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Abstract
For ureosmotic marine elasmobranchs, the acquisition and retention of nitrogen is critical for the synthesis of urea. To bet-
ter understand whole-body nitrogen homeostasis, we investigated mechanisms of nitrogen trafficking in North Pacific spiny 
dogfish (Squalus acanthias suckleyi). We hypothesized that the presence of nitrogen within the spiral valve lumen would 
affect both the transport of nitrogen and the mRNA abundance of a urea transporter (UT) and two ammonia transport proteins 
(Rhp2, Rhbg) within the intestinal epithelium. The in vitro preincubation of intestinal tissues in NH4Cl, intended to simulate 
dietary nitrogen availability, showed that increased ammonia concentrations did not significantly stimulate the net uptake of 
total urea or total methylamine. We also examined the mRNA abundance of UT, Rhp2, and Rhbg in the gills, kidney, liver, 
and spiral valve of fasted, fed, excess urea fed, and antibiotic-treated dogfish. After fasting, hepatic UT mRNA abundance was 
significantly lower, and Rhp2 mRNA in the gills was significantly higher than the other treatments. Feeding significantly 
increased Rhp2 mRNA levels in the kidney and mid spiral valve region. Both excess urea and antibiotics significantly reduced 
Rhbg mRNA levels along all three spiral valve regions. The antibiotic treatment also significantly diminished UT mRNA 
abundance levels in the anterior and mid spiral valve, and Rhbg mRNA levels in the kidney. In our study, no single treatment 
had significantly greater influence on the overall transcript abundance of the three transport proteins compared to another 
treatment, demonstrating the dynamic nature of nitrogen balance in these ancient fish.
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Introduction

Urea is a critical component in the osmoregulatory strat-
egy of marine elasmobranchs (Smith 1929, 1936), but the 
nitrogen required for its synthesis can be limited due to 
their putative intermittent feeding behaviors, and the need 
for nitrogen for obligatory somatic processes (Wood 2001; 
Bucking 2015). Urea is also energetically expensive to pro-
duce (Anand and Anand 1993; Walsh and Mommsen 2001); 
therefore, to reduce energetic costs and maintain internal 

nitrogen homeostasis, these animals must possess physi-
ological mechanisms capable of retaining urea. Transport 
proteins capable of moving nitrogenous compounds, such as 
urea and ammonia, across tissues are one such mechanism. 
The first urea transporter (UT) identified in a marine fish was 
shark UT (ShUT) (Smith and Wright 1999). The mRNA of 
ShUT was demonstrated in the kidney and brain of the spiny 
dogfish (Squalus acanthias suckleyi), with related mRNA 
sequences found in the gills, liver, muscle, rectal gland, 
red blood cells, and spiral valve (Smith and Wright 1999). 
ShUT was identified as a facilitative transporter that shared 
66% identity to the rat UT-A2 transport protein, and when 
expressed in Xenopus oocytes, it induced a tenfold increase 
in 14C-urea uptake that could be inhibited by the general 
transport blocker phloretin (Smith and Wright 1999).

Subsequently, UT-A-like urea transporters (LeMoine 
and Walsh 2015) have been found in many tissues (e.g., 
brain, gills, heart, liver, muscle, rectal gland, red blood 
cells, renal tissue, spiral valve, and testes) of several marine 
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elasmobranchs, including the Japanese banded houndshark 
(Triakis scyllium) (Hyodo et al. 2004), the Atlantic stingray 
(Dasyatis sabina), the winter skate (Leucoraja ocellata) 
(Janech et al. 2003, 2006, 2008), and the little skate (Leuc-
oraja erinacea) (Morgan et al. 2003). Immunohistochemi-
cal studies using the banded houndshark showed the renal 
UT to be exclusively expressed in the collecting tubules, 
indicating that it is likely responsible for the reabsorption of 
urea from the primary urine (Hyodo et al. 2004; Yamaguchi 
et al. 2009). The reabsorption and retention of filtered urea 
(Hyodo et al. 2014) would act as an important component 
of nitrogen homeostasis in these animals, acting to conserve 
valuable nitrogen from urinary excretion.

