S. mediterranea whole body cross sections. Antibodies utilized were raised against the V-ATPase
subunit B from Manduca sexta and demonstrated a distinct band of 56 kDa in western blot confirming
functionality of the antibody. Fluorescence imaging demonstrates that the antiserum detected a signal
in the epidermis with strong signals in rod-shaped structures, which are presumably the rhabdites (white
arrows). Magnifications for images in a are from top to bottom 30x, 250x%, and 100x. Magnifications for
images in b are 100x for the top and 400x for the bottom image (These images are taken from
Weihrauch et al. (2012) with permission)

Taken together, the abundance of Rhesus glycoproteins, evidence for potential ammo-
nia trapping by V-ATPase, and direct measurement of ammonia transport at least in leech
skin provide compelling evidence that the outer dermal layer of annelids, nematodes, and
platyhelminthes play a role in the excretion of ammonia.

Intestine

In annelids, platyhelminthes, and nematodes, studies on the role of the intestine in nitro-
gen transport are very scarce. In many organisms, the intestine is typically separated into
anatomically different sections leading to functional transport differences across the intes-
tine. For example, in terms of nitrogen handling, the anterior, posterior, and mid-intestine
of the rainbow trout (Oncorhynchus mykiss) exhibit different transport capacities and
mechanisms (Rubino et al. 2014). The very small size of wormlike organisms and difficulty
to obtain reliable preparations make a direct study of nitrogen transport across the
intestine extremely difficult. However, few in vivo studies on the terrestrial earthworm
(Lumbricus terrestris) have provided evidence for intestinal ammonia excretion at least in
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fed-state earthworms (Tillinghast 1967; Tillinghast et al. 2001). In this oligochaete, high
ammonia concentrations can be detected in the intestine (11-104 mmol 171), with the
highest intestinal ammonia concentration in the two posterior regions (Tillinghast 1967;
Tillinghast et al. 2001). Early work by Tillinghast (1967) revealed that following defecation
ammonia excretion rates increased while urea excretion rates were unaltered. Here it was
suggested that in the fed earthworm, ammonia excretion must occur at least partly
through the intestine. However, this study fails to account for the possibility of cutaneous
transport of nitrogenous wastes, which as discussed above is a highly probable site for
ammonia excretion.

Excretory System

In mammals, the kidney has been accepted to not only be essential for acid-base regula-
tion and salt balance but also critical for ammonia handling (Weiner and Verlander 2014).
While classical kidneys are not present in the annelids, platyhelminthes, and nematodes,
analogous structures to the mammalian kidney can be found. In the annelids and platy-
helminthes, these structures are called the metanephridia and protonephridia, respec-
tively. On the other hand, in nematodes the entire excretory structure posses only 3 cells:
the excretory cell, pore cell, and duct cell, which comprise the excretory system. The excre-
tory cell has two channels that run down the length of the nematode and feeds through the
duct cell to the pore cell which empties just anterior to the pharynx (Nelson et al. 1983).

The proto- and metanephridial system of platyhelminthes and annelids can be thought
of as precursors to the mammalian nephron, which generally work through ultrafiltration
(O’'Donnell 1997; Zerbst-Borofika et al. 1997). In annelids ultrafiltration occurs from the
blood vessels into the coelom. Here the ciliated nephrostome opens into the coelom and
funnels coelomic fluid into the metanephridia where the extracellular fluids are filtered
resulting in the removal of solutes. Subsequently urine is formed, which is then altered by
removal of water and solutes as it passes through the nephridia and eventually being
excreted (O'Donnell 1997). The leech metanephridial system is slightly different in that
coelomic vessels transfer coelomic fluid to the nephrostome, where funneling of the fluids
occurs as would be seen in oligochaetes (8 Fig. 5.6).

The basic structure of the metanephridia (8 Fig. 5.6) consists of a nephridiopore that
leads directly to the environment and a ciliated funnel called the nephrostome, which acts
as a connection from the extracellular fluids to the metanephridia (Zerbst-Boroftka et al.
1997). In addition to these structures, the metanephridia have various lobes where urine
is filtered and a urinary bladder that holds the final urine. For a more detailed look at the
structure of the metanephridia, see Zerbst-Boroftka et al. (1997). Unlike the metane-
phridia, the protonephridia is a blind-ended tube that sits in the extracellular fluid and
utilizes cilia to create a difference in pressure that drives fluid into the lumen of the proto-
nephridia (O’Donnell 1997). Here, as the fluid passes through the protonephridia, solutes
and water are removed from the filtrate and then secreted into the environment.

