
Comparative Biochemistry and Physiology, Part A 280 (2023) 111418

Available online 23 March 2023
1095-6433/© 2023 Elsevier Inc. All rights reserved.

Nitrogen transporters along the intestinal spiral valve of cloudy catshark 
(Scyliorhinus torazame): Rhp2, Rhbg, UT 

J. Lisa Hoogenboom a,*, Marty Kwok-Shing Wong b, Susumu Hyodo b, W. Gary Anderson a 

a Department of Biological Sciences, University of Manitoba, Winnipeg, MB R3T 0A8, Canada 
b Laboratory of Physiology, Atmosphere and Ocean Research Institute, University of Tokyo, Kashiwa, Chiba, Japan   

A R T I C L E  I N F O   

Editor: Michael Hedrick  

Keywords: 
Ammonia 
Elasmobranch 
Kidney 
Nitrogen 
Ornithine Urea Cycle 
Spiral Valve 
Transport Protein 
Urea 

A B S T R A C T   

As part of their osmoregulatory strategy, marine elasmobranchs retain large quantities of urea to balance the 
osmotic pressure of the marine environment. The main source of nitrogen used to synthesize urea comes from the 
digestion and absorption of food across the gastrointestinal tract. In this study we investigated possible mech
anisms of nitrogen movement across the spiral valve of the cloudy catshark (Scyliorhinus torazame) through the 
molecular identification of two Rhesus glycoprotein ammonia transporters (Rhp2 and Rhbg) and a urea trans
porter (UT). We used immunohistochemistry to determine the cellular localizations of Rhp2 and UT. Within the 
spiral valve, Rhp2 was expressed along the apical brush border membrane, and UT was expressed along the 
basolateral membrane and the blood vessels. The mRNA abundance of Rhp2 was significantly higher in all re
gions of the spiral valve of fasted catsharks compared to fed catsharks. The mRNA abundance of UT was 
significantly higher in the anterior spiral valve of fasted catsharks compared to fed. The mRNA transcript of four 
ornithine urea cycle (OUC) enzymes were detected along the length of the spiral valve and in the renal tissue, 
indicating the synthesis of urea via the OUC occurs in these tissues. The presence of Rhp2, Rhbg, and UT along 
the length of the spiral valve highlights the importance of ammonia and urea movement across the intestinal 
tissues, and increases our understanding of the mechanisms involved in maintaining whole-body nitrogen ho
meostasis in the cloudy catshark.   

1. Introduction 

The osmoregulatory strategy of marine elasmobranchs (sharks, 
skates, and rays) relies on the synthesis and retention of urea (Smith, 
1936). Within shallow-water marine species, such as the cloudy catshark 
(Scyliorhinus torazame), urea can be retained at high concentrations 
(>300 mM). The nitrogen required to synthesize these large quantities 
of urea comes from the catabolism of endogenous nitrogenous com
pounds (e.g. proteins, amino acids) and the intake of exogenous nitro
gen, either across the branchial tissues (Wood and Giacomin, 2016), or 
through the digestion of prey and subsequent uptake across the gastro
intestinal (GI) tract (Liew et al., 2013). Investigations into the nitrogen- 
handling capabilities of the marine elasmobranch GI tract have 
demonstrated the role of the intestinal spiral valve in the breakdown and 
bidirectional (influx and efflux) movement of nitrogen (i.e. ammonia 
and urea; Anderson et al., 2015; Anderson et al., 2010; Bucking, 2015; 
Hoogenboom et al., 2020; Kajimura et al., 2006; Liew et al., 2013; Wood 
et al., 2019, 2007, 2005; Wright, 1995). 

Ammonia is a product of amino acid, protein, and urea catabolism; 
however, little is currently known about the movement of ammonia 
across elasmobranch intestinal tissues, despite the prevalence of 
ammonia in the spiral valve. Within in vitro spiral valve gut sac prepa
rations from North Pacific spiny dogfish (Squalus acanthias suckleyi), 
ammonia concentrations were ~ 1.5 mM in fasted animals, and ~ 4 mM 
in fed animals (Hoogenboom et al., 2020; Wood et al., 2019). One 
possible method of ammonia transport across the intestinal tissues may 
be Rhesus (Rh)-associated glycoproteins, which have been shown to 
have a direct role in ammonia transport (Marini et al., 2000). The mRNA 
transcript of several isoforms (Rhag, Rhbg, Rhcg, and Rhp2) have been 
identified within elasmobranch tissues. In S. a. suckleyi, Rhag was 
identified in the red blood cells, and Rhbg and Rhp2 within the brain, 
gill, kidney, liver, muscle, rectal gland, cardiac and pyloric stomachs, 
and spiral valve (Nawata et al., 2015a, 2015b). Rhbg has also been 
identified within rectal gland, renal tissue, and spiral valve of the little 
skate (Leucoraja erinacea) (Anderson et al., 2010), and Rhcg within gill 
and renal tissue of the Atlantic spiny dogfish (Squalus acanthias) 
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(Lawrence, 2014). In Japanese banded houndsharks (Triakis scyllium), 
Rhp2 was localized on the basolateral membrane of the renal tubule and 
was functionally characterized to transport 14C-methylamine (an analog 
for ammonia) when expressed within Xenopus oocytes (Nakada et al., 
2010). Despite the ureosmotic and ureotelic nature of marine elasmo
branchs, the expression of Rh glycoproteins in various tissues indicates 
the importance of ammonia trafficking for these animals. Beyond 
identifying the transcript of these transporters in various elasmobranch 
tissues, little is currently known about their location and function. 
Further investigation is necessary to better understand nitrogen meta
bolism and homeostasis within marine elasmobranchs, and the role of 
the intestine in nitrogen trafficking in marine elasmobranchs. 