Smith and Wright (1999) first identified a UT transcript 
in the intestinal tissue of the spiny dogfish, and the mRNA 
abundance of UTs along the length of the spiral valve in the 
little skate was reported by Anderson et al. (2010). The UT 
in the little skate showed an increasing trend in transcript 
abundance from the anterior to the posterior region of the 
spiral valve, and the overall abundance was orders of mag-
nitude lower than the renal tissue (Anderson et al. 2010). 
As the main site of urea uptake (Liew et al. 2013), as well 
as a probable contributor to the synthesis of urea via the 
ornithine-urea (OUC) (Kajimura et al. 2006), UTs within 
the intestinal tissues could facilitate the trafficking of urea 
between the lumen of the gut and plasma.

Due to their ureosmotic nature, previous studies investi-
gating nitrogen transport and utilization in marine elasmo-
branchs have focused on urea and the organs involved in its 
synthesis, retention, and loss. More recently, attention has 
turned to the acquisition and transport of ammonia, espe-
cially along the spiral valve (Anderson et al. 2010; Wood 
et al. 2019; Hoogenboom et al. 2020; Weinrauch et al. 2020). 
The use of urea as an osmolyte necessitates the retention 
of ammonia and its conversion to glutamine, the nitrogen-
donating substrate for the marine elasmobranch OUC 
(Anderson and Casey 1984; Anderson 1991). Therefore, 
the acquisition, retention, and transport of ammonia is of 
considerable interest, and further investigations may lead to 
a better understanding of whole-body nitrogen homeostasis 
within these animals.

Research into the transport of ammonia has expanded 
considerably since the discovery that Rhesus-like (Rh) gly-
coprotein transporters have the capacity to transport ammo-
nium (Marini et al. 1997, 2000; Westhoff et al. 2002). The 
first identification of a Rh transporter in an elasmobranch 
was Rhbg in the spiral valve, kidney, and rectal gland of 
the little skate (Anderson et al. 2010). Subsequently, the 
mRNA of Rhbg has also been demonstrated in the brain, 
gills, kidney, liver, muscle, rectal gland, spiral valve, and 
cardiac and pyloric stomachs of S. a. suckleyi (Nawata et al. 
2015a, b). Within the spiral valve of the little skate, Rhbg 
mRNA abundance was orders of magnitude higher than 

the UT, and showed a trend of increasing abundance from 
the anterior to the posterior region (Anderson et al. 2010). 
Another ammonia transporter, Rhp2, was first identified 
in the renal collecting tubules of the banded houndshark 
kidney (Nakada et al. 2010). Rhp2 mRNA has since been 
demonstrated in the red blood cells, brain, gills, spiral valve, 
kidney, liver, muscle, rectal gland, and cardiac and pyloric 
stomachs of S. a. suckleyi (Nawata et al. 2015a). The pres-
ence of ammonia transporters in these ureosmotic animals 
highlights the importance of regulated ammonia trafficking 
across various tissues.

In addition to the mechanisms necessary to transport and 
regulate the movement of urea and ammonia, another aspect 
of nitrogen homeostasis that is gaining research attention is 
the role of the gastrointestinal (GI) microbiome in nitrogen 
homeostasis. The presence of urease, a microbial enzyme, 
was demonstrated within the GI tract of S. a. suckleyi (Wood 
et al. 2019). Urea is a metabolic dead-end for most verte-
brates, and the presence of a microbial enzyme capable of 
catabolizing urea into ammonia may provide a route for 
nitrogen recycling (Mobley and Hausinger 1989; Stewart 
and Smith 2005). In vitro flux studies with S. a. suckleyi 
demonstrated a net efflux of urea across the intestinal tissues 
of fasted animals (Liew et al. 2013; Anderson et al. 2015). 
It was proposed that the urea efflux into the intestinal lumen 
may be recycled by GI microbial urease to liberate nitrogen 
for use by the microbiome or the host (Wood et al. 2019), 
similar to the urea-nitrogen salvaging (UNS) in ruminants 
(Stewart and Smith 2005).