While no direct mechanistic studies investigating ammonia or urea transport in the
nephridial systems of platyhelminthes or annelids have been performed, studies by Zerbst-
Boroftka and colleagues have investigated the mechanism of chloride secretion in the san-
guivorous leech (Hirudo medicinalis) (Zerbst-Boroftka et al. 1997). The hypothesized
model of chloride secretion in this leech suggests the Na*/K*-ATPase, Na*/K*/2Cl", and
anion/Cl~ exchanger are involved in basolateral transport of chloride. With NH,* being
able to substitute for K* in transporters due to similarity in hydrated ionic radius and
charge, it is plausible that these transporters in the metanephridia could also mediate an
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B Fig.5.6 Structure of the leech metanephridia specifically from the genus Erpobdella. This figure
shows the association between the coelomic channels and the metanephridia (This image is taken from
Brusca and Brusca (2003) with permission)

ammonia transport (Knepper et al. 1989). The most prominent evidence for the involve-
ment of the proto- and metanephridia in nitrogenous waste excretion are studies
demonstrating direct measurement of both ammonia and urea in nephridial extracts from
various platyhelminthes and annelids (Kulkarni et al. 1989; Lutz and Siddiq 1971; Webster
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and Wilson 1970). In the cestode (Hymenolepis diminuta), the urea content of the
protonephridia was approximately tenfold greater than ammonia, while in the sanguivo-
rous leech (Poecilobdella viridis), the ammonia content in the metanephridial extract was
threefold greater than urea content (Kulkarni et al. 1989; Webster and Wilson 1970).
Regardless of which nitrogenous waste product is more abundantly present in the nephrid-
ial fluid, it is evident that both the proto- and metanephridia are capable and important for
excretion of nitrogenous wastes.

The excretory system in nematodes is composed of three cells: the excretory cell, the
pore cell, and the duct cell. These cells are located at the anterior end of the worm with the
excretory cell containing two canals, which run down the length of the nematode. The out
route of the excretory cell has been shown to run through the duct cell into the pore cell,
which leads directly to the excretory pore of the nematode (Nelson et al. 1983). Through
laser ablation studies, it has been shown that the excretory system of the soil nematode
(Caenorhabditis elegans) is critical for water balance, as ablation of any of the three cells
results in swelling of the worms (Nelson and Riddle 1984). In addition to its role in water
balance, through the scanning ion-selective electrode technique (SIET), Adlimoghaddam
and colleagues (2014) demonstrated that the excretory cell is involved in ion regulation of
Na*, K*, H*, and Ca®*. While NH,* excretion through the excretory pore could not be
measured by SIET due to interference with the K* background (Adlimoghaddam et al.
2014), it is likely that the excretory pore contributes to a portion of ammonia excreted. In
fact, the high proton excretion measured at the excretory pore (8 Fig. 5.3b) does indicate
that ammonia trapping occurs within the canal of the excretory cell, a mechanism that has
been suggested in various freshwater organisms (Larsen et al. 2014). Furthermore, expres-
sion of Rhr-1 in the excretory cell of C. elegans (McKay et al. 2003) suggests an ammonia
excretory capability through the excretory pore.

5.3 Mechanisms of Ammonia Excretion in Nematodes,
Platyhelminthes, and Annelids Inhabiting lon-Poor
Environments

5.3.1 Mechanism of Cutaneous Ammonia Excretion in Freshwater
Leeches and Planarians

Until recently, comprehensive mechanistic studies of ammonia excretion in freshwater
invertebrates were nonexistent. With increasing studies and the availability of modern
molecular and histological techniques, it is becoming more evident that excretion of
nitrogenous wastes in platyhelminthes and annelids is not merely occurring through their
specialized intestinal and nephridial systems (Kulkarni et al. 1989; Lutz and Siddiq 1971;
Tillinghast 1967; Tillinghast et al. 2001; Webster and Wilson 1970) but also through the
epidermal tissues (Quijada-Rodriguez et al. 2015; Weihrauch et al. 2012). Thorough
mechanistic studies of ammonia excretion in the platyhelminthes and annelids have been
limited to two studies on the freshwater planarian (Schmidtea mediterranea) and freshwa-
ter carnivorous leech (Nephelopsis obscura) (Quijada-Rodriguez et al. 2015; Weihrauch
et al. 2012). These two organisms provide ideal models for investigating ammonia excre-
tion in freshwater organisms as the small size and easy maintenance of these organisms
make them readily usable for various molecular and physiological techniques. Further, at
least for leeches, the skin can be easily dissected and mounted in Ussing chambers for
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studies investigating ammonia flux capabilities directly across this tissue. This section will
summarize the currently hypothesized mechanism of the cutaneous ammonia excretion
in the freshwater planarian (S. mediterranea) and ribbon leech (N. obscura).