As ureosmotic animals, marine elasmobranchs use nitrogen to syn
thesize urea, primarily via the ornithine urea cycle (OUC) (Schooler 
et al., 1966). Unlike the mammalian OUC which uses ammonia as the 
nitrogen-donating substrate, marine elasmobranchs use glutamine, 
synthesized by glutamine synthetase (GS) transferring nitrogen from 
ammonia to glutamate (Anderson, 1991; Anderson, 1980). The five 
additional OUC enzymes are: 1. carbamoyl phosphate synthetase III 
(CPS III) which is unique to fish and catalyzes the entry of nitrogen (from 
glutamine) into the cycle, and is likely the rate-limiting enzyme; 2. 
ornithine transcarbamoylase (OTC); 3. argininosuccinate synthetase 
(ASS); 4. argininosuccinate lyase (ASL); and, 5. arginase (ARG), which 
catalyzes the breakdown of arginine to the final products, urea and 
ornithine (Anderson, 1991). Operating mainly within the liver (Schooler 
et al., 1966), the enzymes necessary for the OUC to function have also 
been found in the skeletal muscle and intestinal tissues of S. a. suckleyi 
(Kajimura et al., 2006), the kidney and muscle of the holocephalan 
elephant shark (Callorhinchus milii) (Takagi et al., 2012), and the muscle 
of the little skate (Leucoraja erinacea) (Steele et al., 2005). 

To circulate the urea synthesized by the OUC, urea transport (UT) 
proteins are selective channels that facilitate the controlled diffusion of 
urea (Shayakul et al., 2013; Shayakul and Hediger, 2004; You et al., 
1993). In mammals, there are two known UT classes (UT-A and UT-B) 
that encode eight isoforms (UT-A1 – A6; UT-B1 – B2) (Shayakul and 
Hediger, 2004), with an additional class (UT-C) found in teleosts (Mistry 
et al., 2005). The first UT identified in a marine elasmobranch was shark 
UT (shUT), a homologue of the mammalian UT-A2 (Smith and Wright, 
1999). Expressed within the brain and kidney of S. a. suckleyi, shUT was 
thought to play an osmoregulatory role in the kidney by facilitating 
reabsorption of urea from the tubule lumen to the blood (Smith and 
Wright, 1999). To date, UTs have been identified in many elasmobranch 
tissues, including: brain, gills, liver, kidney, muscle, rectal gland, spiral 
valve, and testes (Anderson et al., 2010; Hyodo et al., 2004; Janech 
et al., 2008; Janech et al., 2003; Morgan et al., 2003; Nawata et al., 
2015a). In the kidney of the elephant shark, three UT isoforms have been 
identified along with two variants (efUT-1a, efUT-1b, efUT-2a, efUT-2b, 
efUT-3); all five transcripts induced a 10-fold increase in 14C-urea up
take when expressed in Xenopus oocytes (Kakumura et al., 2009). Within 
the little skate renal tissue, urea uptake is thought to occur through 
brush border membrane vesicles by a phloretin-sensitive, non-saturable 
uniporter in the dorsal section of the kidney, and a phloretin-sensitive, 
sodium-linked transporter in the ventral section (Morgan et al., 2003). 
Localized in both the apical and basolateral renal tissue of T. scyllium, 
the Triakis UT (tUT) is thought to provide channels for facilitative urea 
diffusion to reabsorb urea from primary urine in the collecting tubule 
(Hyodo et al., 2004). Although the mRNA of a UT has been identified 
within marine elasmobranch spiral valve (Anderson et al., 2010), little is 
currently known about its localization and function along the GI tract. 

The objectives of this study were to investigate the nitrogen-handling 
capabilities of the cloudy catshark spiral valve through the molecular 
identification of Rhp2, Rhbg, and UT, and determination of their cellular 
and tissue localization using immunohistochemistry (IHC) and in situ 
hybridization (ISH). It was hypothesized that the expression of the 
transport proteins within a tissue would be dependent on the metabolic 
state of the animal (i.e. access to prandial nitrogen). To examine this, 

both fed and fasted catsharks were used. Based on the presence of 
prandial nitrogen available for uptake along the GI tract and the 
essential role urea plays in osmoregulation for these animals, it was 
predicted that the expression of the three nitrogen transporters would 
increase in the fed catsharks compared to the fasted. It was also pre
dicted that the transporters would show increased expression in the 
posterior region of the spiral valve to facilitate the absorption of 
nitrogenous compounds as digestion progresses along the length of the 
intestine. Additionally, the presence of the transcript abundance of four 
enzymes necessary for the synthesis of urea via the OUC was investi
gated. It was hypothesized that the metabolic state of the catsharks 
would affect the mRNA abundance of the enzymes, and it was predicted 
that all four enzymes would increase following feeding, in an effort to 
use prandial nitrogen for urea synthesis and whole-body homeostasis. 

2. Materials and methods 

2.1. Animals and sampling 

Male cloudy catsharks obtained from Aqua World Ibaraki Prefectural 
Oarai Aquarium, Ibaraki, Japan (n = 12; 397 ± 7 g) were transferred to 
the Atmosphere and Ocean Research Institute (AORI), University of 
Tokyo, Kashiwa, Chiba, Japan. Prior to experimentation, the catsharks 
were housed and allowed to acclimate for two weeks in 500 L indoor, 
circular recirculating tanks. Sea water was held at a constant tempera
ture (16.0 ± 1 ◦C) and salinity (35 ± 1 ppt), and the animals were 
exposed to 14 h light, 10 h dark photoperiod. Both fed and fasted cat
sharks were used to compare nitrogen transport during digestion and 
between meals; food was withheld from the fasted catsharks for 7 days, 
while the fed catsharks consumed a ration of frozen squid every two 
days, and were euthanized 24–48 h after feeding. 