To better understand the in vitro urea flux and ammo-
nia accumulation that occurs along the dogfish spiral valve, 
the goal of this study was to examine mechanisms poten-
tially responsible for nitrogen trafficking. We examined the 
flux of nitrogen across intestinal tissues mounted in Ussing 
chambers using radiolabelled urea and the ammonia analog, 
methylamine as a proxy for the movement of ammonia. We 
hypothesized that nitrogen availability, simulated by the 
preincubation of the spiral valve tissues in NH4Cl, would 
affect the movement of the radiolabelled substrates from 
the mucosal medium to the serosal. We predicted increased 
nitrogen availability would increase the uptake of urea 
and methylamine, as a method of nitrogen acquisition and 
retention. We also examined the mRNA abundance of three 
nitrogen transport proteins (UT, Rhp2, Rhbg) in fasted and 
fed dogfish to understand how nitrogen availability may 
affect urea and/or ammonia trafficking. Additionally, as 
increased urea in the diet (Hoogenboom et al. 2020), or an 
antibiotic treatment intended to diminish the GI microbiome 
(MacPherson et al. 2022) may influence ammonia accumula-
tion in the intestine of the dogfish, we examined the tran-
script abundance levels of the three transport proteins in 
dogfish fed 700 mM urea or treated with antibiotics via gav-
age. In addition to investigating the movement of nitrogen 
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across the spiral valve (site of nitrogen acquisition), we also 
examined the mRNA abundance of the nitrogen transport-
ers in the gills and kidney (nitrogen loss and retention) and 
liver (urea synthesis). We hypothesized that prandial nitro-
gen would affect the mRNA abundance of the transport pro-
teins. We predicted that the level of transcript abundance 
would be dependent on the preservation or loss of nitrogen 
necessary for the animals to maintain whole-body nitrogen 
homeostasis.

Methods

Animals

Male North Pacific spiny dogfish (S. a. suckleyi) were col-
lected by rod-and-reel in Barkley Sound, British Columbia 
in July and August, 2017–2019 (2.12 ± 0.05 kg). Animals 
were held at Bamfield Marine Sciences Centre in 1,500 
L outdoor covered flow-through circular tanks. Sea water 
was held at a constant temperature (12 ± 1.0 °C) and salin-
ity (30 ± 2.0 ppt) with a natural photoperiod. All protocols 
were approved by the Animal Care Committee at Bamfield 
Marine Sciences Centre (RS-17-03, RS-18-03, and RS-19-
03) within the guidelines of the Canadian Council on Ani-
mal Care and appropriate collection permits for scientific 
research as issued by Fisheries and Oceans, Canada (XR 135 
2017, XR 149 2018, and XR 99 2019).

Feeding

All dogfish were fasted for 7 days to ensure complete diges-
tion and evacuation of their GI tracts, and ensure that all 
animals were in a similar metabolic state with similar inter-
nal resource demands (Jones and Geen 1977; Kajimura 
et al. 2006; Wood et al. 2007a). For the fed animals, fol-
lowing light anesthesia (tricaine methanesulfonate, MS-222; 
100 ppm. Syndel Labs, Vancouver, BC, Canada), dogfish 
were weighed and force-fed via gavage according to previ-
ously published methods (Hoogenboom et al. 2020). Fro-
zen Atlantic herring (Clupea harengus; Rhys Davis, Sidney 
B.C.) were thawed and blended into a slurry with minimal 
filtered seawater (no more than 5% seawater by mass). For 
the excess urea dogfish, urea (Sigma-Aldrich) was added 
to the herring-slurry to a final concentration of 700 mM 
(Hoogenboom et al. 2020), and fed via gavage directly into 
the cardiac stomach. We chose a concentration beyond that 
normally found within the tissues and plasma of S. a. suck-
leyi in an effort to examine the nitrogen handling capabilities 
of these animals, as well as to not mask the potential results 
of the exogenous urea uptake by the endogenous concentra-
tions found within the animal. The antibiotic (AB) treated 
dogfish received six treatments of antibiotic cocktail (in mg 

kg−1 body mass: 75 ampicillin, 75 chloramphenicol, 20 sis-
omicin, and 20 penicillin) made with ammonia-free elasmo-
branch Ringer’s (in mM: 400 urea, 257 NaCl, 80 TMAO, 7 
Na2SO4, 6 NaHCO3, 5 glucose, 4 KCl, 3 MgSO4, 2 CaCl2, 
0.1 NaHPO4; pH 7.8). Every 24 h, the dogfish were lightly 
anesthetized (MS-222; 100 ppm), and received the antibi-
otic cocktail via gavage directly into the cardiac stomach. 
On day 6, during the final anesthesia and antibiotic cocktail 
administration, the dogfish were fed the herring-slurry with 
15NH4Cl to a final concentration of 7 mM (MacPherson et al. 
2022). The use of 15N was necessary for an additional study 
(Hoogenboom and Anderson, in revision) and we assume 
that the 15N labeled nitrogen behaves in the same way as 
the abundant 14N. The fed and excess urea dogfish digested 
for 20 h, and the AB-treated dogfish digested for 72 h prior 
to immersion in a terminal dose of anesthetic (MS-222; 
250 ppm), and collection of tissues for in vitro flux and 
molecular studies.