The Na*/K*-ATPase known to be the driving force for sodium uptake in freshwater
organisms has also been shown to play a major role in cutaneous ammonia excretion for
both N. obscura and S. mediterranea (Quijada-Rodriguez et al. 2015; Weihrauch et al.
2012). Here it is suggested to be localized to the basolateral membrane as shown for the
ammonia-transporting tissues of various vertebrates and invertebrates (Braun et al. 2009;
Nakada et al. 2007; Patrick et al. 2006; Towle et al. 2001; Tresguerres et al. 2008). Whole
animal studies on S. mediterranea demonstrated that blocking this pump with ouabain, a
specific inhibitor of the Na*/K*-ATPase, effectively reduces ammonia excretion by about
50% (Weihrauch et al. 2012). Similarly, isolation of N. obscura skin in a modified Ussing
chamber demonstrated that application of ouabain directly to the basolateral membrane
reduces ammonia excretion by 39 % (Quijada-Rodriguez et al. 2015). In leeches and vari-
ous other organisms, this pump has been shown to accept ammonium as a substrate in
place of potassium and thereby likely acting as a direct transporter of ammonia across the
basolateral membrane (Mallery 1983; Masui et al. 2002; Quijada-Rodriguez et al. 2015;
Skou 1965; Wall and Koger 1994). Further, mRNA expression of the Na*/K*-ATPase
a-subunit in S. mediterranea has been shown to increase following a high environmental
ammonia exposure (1 mmol I} NH ,Cl, 48 h) (Weihrauch et al. 2012).

Having first been suggested in mammals to transport ammonia, the Rhesus glyco-
proteins are now recognized as of key importance in ammonia excretion (Marini et al.
2000). Early work by Weihrauch and colleagues revealed that this ammonia transporter
of mammals was also expressed in the ionoregulatory tissue (e.g., gills) of aquatic crus-
taceans (Weihrauch et al. 2004b). Recently, X-ray crystallography suggested that the
human RhCG promotes passage of gaseous ammonia and not ionic ammonia due to the
hydrophobicity of the permeation pathway (Gruswitz et al. 2010). Since the initial dis-
covery of Rh proteins as gaseous ammonia channels, subsequent studies have implied
that these proteins also allow the transport of CO, (Endeward et al. 2007; Musa-aziz
et al. 2009; Perry et al. 2010; Soupene et al. 2004). In the leech N. obscura, a single Rh
protein has been identified (NoRhp) and studies employing yeast-based complementa-
tion assays demonstrated that this invertebrate Rh protein is indeed capable of trans-
porting ammonia (Quijada-Rodriguez et al. 2015). While not yet characterized as an
ammonia transporter, the Rh protein of S. mediterranea also likely transports ammonia
as phylogenetic analysis of various invertebrate Rh proteins shows that they group
within the Rhpl cluster, where now three members of this cluster have been shown to
transport ammonia (» see also Chap. 1) (Adlimoghaddam et al. 2015; Huang and Peng
2005; Pitts et al. 2014; Quijada-Rodriguez et al. 2015). Further, high environmental
ammonia exposure to both S. mediterranea and N. obscura resulted in differential mRNA
expression of the Rh protein, with an upregulation following a 2-day exposure and
downregulation following a 7-day exposure in the planarian and leech, respectively
(Adlimoghaddam et al. 2015; Quijada-Rodriguez et al. 2015). In vertebrates, both baso-
lateral and apical localized Rh proteins have been confirmed (Larsen et al. 2014).
Therefore, in the leech and planarian, Rh proteins may potentially provide both apical
and basolateral routes for ammonia excretion; however, the subcellular localization of
the ammonia transporter is not known to date.