Catsharks were immersed in a terminal dose of anesthetic (tricaine 
methanesulfonate, MS-222; 250 ppm; Sigma Aldrich) before a mid
ventral incision was made to expose the abdominal cavity, taking care 
not to disturb the internal organs. The spiral valve was excised and 
opened with a longitudinal incision to expose the inner folds. To remove 
digestive fluids and chyme, the spiral valve was rinsed with elasmo
branch Ringer’s solution (in mM: urea 400, NaCl 255, TMAO 56, Hepes 
10, KCl 6.6, CaCl2 6.6, MgCl2 4, NaHCO3 3.6, NaSO4 2.4, NaHPO4 1.4). 
To reduce the number of animals required for analysis, a longitudinal 
cut was made down the centre of the spiral valve to separate it into two 
equal parts (one for determining mRNA abundance and the other for 
histochemistry). Animal protocols and procedures were approved by the 
Animal Experiment Committee of the University of Tokyo. 

For total RNA extraction, the spiral valve was divided into three 
regions (anterior, mid, posterior) to examine potential regional differ
ences in transporter expression, as previously described (Anderson et al., 
2010); the first two intestinal folds after the pyloric sphincter were 
classified as anterior, the next two folds were mid folds, and the 
remaining two folds were posterior. One intestinal fold from each region 
was removed, frozen immediately in liquid nitrogen and stored at 
− 80 ◦C. Renal tissue was also excised and handled in the same manner. 
Intestinal tissues for histological staining were immediately fixed in 
Bouin’s solution (1 part formalin: 3 parts picric acid) at 4 ◦C for 6 h then 
transferred to 70% ethanol until analysis. 

2.2. RNA isolation 

Total RNA was isolated as described previously (Nakada et al., 2010; 
Yamaguchi et al., 2009). Briefly, tissues were homogenized in Isogen 
(Nippon Gene, Tokyo, Japan) using a MicroSmash MS-100 (Tomy, 
Tokyo), and total RNA was extracted according to the manufacturer’s 
protocol. RNA content in the samples was quantified using a nanodrop 
and 1 μg of total RNA was treated with DNase I (Invitrogen, Thermo 
Fisher Scientific, Carlsbad, CA, USA) to remove genomic DNA. The 
DNase-treated RNA was reverse transcribed using the High-Capacity 
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cDNA Reverse Transcriptase kit according to the manufacturer’s pro
tocol (Applied Biosystems, Thermo Fisher Scientific, Foster City, CA, 
USA). 

2.3. Quantification of mRNA abundance by RT-qPCR 

The mRNA abundance of three nitrogen transporters (Rhp2, Rhbg, 
UT) and four OUC enzymes (GS, CPS III, OTC, ARG) within intestinal 
and renal tissue were quantified using reverse transcription quantitative 
real-time polymerase chain reaction (RT-qPCR). Primers for the three 
nitrogen transporter proteins were designed based on genome transcript 
sequences of cloudy catshark (Hara et al., 2018) (Table 1). Primers for 
the OUC enzymes were from previously published data (Takagi et al., 
2017) (Table 1). RT-qPCR was performed using cDNA transcribed from 
1 μg RNA, 1 μM of each respective forward and reverse primer, and 
KAPA Sybr Fast qPCR kit (Kapa Biosystems) in a 10 μL assay. Standard 
curves were generated (10− 2, 10− 3, 10− 4, 10− 5, 10− 6, 10− 7 ng cDNA) 
from known quantities of respective purified PCR product (Qiaquick 
PCR purification kit, Qiagen Inc., Mississauga, ON, Canada). A single 
PCR product was verified by the melt curve analysis. For relative mRNA 
abundance, β-actin (ACTB1) was used as the reference gene (Takagi 
et al., 2017). Suitability for ACTB1 was determined by RT-qPCR having 
similar expression levels of the gene in all tissues examined (Table S1). 
To determine target sequences, PCR products were purified using Gen
eClean III kit (MP Biomedicals, Thomas Scientific) and sequenced using 
Big Dye Terminator Sequencing kit (Applied Biosystems). Analysis was 
performed using a Hitachi 3130 Genetic Analyzer (Applied Biosystems). 
The obtained sequences were confirmed using the basic alignment 
search tool (BLAST) on the National Center for Biotechnology Infor
mation website (NCBI GenBank; http://blast.ncbi.nlm.nih.gov). 

2.4. Immunohistochemistry 

Antibodies for Rhp2 and UT were previously developed for 
T. scyllium and verified by Western and Northern blotting, and 
sequencing: Rhp2 (Nakada et al., 2010), and UT (Hyodo et al., 2004). 
IHC of intestinal tissues were performed as previously described (Hyodo 
et al., 2004), with the modifications described below. Briefly, intestinal 
tissues were fixed in Bouin’s solution, embedded in paraffin, sectioned 
(6 μm), and mounted on glass slides (Matsunami Glass). The sections 
were deparaffinized by xylene, rehydrated in graded ethanol, treated 
with 0.6% H2O2 in methanol for 30 min, washed with deionized water, 
and incubated in 2% normal goat serum in 10 mM phosphate buffered 
saline (PBS) containing 0.01% NaN3 for 60 min. The sections were then 
incubated in either Rhp2 (1:4000 dilution) or UT (1:2000 dilution) 
antibody for 1 day at 4 ◦C within a humidity chamber. Immunoreactive 
signals were observed using a Vectastain ABC kit (Vector Laboratories, 
CA) and 3,3′-diaminobenzidine (DAB; ThermoFisher) as the colour re
agent according to manufacturer’s protocols. Sections were counter
stained with hematoxylin after DAB colour development. Negative 
controls for Rhp2 in the intestinal tissues were performed with the same 