Tissue collection

For the mRNA abundance of the transport proteins, the fol-
lowing tissues were collected: anterior, mid, and posterior 
intestinal folds from the spiral valve, the gills, kidney, and 
liver. It should be noted that gill and kidney samples were 
not collected from the excess urea treatment group. When 
a longitudinal incision is made along the length of the spi-
ral valve of S. a. suckleyi, the internal structure consists 
of 14–15 folds that slow the passage of food and increase 
the surface area for nutrient absorption (Chatchavalvanich 
et al. 2006; Bucking 2015; Leigh et al. 2021). We classified 
the anterior region of the spiral valve as the first 4−5 folds, 
the mid region as the middle 4−5 folds, and the posterior 
region as the remaining 4–5 folds before the colon (Ander-
son et al. 2010). All tissues were rinsed in ammonia-free 
elasmobranch Ringer’s to remove any chyme or residual 
blood, placed into RNAlater (Invitrogen; ThermoFisher), 
and left at room temperature for 24 h prior to storage at 
− 80 °C until analysis. For the spiral valve folds, only the 
epithelial layer was used for mRNA abundance quantifica-
tion; the epithelium was carefully scraped from the under-
lying connective/muscle layer using a No. 10 scalpel blade 
(Anderson et al. 2010).

Ussing chamber flux studies

To examine the movement of urea and methylamine (MA) 
across the spiral valve, folds from the three regions were 
mounted in Ussing chambers. Seven day fasted dogfish were 
used to examine bidirectional flux in the absence of diges-
tive processes. To simulate the serosal (i.e., basolateral) side 
of the tissues, the mucosal epithelial layer was carefully 
scraped from one side of the fold (now nominally referred 
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to as the serosal side) using a No. 10 scalpel blade, while 
leaving the epithelium intact on the other side (the mucosal 
side), as per previously published protocols (Anderson et al. 
2015). Removal of the epithelial layer from one side of the 
fold limited the role of epithelium transport for the substrates 
of interest. For consistency, the epithelial layer was always 
removed from the distal side of the fold, which points toward 
the colon of an intact spiral valve.

For paired bidirectional flux experiments, the one-side-
scraped intestinal folds were cut in half, mounted on two 
separate tissue holders with a 0.3 cm2 aperture (P2310; 
Physiologic Instruments), and placed into the Ussing cham-
ber (EM-CSYS-2; Physiologic Instruments) with 5 mL 
ammonia-free elasmobranch Ringer’s added to each side 
(as above). The chambers were supplied with specialty gas 
mix (99.5% O2: 0.5% CO2) and cooled to 12 ± 1 °C with 
a recirculating chiller. To determine influx, a radiolabelled 
substrate, either 14C-urea (0.125 µCi mL−1; PerkinElmer, 
USA) or 14C-methylamine hydrochloride (MA), a proxy 
for ammonia (0.05 µCi mL−1; Moravek Biochemicals, CA, 
USA) was added to the mucosal side of the chamber. To 
determine efflux in the matched paired chamber, the radi-
olabelled substrate was added to the serosal side. Immedi-
ately following the addition of the radiolabelled substrate, 
a sample (0.02 mL) was collected to represent time zero, 
and again following a 3 h incubation period. The 0.02 mL 
samples were added to 1 mL deionized water and 4 mL 
scintillation cocktail (Ultima Gold, PerkinElmer), and the 
radioactivity was counted using a liquid scintillation counter 
(Beckman LS6000, Beckman Coulter, CA, USA). Sampling 
of the incubation fluid from both sides of the chamber fol-
lowing the addition of the labelled substrate also allowed us 
to ensure that preparation of the spiral valve folds did not 
result in holes and unregulated leakage of the radiolabelled 
substrate across the tissue. The presence of holes would 
have been evidenced by a rapid equilibrium of the radiola-
bel between the two chambers, which did not occur in any 
of our experiments. The linearity of the flux rates was not 
examined in this study, as previous research from our lab has 
demonstrated linear flux rates for radiolabelled urea across 
the spiral valve folds of spiny dogfish, as well as demonstrat-
ing the viability of the tissues over the incubation period 
(Anderson et al. 2015).