Unlike the Na*/K*-ATPase and Rh proteins, the V-type H*-ATPase (V-ATPase) is not
capable of directly transporting ammonia but still plays a major role in apical ammonia
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excretion in freshwater organisms (Kumai and Perry 2011; Nawata et al. 2007; Shih et al.
2008; Tsui et al. 2009; Weihrauch et al. 2012). Diffusion of NH, across a membrane is heav-
ily dependent on the partial pressure gradient of NH, (APy,,). Thus, the V-ATPase can
promote ammonia excretion by creating a pH gradient across a membrane to generate a
AP, y;5 driving NH; across the membrane. Once transported across the membrane, NH,
combines with free protons forming NH,* which is incapable of freely diffusing across
membranes effectively trapping ammonia. This mechanism of transporting ammonia
known as “ammonia or acid trapping” and is likely facilitated by the NH, transport capa-
bility of Rh proteins (Larsen et al. 2014; Weihrauch et al. 2009; Wilson et al. 1994; Wright
and Wood 2009). Ammonia trapping across the apical membrane has been extensively
studied in freshwater fish and likely occurs in the majority of freshwater organisms (Cruz
etal. 2013; Larsen et al. 2014; Shih et al. 2008; Weihrauch et al. 2009; Wilkie 2002; Wilson
et al. 1994; Wright and Wood 2009). Blocking the V-ATPase in both planarians and
leeches with concanamycin C effectively reduced cutaneous ammonia excretion (Quijada-
Rodriguez et al. 2015; Weihrauch et al. 2012). Further, exposure to an acidic environment
was shown to promote ammonia excretion suggesting an ammonia trapping mechanism
similar to that seen in freshwater fish, where protons are actively pumped into the unstirred
boundary layer creating an acidified microenvironment to promote an outwardly directed
AP, ;15 (Quijada-Rodriguez et al. 2015; Weihrauch et al. 2012). However, unlike in planar-
ians and fish, acidification of the unstirred boundary layer in leeches was proposed to
occur within the crypt of mucous-secreting cells (Quijada-Rodriguez et al. 2015). In this
study, the presence of a buffer in the environment did not affect the ammonia excretion
capability of N. obscura demonstrating that this organism was likely not manipulating its
unstirred boundary layer at the epidermal surface but possibly elsewhere such as within
the mucous-secreting cells. While in S. mediterranea, it has been shown that the V-ATPase
is localized in both mucous-secreting rhabdites and apical membrane of epithelial cells
(B Fig. 5.5b); it remains to be shown whether the crypts of mucous-secreting cells in the
leech are truly acidified and whether the transport proteins necessary for ammonia excre-
tion by mucous-secreting cells are present.

Similar to the V-ATPase, Na*/H* exchangers (NHEs) can also promote ammonia
excretion by generation of AP, across a membrane. This group of exchangers is typically
thought to be electroneutral transporters driven by the Na*/K*-ATPase. In freshwater
organisms, the efficacy of these electroneutral exchangers has come into question due to
thermodynamic constraints posed by the presence of low Na* concentration in freshwater
(Avella and Bornancin 1989). One explanation for this thermodynamic enigma is the Rh-
NHE functional metabolon (Wright and Wood 2009; Wu et al. 2010). Here it is proposed
that the unstirred boundary layer on the apical surface of the membrane is alkalinized by
excretion of NH, through Rh proteins that bind free protons, thereby generating a proton
gradient to drive Na* uptake and H* excretion by NHEs. Based on the inhibitory effects of
amiloride, an inhibitor of NHEs (Kleyman and Cragoe 1988), it has been suggested that
NHEs may play a role in ammonia excretion in S. mediterranea (Weihrauch et al. 2012).
However, unlike in the planarian and some fish, ammonia excretion in the leech (N.
obscura) is unaffected by EIPA (0.1 mmol I7!), an amiloride analog that inhibits NHEs
(Kleyman and Cragoe 1988; Quijada-Rodriguez et al. 2015). While the permeability of the
inhibitor during whole animal exposures may be in question, this same inhibitor
(0.1 mmol I"!) has been shown to decrease sodium uptake in N. obscura, so one can assume
that the drug is likely inhibiting NHEs but at the same time that NHEs are rather not
involved in ammonia excretion (A.R. Quijada-Rodriguez personal communication).
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5.3.2 Mechanism of Ammonia Excretion in Soil Nematodes