procedures, but without the primary antibody. To validate the immu
nohistochemistry of the UT, an immunogen displacement method was 
used to demonstrate the specific staining from non-specific staining. The 
UT antiserum was raised against the N-terminal epitope of the banded 
hound shark UT (Hyodo et al., 2004). To achieve homologous 
displacement effect, the immunogen peptide (ESEAYQNPFMEKKKT) 
corresponding to the N-terminal of the catshark UT was custom syn
thesized (EZBiolab Inc., NJ, USA) for displacement experiments. To 
displace the specific UT-signals in catshark, 10− 5 M of the N-terminal 
peptide was added to the primary antibody incubation to saturate the 
specific antibody binding sites, but not non-specific binding. As the 
collecting tubules of kidney were known to contain abundant UT pro
tein, serial kidney sections were included to demonstrate the perfor
mance of peptide displacement effect. 

Semi-quantitative determination of protein expression was per
formed for the Rhp2 immunohistochemical staining using (Fiji is Just) 
ImageJ software according to previously published protocols (Crowe 
et al., 2019; Crowe and Yue, 2019). Ten villi were randomly selected 
from each spiral valve region (anterior, mid, posterior) for analysis. To 
account for differences in villi length, DAB staining intensity was 
normalized by nuclei quantity. Colour deconvolution was used to select 
for and separate DAB and hematoxylin staining of IHC images: DAB 
stained images were measured for area of mean grey value; hematoxylin 
stained images were processed through binary watershed, and analyzed 
for average nuclei size. Summarized nuclei count was used to divide 
mean grey value to give an average value of villi staining. Data are 
presented as a mean ± sem of the ten regional villi. 

2.5. In situ hybridization 

Tissues were fixed in Bouin’s solution, embedded in paraffin, 
sectioned (6 μm), and mounted on glass slides. The following plasmid 
DNA (pDNA) templates were used for preparation of digoxigenin (DIG)- 
labeled riboprobes: a 987-bp fragment of Rhp2, a 972-bp fragment of 
Rhbg, and a 723-bp fragment of UT. The templates were synthesized 
from PCR products amplified from specific primers (Table 1) and puri
fied with GENEClean III kit (MP Biomedicals), ligated into a pGEM-T 
easy vector using Clontech ligation mix (TaKaRa Bio Inc., Japan) with 
blue/white screening. Insertion of vector was verified by PCR using 
KAPA Taq EXtra HotStart ReadyMix (Roche, Mannheim, Germany) and 
sequenced as described above. RNA DIG-labeling kit (T7 sense/SP6 
antisense) (Roche) was used on 1 μg purified pDNA (Qiaprep Spin 
Miniprep kit, Qiagen Inc., Mississauga, ON, Canada) in a 10 μL assay to 
synthesize DIG-labeled sense and antisense probes. 

Hybridization followed a previously published protocol (Takabe 
et al., 2012), where deparaffinized sections were rehydrated and 
digested with 30 units of proteinase K (Sigma-Aldrich) in phosphate 
buffer (PBS) for 10 min at 37 ◦C. Sections were then treated with 4% 
paraformaldehyde (PFA; pH 7.4) and active diethyl pyrocarbonate 
(DEPC; 0.1%), before incubating in pre-hybridization buffer (5× SSC: 
0.75 M NaCl and 83.3 mM sodium citrate, pH 7.5; 50% formamide) for 2 

Table 1 
Primers used in reverse transcription quantitative real-time PCR (RT-qPCR) targeting two Rhesus glycoprotein ammonia transporters (Rhp2, Rhbg), a urea transporter 
(UT), β-actin (ACTB1), and four OUC enzymes (GS, glutamine synthetase; CPS III, carbamoyl phosphate synthetase III; OTC, ornithine transcarbamylase; ARG, 
arginase) in cloudy catshark (Scyliorhinus torazame).  

Gene Forward primer Reverse primer Product size (bp) Accession no. 

5′ to 3′ 5′ to 3′

Rhp2 GGATCCACATGAGCGTTTA ACTCGGTGGCAGTGAATATG 150 GCB71145 
Rhbg CCACGTCGAGTGTCGTTAATC CGAGGGCGTGATCATCATTT 116 AFJ44128 
UT CCGCAACAGGACACTACAA GAAGCATTGGAGCACTGAGA 102 GCB70015 
ACTB1 GCAATCATCTTGATTTTCATGGTACT CCTGGCARRGCAGACCGTAT 74 LC258081 
GS GAGAGTCAGTCCGCTGCAAGA CATCAAAATTCCATTCTGGGAGAT 81 LC258078 
CPS III CTCACGATGCGACAGAGATGA GACAACTGGGTGTTCCTGAGAGA 71 LC258075 
OTC GGGCTTTGAACCAGATTCCA CATTTTGGTCCCACACTTTTCAG 70 LC258076 
ARG GCTTGGAGGAGACCACAGTTTAG GAGTGATCCAAGAAAATCCAGG 212 LC258077  
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h at 58 ◦C. Sections were incubated overnight in hybridization mixture 
(same as pre-hybridization buffer) containing thymus DNA and 10–20 
ng per slide of DIG-labeled RNA sense or antisense probe (heat dena
tured at 85 ◦C for 5 min) at 58 ◦C. After washing (2× SSC for 30 min at 
25 ◦C, 2× SSC for 60 min at 65 ◦C, 0.1× SCC for 60 min at 65 ◦C, and 
equalization buffer (100 mM Tris-HCL, 150 mM NaCl, pH 7.5) for 5 min 
at 25 ◦C), sections were incubated with anti-Digoxigenin-AP Fab Frag
ments (Roche) (1:5000 dilution in 0.5% Boehinger Blocking reagent 
provided in DIG nucleic acid detection kit (Roche) for 2 h at 25 ◦C in a 
moist chamber. Nitro blue tetrazolium (NBT) and bromochloroindolyl 
phosphate (BCIP) substrates were used for colour development (Sigma- 
Aldrich). 