The influx (Jms) of 14C-urea or 14C-MA was determined 
by the appearance of the radiolabelled substrate on the sero-
sal side of the preparation, as determined by an increase 
in radioactivity after 3 h compared to time zero, and was 
calculated as follows:

Jms =
V × (R2 − R1)

(R3 ÷ M) × SA × T
,

where Jms (urea, µmol cm−2 h−1; MA, fmol cm−2 h−1) is the 
movement of the radiolabelled substrate from the mucosal 
to the serosal side; V (mL) is the volume of elasmobranch 
Ringer’s on the serosal side of the chamber (4.98 mL); R2 
and R1 are the radioactivates (cpm mL−1) on the serosal side 
of the chamber taken at the end and beginning of the incu-
bation, respectively, as measured by the liquid scintillation 
counter; R3 is the radioactivity (cpm mL−1) on the mucosal 
side of the chamber at time zero, as measured by the liquid 
scintillation counter; M is the moles of substrate present 
in the elasmobranch Ringer’s (urea: 400 µmol mL−1; MA: 
2.8 pmol mL−1); SA is the surface area of the tissue holder 
aperture (0.03 cm−2); and T is the incubation time of the 
radiolabelled substrate (3 h).

The efflux (Jsm) of the radiolabelled substrates was deter-
mined by the appearance of the substrate on the mucosal side 
of the intestinal preparation 3 h after the start of the experi-
ment, and calculated as above, except Jsm (µmol cm−2 h−1; 
fmol cm−2 h−1) is the movement of the radiolabelled sub-
strate from the serosal to the mucosal side; V is the volume 
on the mucosal side of the chamber; R2 and R1 are the radio-
activates of the mucosal side, and R3 is the radioactivity on 
the serosal side at time zero.

The net flux (µmol cm−2 h−1; fmol cm−2 h−1) of the radi-
olabelled substrates was calculated as follows:

where a positive Jnet value indicates a net influx of substrate 
from the mucosal to serosal side of the preparation, while a 
negative value indicates a net efflux from serosal to mucosal.

To examine if nitrogen availability, resulting from the 
catabolism of dietary amino acids into ammonia affects the 
uptake of lumenal urea and MA, the intestinal tissues were 
preincubated in NH4Cl (0–10 mM; Sigma-Aldrich) added 
to the Ringer’s on the mucosal side of the Ussing chamber 
for 2 h. To ensure that the movement of urea or MA was not 
influenced by the NH4Cl concentration gradient, following 
the 2 h preincubation, the Ringer’s containing the NH4Cl 
was removed from both sides of the preparation and flushed 
3 × with fresh Ringer’s. 5 mL of fresh ammonia-free Ring-
er’s was again added to both sides of the preparation, along 
with either 14C-urea or 14C-MA, as described above, for a 
paired 3 h bidirectional flux experiment.

mRNA abundance of transport proteins

Total RNA was isolated as previously described (Ander-
son et al. 2010) under RNase-free conditions. The scraped 
epithelial layer from the spiral valve folds, or the whole tis-
sues from the gills, kidney, or liver were homogenized (Tis-
sueLyser II; Qiagen) in TRIZOL reagent (Invitrogen). Fol-
lowing chloroform, isopropanol, and ethanol precipitation, 

Jnet = Jms − Jsm,
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RNA was stored in RNA storage solution (Ambion; Ther-
mofisher), and RNA concentrations and were determined 
using Nanodrop (2000 Spectrophotometer; Thermofisher), 
and tested for purity by polymerase chain reaction (PCR; 
40 cycles) using 1 µg Dnase-treated RNA (DNase1; Ther-
mofisher). RNA samples (1 µg) showing no PCR-product 
(DNA free) were reverse transcribed into cDNA using 
iScript RT Supermix (Bio-Rad). PCR products were run on 
a 1.5% agarose electrophoresis gel (100 mA/100 V, 40 min) 
with TAE buffer (Tris base, acetic acid, EDTA) and ethidium 
bromide, and visualized under UV light.