Similarities to Freshwater Leeches and Planarians

As highlighted above, soil nematodes share many similarities to freshwater organisms in
terms of the ionoregulatory challenges faced in their environment. Therefore it is conceivable
that soil nematodes have adapted similar mechanisms to freshwater organism for ammonia
excretion as well. As in freshwater leeches, the Na*/K*-ATPase in C. elegans is capable of
accepting ammonium as a substrate, and the nematode likely utilizes this pump for basolat-
eral transport of ammonia (Adlimoghaddam et al. 2015). Further, following high environ-
mental ammonia exposure (2 day 1 mmol ™! NH, Cl), both mRNA expression of the a-subunit
of this pump and Na*/K*-ATPase activity level increased (Adlimoghaddam et al. 2015).

In addition to the Na*/K*-ATPase, Rh proteins may serve as a route for basolateral and
apical ammonia transport as C. elegans expresses two Rh proteins, Rhr-1 and Rhr-2, both of
which are expressed in the hypodermis (8 Fig. 5.4) (Ji et al. 2006; Adlimoghaddam unpub-
lished). Following high environmental ammonia exposure, increased mRNA expression of
Rhr-1 and Rhr-2 are seen in conjunction with an increased ammonia excretion suggesting a
role for both of these transporters in ammonia excretion (Adlimoghaddam et al. 2015). Further,
studies employing yeast-based functional complementation assays demonstrated that like the
Rh protein of N. obscura, Rhr-1 is capable of transporting ammonia when expressed in yeast
(Adlimoghaddam et al. 2015). While not yet functionally characterized, Rhr-2 also likely trans-
ports ammonia as it contains a set of conserved amino acid residues essential for ammonia
conductance, while also having a high sequence similarity to the ammonia-transporting Rhr-1
(Zidi-Yahiaoui et al. 2009). In C. elegans, basolateral localization of the Rhr-1 protein is pre-
dicted due to its high expression level in the hypodermis relative to Rhr-2 and its broad expres-
sion across various tissues (Adlimoghaddam et al. 2015; Ji et al. 2006). These characteristics of
Rhr-1 resemble that previously shown for the basolaterally localized Rhbg/RhBG of verte-
brates (Cruz et al. 2013; Handlogten et al. 2005; Nawata et al. 2007).

As seen in the freshwater leeches and planarians, ammonia is believed to be transported
across the apical membrane of the hypodermis via ammonia trapping. Through studies on
wild-type C. elegans, a dependence on ammonia trapping across the hypodermis was
hypothesized, as exposure to an acidic environment (buffered pH 5) promoted an enhanced
ammonia excretion (Adlimoghaddam et al. 2015). In Rhr-2 knockout studies, Rhr-2
mutants were unable to promote an enhanced ammonia excretion following exposure to a
low pH environment (buffered pH 5) as was seen in wild-type C. elegans, suggesting that
the Rhr-2 protein is essential for ammonia trapping across the hypodermis and thus likely
apically localized (Adlimoghaddam et al. 2016). The V-ATPase is also believed to be cou-
pled with the Rhr-2 protein to promote ammonia trapping, as ammonia excretion is
decreased by approximately 28 % following inhibition of this pump with concanamycin C,
an inhibitor of the V-ATPase (Adlimoghaddam et al. 2015). Additionally, mRNA expression
of the V-ATPase increases following exposure to 1 mmol 1"! NH,Cl after 2 days.

Another contributor to apical acidification for ammonia trapping could be the NHXs
(Na*/H* exchangers, cation proton antiporter 1 subfamily) and NHAs (Na*/H*-antiporter,
cation proton antiporter 2 subfamily) of which C. elegans expresses 9 different NHXs
(Nehrke and Melvin 2002) and 3 different NHAs (GB accession nos.: NP_509724,
NP_509723, NP_507130). The hypodermis is known to express 3 NHXs, the NHXs 1, 3,
and 4, of which NHX3 is localized in intracellular membranes and NHX4 to the basolat-
eral membrane. Unlike the NHXGs, tissue expression of the NHAs in C. elegans remains
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unknown. Further studies are necessary to determine the potential role of the NHXs and
extremely understudied NHAs in the ammonia excretion mechanism of C. elegans.