2.6. Statistics 

Statistical analyses were conducted using RStudio (R Core Team, 
2017) and Figures were produced using the package ggplot2 (Wickham, 
2009). Data were checked for normality (Shapiro-Wilks) and homoge
neity of variance (Levene’s test). Two-way analysis of variance (Two- 
way ANOVA) was performed and Tukey’s post hoc test was used to 
detect significant differences. Differences were accepted as significant 

when p < 0.05. Data are expressed as mean ± sem within the text and 
Figures. 

3. Results 

3.1. Rhp2 

The effects of metabolic state (fed, fasted) and tissue type (anterior, 
mid, posterior, kidney) on the mRNA abundance of Rhp2 were analyzed 
with a two-way ANOVA. There was no significant interaction between 
the metabolic state and tissue type (F3,35 = 2.3, p = 0.1). For metabolic 
state, there were significantly higher levels of Rhp2 mRNA in all three 
spiral valve regions of the fasted catsharks compared to those of the fed 
(p < 0.02) (Fig. 1A). For tissue type, there were no significant differences 
in mRNA abundance among the tissues of the fasted (p > 0.3) and fed (p 
> 0.3) catsharks. 

To determine the cellular location of the Rhp2 protein, immunohis
tochemistry was performed. IHC staining for Rhp2 occurred along the 
brush border membrane of the entire lumenal villi, and ISH staining 
showed Rhp2 mRNA throughout the columnar epithelial cells along the 
length of the villi in both fed and fasted catsharks (Fig. 2). A two-way 

Fig. 1. mRNA abundance of nitrogen transporters A) 
Rhp2, B) Rhbg, and C) UT, relative to the internal 
standard reference gene, β-actin (ACTB1), in anterior 
(yellow box), mid (orange box), and posterior (brown 
box) intestinal spiral valve regions of cloudy catshark 
(Scyliorhinus torazame), and renal tissue (white 
boxes). Horizontal line within boxplots indicates 
mean, and the upper and lower box boundaries indi
cate sem, with individual data points represented as 
black dots (n = 5). Means not sharing the same letter 
are statistically significant. Two-way ANOVA, p <
0.05. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web 
version of this article).   
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ANOVA was performed to analyze the effects of metabolic state and 
tissue type on the semi-quantitative determination of protein expression. 
There was no significant interaction between the effects of metabolic 
state and tissue type (F2,54 = 0.7, p = 0.5). For metabolic state, there 
were significantly higher levels of Rhp2 protein expression in all spiral 
valve regions of the fed catsharks compared to the fasted (anterior, p <
0.01; mid, p < 0.01; posterior, p < 0.002) (Fig. 3). For tissue type, only 
the posterior spiral valve region of fed catsharks had significantly higher 
protein expression compared to the anterior region (p < 0.02). 

3.2. Rhbg 

For the mRNA of Rhbg, there was no significant interaction between 
metabolic state and tissue type (F3,32 = 0.8, p = 0.5). For metabolic 
state, there were no significant differences between fasted and fed cat
sharks for any of the spiral valve regions (p > 0.07) or kidney (p = 1.0). 
For tissue type, there were no significant differences in mRNA abun
dance among the tissues of the fasted catsharks (p > 0.4), or the fed (p >
0.9). (Fig. 1B). ISH staining showed Rhbg mRNA throughout the 
epithelial cells along the length of the villi in both fed and fasted 

catsharks (Fig. 4). 

3.3. UT 

For the mRNA abundance of UT, there was no significant interaction 
between of metabolic state and tissue type (F3,35 = 1.6, p = 0.2). For 
metabolic state, there were higher levels of UT mRNA abundance in the 
anterior spiral valve region of the fasted catshark compared to the fed (p 
< 0.001) (Fig. 1C). For tissue type, there were no significant differences 
in mRNA abundance among the tissues of the fasted catsharks (p > 0.4), 
or the fed (p > 0.5). The specific staining of UT in the renal collecting 
tubules can be displaced by the addition of excess peptide of the cor
responding protein region of UT during the antibody incubation 
(Fig. 5A,B). With the same condition, displaceable UT signals were 
found along the basolateral membrane and in the endothelial layer of 
the blood vessels supplying the spiral valve (Fig. 5C), suggesting a 
ubiquitous presence of UT within the smooth muscle layer, likely sur
rounding the capillaries (Fig. 5G). ISH staining also showed UT mRNA 
ubiquitously present throughout the columnar epithelial cells (Fig. 5I, 
J). 