Primers for the nitrogen transporters (UT, Rhp2, Rhbg) 
were designed based on published sequences for S. a. suck-
leyi (Table 1) (Nawata et al. 2015a, b), verified by sequenc-
ing through the TCAG DNA Sequencing Facility (The 
Hospital for Sick Children, Toronto, Canada) and using 
GenBank BLAST Sequence Analysis Tool (National Centre 
of Biotechnology Information). The mRNA abundance of 
the transport proteins was quantified using reverse transcrip-
tion quantitative real-time PCR (RT-qPCR). Standard curves 
for primer efficiency were generated using a serial dilution 
series beginning with 1 µL cDNA. A minimum R2 value 
of 0.98 was required, with an efficiency between 99 and 
103%. RT-qPCR (CFX Connect; Bio-Rad) was performed 
using 50 ng cDNA, 4 µM of both the forward and reverse 
primer, and SSOAdvanced Universal SYBR Green Super-
mix (Bio-Rad) in a 10 µL reaction. RT-qPCR products were 
verified by melt curve analysis and visualization of prod-
uct size via electrophoresis and ethidium bromide/UV. For 
relative mRNA abundance of transporters, β-actin (ACTB1) 
was used as an internal standard. Suitability of ACTB1 was 
evaluated by RT-qPCR and showed similar abundance levels 
across tissues and treatments (data not shown). All RT-qPCR 
data were converted to delta delta Ct values, and a modified 
2−ΔΔCt method was used, which calculated the efficiencies of 
the individual primers rather than assuming 100% efficiency 
(Rao et al. 2013).

Statistical analysis

Data are presented as mean ± sem within the text and figures. 
Statistical analyses were conducted using RStudio (R Core 

Team 2017) and figures were produced using the ggplot2 
package (Wickham 2009). For multiple comparisons, one-
way analysis of variance (ANOVA) was performed for the 
urea and MA net flux Ussing chamber data (Figs. 1B, 2B, 3b, 
4b) and data were checked for normality (Shapiro–Wilk) and 
homogeneity of variance (Levene’s test). Two-way ANOVA 
was performed for the urea and MA influx/efflux Ussing 
chamber data (Figs. 1A, 2A, 3A, 4A), as well as the mRNA 
abundance of the transport proteins (Figs. 5, 6). Tukey’s post 
hoc test was used to detect significant differences, which were 
significant when p < 0.05. Data were checked for normal-
ity (Shapiro–Wilk) and homogeneity of variance (Levene’s 
test); however, where the data analyzed by two-way ANOVA 
departed from one or both of the assumptions required for 

Table 1   Primers used in reverse transcription quantitative real-time PCR (RT-qPCR) targeting a urea transporter (UT), two Rhesus glycoprotein 
ammonia transporters (Rhp2, Rhbg), and β-actin (ACTB1) in Squalus acanthias suckleyi 

Gene Forward primer
5′–3′

Reverse primer
5′–3′

Product 
size (bp)

Accession no Efficiency (%) Tm melting 
temperature 
(°C)

UT ACT​GAG​ATC​AGG​CCA​TGT​A GCT​GCA​ACA​GGA​CAC​TAC​ 90 AF257331 101 60
Rhp2 GGA​GCT​GCT​GAA​GAT​CAA​GG AGA​CCC​ACA​GCA​ACA​AGG​TC 182 KJ960198 99 56
Rhbg TTC​GAG​TCC​GCG​GTCTT​ CCC​GAA​GGT​GTG​GAT​GGT​ 96 KJ960197 103 60
ACTB1 TGC​ACT​GGA​CTT​TGA​ACA​GG TTC​CAC​AGG​ATT​CCA​TAC​CC 164 AY581300 99 56