Vesicular Transport of Ammonia

As an alternative mechanism to ammonia trapping across the apical membrane of the hypoder-
mis, it is believed that vesicular transport of ammonia also occurs in C. elegans (Adlimoghaddam
et al. 2015). Having first been suggested as mechanism of ammonia excretion in the gills of the
green shore crab (Carcinus maenas) (» see Chap. 1, Weihrauch et al. 2002) and subsequently in
the Chinese mitten crab (Eriocheir sinensis) (» Chap. 1) as well as in the midgut of the tobacco
hornworm (Manduca sexta) (Weihrauch 2006), some ammonia could potentially also in C.
elegans be excreted by exocytosis. Here the V-ATPase is proposed to generate a AP, driving
ammonia into acidified vesicles, which would act as an acidic microenvironment for ammonia
trapping that would facilitate ammonia excretion independently of environmental conditions.
In C. elegans, inhibition of the microtubule network by colchicine decreased ammonia excre-
tion by 26 % implicating that at least a portion of the animals ammonia load is excreted via a
vesicular transport of ammonia and subsequent exocytosis (Adlimoghaddam et al. 2015). In
addition to vesicular acidification by the V-ATPase, the hypodermal expressed NHX3 which is
localized to intracellular membranes (Nehrke and Melvin 2002) and may also facilitate ammo-
nia trapping in vesicles. Ammonia trapping by the NHE orthologue NHX3 may either occur
through diffusion or if co-localized with one of the Rh proteins may form a functional Rh-NHE
metabolon as proposed by Wright and Wood for fish gills (Wright and Wood 2009).

Role of AMTs

Recent evidence has shown that ammonium transporters (AMTs) found in plants and bacteria
to transport NH,* and NH, (Gu et al. 2013; Khademi et al. 2004; Ludewig et al. 2002; Musa-aziz
et al. 2009), respectively, are also found in the genomes and transcriptomes of invertebrates
(Huang and Peng 2005). This discovery has opened the potential for another route of ammonia
transport potentially independent of Rh proteins. Recently, expression of the mosquito
(Anopheles gambiae) AMT in Xenopus oocytes demonstrated that the AMTS of invertebrates
also transport ammonia and likely in the ionic form (Pitts et al. 2014). In C. elegans, 4 AMTs
are expressed: AMT-1, AMT-2, AMT-3, and AMT-4; of these AMTs tissue expression is only
known for AMT-3 which is found in the head nerves, tail nerves, ring nerves, and intestine
(McKay et al. 2003). There remains the potential that the remaining 3 AMTs could be expressed
in the hypodermis and promote either basolateral or apical transport of ammonia; however,
tissue distribution and cellular localization of these AMTs remain to be performed.

5.4 Conclusion

Since the mid-1900s, some studies have investigated nitrogenous waste excretion in
nematodes, platyhelminthes, and annelids. We now know that the epidermis, hypoder-
mis, intestine, nephridial system, and nematode-specific excretory system are all poten-
tial sites for the excretion of nitrogenous waste products, which are predominantly either
ammonia or urea. Based on the few comprehensive mechanistic studies in Caenorhabditis
elegans, Schmidtea mediterranea, and Nephelopsis obscura preliminary models for the
excretion of ammonia in invertebrates other than the decapod crustaceans and cephalo-
pods are now being established (B Fig. 5.7). From these models, it is evident that the
V-ATPase, Na*/K*-ATPase, and Rh proteins are crucial for ammonia excretion whether
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B Fig.5.7 Hypothetical models for ammonia excretion in soil nematodes, freshwater planarians, and
freshwater leeches. (a) Hypodermal ammonia excretion mechanism in the soil nematode (Caenorhabditis
elegans). (b) Cutaneous ammonia excretion mechanism in the freshwater planarian (Schmidtea mediterranea)
and freshwater leech (Nephelopsis obscura). The ? indicates potential involvement of NHEs in S. mediterranea. It
is important to note that NHEs are suggested to not play a role in the N. obscura ammonia excretion model but
present in the skin. Currently the role of each cell type, epithelial cell or mucous-secreting cell, in transepithelial
ammonia excretion is unknown (The transport mechanisms are adapted from (Adlimoghaddam et al. 2015;
Quijada-Rodriguez et al. 2015; Weihrauch et al. 2012) and described in the text above)
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it is by ammonia trapping across the apical membrane or in acidified vesicles. With the
broadening of studies across various phyla, it is becoming more and more evident that
common mechanisms of ammonia excretion currently seen in vertebrates likely evolved
early on in the invertebrates.
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