Fig. 2. Intestinal spiral valve villi from cloudy cat
shark (Scyliorhinus torazame). Immunohistochemical 
protein localization of Rhp2 within spiral valve villi in 
A) fed and B) fasted catsharks; C) control with no 
antibody also shown. Bound antibodies were detected 
with 3,3′-diaminobenzidine (DAB; brown) and coun
terstained with hematoxylin (blue). In situ hybridiza
tion of Rhp2 mRNA within D) fed (antisense) and E) 
fasted (antisense) catsharks; F) control (sense) also 
shown. Nitro blue tetrazolium (NBT) and bromo- 
chloro-indolyl phosphate (BCIP) substrates used for 
staining. Arrows indicate brush border membrane and 
arrowheads indicate goblet cells. Bars = 100 μm. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of 
this article).   
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3.4. Glutamine Synthetase (GS) 

There was no significant interaction between the metabolic state and 
tissue type (F3,44 = 1.1, p = 0.4) for the mRNA abundance of GS. For 
metabolic state, there were no significant differences between the fasted 
and fed catsharks (p > 0.1) (Fig. 6A). For tissue type, there were 
significantly higher levels of the mRNA abundance of GS in the anterior 
spiral valve region of fasted catshark compared to the mid (p < 0.001) 
and posterior (p < 0.001) regions, and the kidney (p < 0.04). The pos
terior spiral valve of the fasted catsharks has significantly lower levels 
compared to the mid region (p < 0.02) and kidney (p < 0.001). For fed 
catsharks, there were significantly lower levels in the posterior spiral 
valve compared to the anterior (p < 0.01), and kidney (p < 0.04). 

3.5. Carbamoyl phosphate synthetase III (CPS III) 

For the mRNA abundance of CPS III, there was no significant inter
action between metabolic state and tissue type (F3,44 = 1.3, p = 0.3). For 
metabolic state, there were no significant differences between the fasted 
and fed catsharks (p > 0.1) (Fig. 6B). For tissue type, there were 
significantly higher levels of the mRNA abundance of CPS III in the 
posterior spiral valve of fasted catsharks compared to the anterior (p <
0.001) and mid regions (p < 0.01). There were also significantly higher 
levels in the kidney of both the fasted and fed catsharks compared to the 
three spiral valve regions (p < 0.05). 

Fig. 3. Semi-quantification of Rhp2 immunohistochemical protein expression within intestinal spiral valve tissues of fed and fasted the cloudy catshark (Scyliorhinus 
torazame). Values (arbitrary) represent protein expression relative to nuclei abundance of ten randomly selected villi within the three spiral valve regions (anterior, 
yellow boxes; mid, orange boxes; and posterior, brown boxes). Horizontal line within boxplots indicate mean, and the upper and lower box boundaries indicate sem, 
with individual data points represented as black dots. Means not sharing the same letter as statistically significant. Two-way ANOVA, p < 0.05. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article). 

Fig. 4. In situ hybridization of Rhbg mRNA within the spiral valve villi of A) fed (antisense) and B) fasted (antisense) cloudy catshark (Scyliorhinus torazame); C) 
control (sense). Arrows indicate brush-border membrane and arrowheads indicate goblet cells. Bars = 100 μm. 
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3.6. Ornithine transcarbamoylase (OTC) 

There was no significant interaction between metabolic state and 
tissue type (F3,44 = 0.4, p = 0.8) for OTC mRNA abundance. For meta
bolic state, there were significantly higher levels of OTC mRNA in the 
mid (p < 0.01) and posterior spiral valve (p < 0.03), and kidney (p <
0.04) of fasted catsharks compared to fed (Fig. 6C). For tissue type, there 
were no significant differences among the tissues of the fasted catsharks 
(p > 0.06). For fed catsharks, there were significantly higher levels of 
OTC mRNA abundance in the kidney compared to the mid (p < 0.01) 
and posterior spiral valve (p < 0.04). 

3.7. Arginase (ARG) 

There was no significant interaction between metabolic state and 
tissue type (F3,44 = 1.2, p = 0.3) for the mRNA abundance of ARG. For 
metabolic state, there were significantly higher levels of ARG mRNA 
abundance in the anterior spiral valve of the fasted catsharks compared 
to the fed (p < 0.01), and in the kidney of the fasted catshark compared 
to the fed (p < 0.01) (Fig. 6D). For tissue type, there were significantly 
higher levels of ARG mRNA abundance in the anterior spiral valve 
compared to the posterior spiral valve of fasted catsharks (p < 0.03), as 
well as significantly higher levels in the kidney compared to the mid (p 

Fig. 5. Immunohistochemical protein localization of UT 
within the kidney nephron (A-B), and spiral valve villi and 
smooth muscle (C–H) of cloudy catshark (Scyliorhinus 
torazame). A) kidney; B) kidney control with peptide- 
blocked antibody used in primary incubation; C) spiral 
valve villi from fed catshark; D) spiral valve villi control 
with peptide-blocked antibody used in primary incuba
tion; E) spiral valve villi from fasted catshark; F) spiral 
valve villi control with peptide-blocked primary antibody; 
G) spiral valve smooth muscle from fed catshark; H) spiral 
valve smooth muscle control with peptide-blocked anti
body used in primary incubation. Bound antibodies were 
detected with 3,3′-diaminobenzidine (DAB; brown) and 
counterstained with hematoxylin (blue). Also shown are in 
situ hybridization of UT mRNA within I) fed (antisense) 
and J) fasted (antisense) catsharks, and K) control (sense). 
Nitro blue tetrazolium (NBT) and bromo-chloro-indolyl 
phosphate (BCIP) substrates used for staining. Arrows 
indicate brush border membrane. Bars = 100 μm. Abbre
viations: bv: blood vessel; ct: collecting tubule; g: 
glomerulus; lp: lamina propria; lt: lymphoid tissue; m: 
smooth muscle; sm: submucosa. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the web version of this article).   
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< 0.01) and posterior spiral valve (p < 0.001). In fed catsharks, the ARG 
mRNA abundance was significantly increased in the kidney compared to 
all three spiral valve regions (p < 0.001). 

4. Discussion 

This study demonstrated the presence of two Rh glycoprotein 
ammonia transporters (Rhp2, Rhbg) and a urea transporter (UT) within 
the intestinal and renal tissues of the cloudy catshark, as well as the 
mRNA of four OUC enzymes (GS, CPS III, OTC, ARG). There was a sig
nificant increase in mRNA abundance of Rhp2 in all three spiral valve 

regions of the fasted catsharks compared to the fed, but no significant 
differences along the length of the spiral valve for either the fasted or the 
fed catsharks (Fig. 1A). In contrast, the protein expression of Rhp2 was 
significantly higher in all three spiral valve regions of the fed catsharks 
compared to the fasted, as well as higher levels in the posterior spiral 
valve of the fed catsharks compared to the anterior (Fig. 3). It is known 
that transcript abundance is not enough to predict protein expression 
levels (for reviews on this see de Sousa Abreu et al., 2009, Liu et al., 
2016, and McManus et al., 2015). Regulation of gene expression is 
dependent upon many factors, including the rates of transcription, 
translation, and degradation, the availability of resources necessary to 

Fig. 6. mRNA abundance of ornithine urea cycle 
(OUC) enzymes A) GS, glutamine synthetase; B) CPS 
III, carbamoyl phosphate synthetase III; C) OTC, 
ornithine transcarbamylase; D) ARG, arginase, rela
tive to the internal standard reference gene, β-actin 
(ACTB1), in the anterior (yellow box), mid (orange 
box), and posterior (brown box) intestinal regions of 
cloudy catsharks (Scyliorhinus torazame), and renal 
tissue (white boxes). Horizontal line within boxplots 
indicates mean, and the upper and lower box 
boundaries indicate sem, with individual data points 
represented as black dots (n = 5). Means not sharing 
the same letter are statistically significant. Two-way 
ANOVA, p < 0.05. (For interpretation of the refer
ences to colour in this figure legend, the reader is 
referred to the web version of this article).   
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synthesize the proteins, or the half-life of mRNA (median: 9 h) compared 
to protein (median: 46 h) (de Sousa Abreu et al., 2009; Liu et al., 2016; 
McManus et al., 2015; Schwanhüusser et al., 2011). Therefore, there 
may be unresolved factors not explored in this study that were respon
sible for the demonstrated differences between the transcript abundance 
if Rhp2 and the protein expression. It is also possible that the higher 
levels of protein expression in the fed catsharks were due to a greater 
trafficking of the Rhp2 protein from the cytoplasm or submembrane 
regions to the apical membrane, rather than an increase in protein 
synthesis. The mobilization of the Rhp2 protein to the apical membrane 
is likely linked to the digestion of food and the subsequent uptake of 
ammonia from the lumen, as evidenced by the IHC staining showing that 
Rhp2 was localized at the brush border membrane of the intestinal villi 
(Fig. 2A, B). This apical protein expression is in contrast to the baso
lateral localization in the kidney tubules of T. scyllium (Nakada et al., 
2010). The apical location of Rhp2 protein expression along the intes
tinal villi would suggest it plays a role in the absorption of ammonia 
from the lumen into the epithelia for the purpose of nitrogen 
recruitment. 

Once uptake into the epithelial cells occurs, ammonia can be used to 
synthesize glutamine, the nitrogen-donating substrate for the OUC 
(Anderson, 1991). The activity of three OUC enzymes (CPS III, OTC, 
ARG) have previously been demonstrated within the intestinal tissues of 
the spiny dogfish (Kajimura et al., 2006), indicating ammonia within the 
epithelia, possibly taken-up by Rhp2, could be used for the production of 
urea. Our study quantified the mRNA abundance of GS, CPS III, OTC, 
ARG within the intestinal and renal tissues of the cloudy catshark 
(Fig. 6). The mRNA abundance of GS was orders of magnitude higher 
than the other three enzymes, while CPS III and ARG had the lowest 
levels. This is likely due to the use of glutamine as an important fuel 
source in these animals (Chamberlin and Ballantyne, 1992), as well as 
being used as a precursor of urea synthesis (Anderson, 1991). There 
were some differences in the mRNA abundance of all of the OUC en
zymes along the length of the spiral valve. GS abundance was lowest in 
the posterior region compared to the anterior of both fed and fasted 
catsharks. In fasted catsharks, CPS III abundance was higher in the 
posterior spiral valve compared to the anterior, but not in fed catsharks. 
There were no differences in OTC abundance among all spiral valve 
regions. ARG had the lowest levels in the posterior spiral valve of fasted 
catsharks compared to the anterior, but no regional differences were 
found in the fed animals. In comparison, the spiral valve of the spiny 
dogfish had no significant differences in the activity of the four enzymes 
between fasted and fed animals (Kajimura et al., 2006), but regional 
differences across the spiral valve regions were not investigated. The 
mRNA abundance of these enzymes, as well as the enzyme activity re
ported by Kajimura et al. (2006) indicate the synthesis of urea occurs 
within the intestinal tissues of marine elasmobranchs. As there is no 
common trend in transcript abundance among the four enzymes it is 
currently not possible to identify which region, if any, contributes more 
to the synthesis of urea in the cloudy catshark under these conditions. 

We also demonstrated the mRNA abundance of all four OUC enzymes 
within the renal tissue of the catshark (Fig. 6). In mammals, CPS I (the 
mammalian equivalent to CPS III), OTC, and ARG have been identified 
within renal tissues of rat (Aperia et al., 1979) and dog (Von Dreele and 
Banks, 1985). Even though the mammalian kidney is designed to elim
inate waste nitrogen as urea, urea can also be retained within the inner 
medulla to prevent osmotic diuresis; indeed, it was demonstrated that 
the presence of UTs within the renal tissue of mice work to concentrate 
the urine (Fenton et al., 2004; Fenton and Knepper, 2007; Geng et al., 
2020). Additionally, the presence of the OUC enzymes in the renal tissue 
of rats has been attributed to the role that urea plays in concentrating 
urine (Aperia et al., 1979). In contrast, marine elasmobranch kidneys are 
designed to reabsorb and retain filtered urea (Boylan, 1972; Boylan, 
1967; Hyodo et al., 2014; Hyodo et al., 2004; Kempton, 1953). In the 
elephant shark, in situ hybridization showed the mRNA of GS, OTC, and 
Rhp2 were all located in the same tubular segment of the kidney sinus 

zone (Hyodo et al., 2014). Therefore, urinary ammonia may be taken-up 
into the tubule epithelium by Rhp2, and used to synthesize urea via the 
OUC (Hyodo et al., 2014) and subsequently moved into the plasma for 
circulation as a mechanism to retain nitrogen and use for whole-body 
nitrogen balance. 

The mRNA levels of Rhbg in the spiral valve and renal tissues did not 
differ between fasted and fed catsharks, nor between any of the spiral 
valve regions and the kidney (Figs. 1, 4). We did not have a verified 
system to determine the localization of Rhbg through IHC; however, 
Rhbg expression has been located along the basolateral membrane of 
fish branchial epithelia (Wright and Wood, 2009), mammalian renal 
tubules, and hepatic tissue (Verlander et al., 2003; Weiner et al., 2003). 
If the same basolateral pattern persists in the spiral valve, Rhbg may 
facilitate the transport of ammonia across the basolateral membrane to 
the plasma for subsequent transport to the liver and/or skeletal muscle, 
which are known locations of urea production via the OUC (Casey and 
Anderson, 1982; Kajimura et al., 2006; Steele et al., 2005). The ISH 
staining for Rhbg and Rhp2 indicates the mRNA of both ammonia 
transporters occurs throughout the intestinal epithelia (Figs. 2D,E and 
4A,B). Therefore, it is reasonable to speculate that ammonia may be 
taken up from the intestinal lumen by apically located Rhp2 along the 
brush border membrane and transported to the blood by Rhbg on the 
basolateral membrane. 

Immunohistological staining showed UT expression along the baso
lateral membrane and blood vessels of the spiral valve (Fig. 5C,E), 
suggesting that it is involved in the transport of urea between the in
testinal epithelial cells and the plasma. When combined with the Rhp2 
apical localization and the presence of the OUC enzymes, as demon
strated by our transcript abundance data and previous enzyme activity 
work (Kajimura et al., 2006), we suggest ammonia within the spiral 
valve can be taken-up by Rhp2 along the brush border membrane and 
shuttled to the OUC within the epithelium for urea synthesis. The 
resulting urea is then subsequently moved across the basolateral mem
brane to the blood vessels via the UT. 

The IHC staining for the renal UT showed expression in the collecting 
tubules (Fig. 5A), as seen in the banded houndshark (Hyodo et al., 2014; 
Hyodo et al., 2004), and the renal UT mRNA abundance did not differ 
between fasted and fed catsharks (Fig. 1C). More than 90% of urea 
filtered from the primary urine is reabsorbed by elasmobranch kidney 
(Boylan, 1972; Boylan, 1967; Hyodo et al., 2004; Kempton, 1953), likely 
aided by renal UTs. For these nitrogen-limited animals, the retention of 
urea at the kidney reduces the metabolic cost of synthesizing urea, 
which has been calculated to require five molecules of ATP for every 
molecule of urea synthesized (Walsh and Mommsen, 2001). Identifica
tion of a UT in both the apical and basolateral epithelial membranes of 
the collecting tubule in the renal tissue of T. scyllium suggests this area is 
responsible for the reabsorption of urea from the urine (Hyodo et al., 
2004). The increased UT mRNA abundance in fasted catsharks could be 
linked to an increase in urea reabsorption during times of reduced 
exogenous urea intake, likely to aid in maintaining a continual supply of 
nitrogen for whole-body homeostasis. 

5. Conclusions 

This study demonstrated the presence of three nitrogen transporters 
(Rhp2, Rhbg, UT) within the intestinal and renal tissues of the cloudy 
catshark, and highlighted the importance of nitrogen trafficking and 
retention within these tissues. This is the first study to identify the 
cellular localization of Rhp2 along the apical brush border membrane, 
and UT along the basolateral membrane and blood vessels in the spiral 
valve of a marine elasmobranch. Rhp2 along the brush border mem
brane suggests it is involved in ammonia uptake from the lumen into the 
epithelial cells. The mRNA of the OUC enzymes suggests that urea is 
synthesized within the intestinal epithelium, and possibly within the 
renal tissues as well, with both tissues likely contributing to the whole- 
body nitrogen budget for these animals. The basolateral and blood vessel 
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localization of UT suggests it may be involved in the uptake of urea from 
the intestinal epithelium into the plasma. The presence of both Rhp2 and 
Rhbg along the spiral valve highlights the importance of ammonia 
trafficking for these ureotelic animals, as a method of nitrogen recruit
ment for both metabolic and osmoregulatory purposes. 
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