Fig. 1   Total urea flux across intestinal spiral valve folds from 7 day 
fasted North Pacific spiny dogfish (Squalus acanthias suckleyi). Tis-
sues mounted in Ussing chambers and incubated for 3  h. A influx 
and efflux; two-way ANOVA, p < 0.05. B net flux; one-way ANOVA, 
p < 0.05. Horizontal line within the boxplots indicates mean, and the 
upper and lower box boundaries indicate sem, with individual data 
points represented as black dots (n = 12)
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parametric analysis, and transformation of the data did not 
result in normality or homogeneity of variance, analyses of 
the non-normal data were performed via the above described 
parametric tests without transforming the data. This was due 
to the lack of comparable non-parametric analyses equiva-
lent to the two-way ANOVA sufficient to evaluate our data 
containing two categorical variables, as well as the robust 
nature of the ANOVA test that allows it to function reliably 
even when parametric assumptions are violated (Zar 1984). 
Where a range in sample size (n) is indicated in the figure 
caption, variation is due to animal availability; no data were 
removed as statistical outliers. For paired Ussing chamber 
flux experiments, sample size was the same for both influx 
and efflux, allowing for net flux calculations.

Results

Bidirectional flux studies

The direction of total urea flux (influx or efflux) was exam-
ined across the three spiral valve regions (anterior, mid, and 
posterior). There was no interaction between region and 
direction (F2,66 = 0.006, p = 0.99), and no significant dif-
ference in the direction of total urea flux across the three 
regions (p > 0.6), or within the regions (p > 0.4) (Fig. 1A). 

All spiral valve regions showed no net flux of total urea 
(p > 0.7) (Fig. 1B). For total MA flux, there was no signifi-
cant interaction between region and direction (F2,60 = 0.08, 
p = 0.9), and no significant differences in total MA influx 
or efflux between the three regions (p > 0.7), or within the 
regions (p > 0.6) (Fig. 2A). All spiral valve regions showed 
no net flux of total MA (p > 0.7) (Fig. 2B).

To simulate dietary nitrogen availability, and examine if 
the transport of total urea or total MA was dependent upon a 
threshold of ammonia (i.e., nitrogen) availability within the 
spiral valve lumen, tissues from 7 day fasted S. a. suckleyi 
were mounted in Ussing chambers with NH4Cl (0–10 mM) 
added to the mucosal (i.e., lumenal) side. For total urea, 
there was no significant interaction between concentration 
and direction (F6,104 = 0.35, p > 0.9), and no significant dif-
ferences between influx and efflux at any NH4Cl preincuba-
tion concentration (p > 0.1), except a significant decrease in 
the influx of total urea at 5 and 7 mM NH4Cl compared to 
10 mM (p < 0.02) (Fig. 3A). All preincubation concentrations 
showed no net flux of total urea (p > 0.9), and no significant 
differences across the NH4Cl preincubation concentrations 
(p > 0.3) (Fig. 3B). For total MA, there was no significant 

Fig. 2   Total methylamine (MA) flux across intestinal spiral valve 
folds from 7  day fasted North Pacific spiny dogfish (Squalus acan-
thias suckleyi). Tissues mounted in Ussing chambers and incubated 
for 3 h. A Influx and efflux; two-way ANOVA, p < 0.05. B Net flux; 
one-way ANOVA, p < 0.05. Horizontal line within the boxplots indi-
cates mean, and the upper and lower box boundaries indicate sem, 
with individual data points represented as black dots (n = 11)

Fig. 3   Total urea flux across intestinal spiral valve folds from 7 day 
fasted North Pacific spiny dogfish (Squalus acanthias suckleyi). Tis-
sues mounted in Ussing chambers and preincubated with NH4Cl 
(0–10  mM) for 2  h before preincubation solution was removed, tis-
sues rinsed with fresh Ringer’s, and 14C-urea added for 3 h incuba-
tion. A Influx and efflux; two-way ANOVA, p < 0.05. B Net flux; one-
way ANOVA, p < 0.05. * Denotes significant difference. Horizontal 
line within the boxplots indicates mean, and the upper and lower box 
boundaries indicate sem, with individual data points represented as 
black dots (n = 7–11)
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interaction between concentration and direction (F6,58 = 0.6, 
p = 0.7), and no significant differences between influx and 
efflux at any preincubation concentration (p > 0.1) (Fig. 4A). 
For the net flux of total MA, one-way ANOVA showed a sig-
nificant difference between 7 mM (117 ± 41 fmol cm−2 h−1) 
and both 2 mM (-39 ± 31 fmol cm−2 h−1) and 5 mM (-69 ± 27 
fmol cm−2 h−1) NH4Cl (p > 0.03); however, none of the con-
centrations were significantly different from zero (p > 0.4). 
There was no overall net flux of total MA at any NH4Cl pre-
incubation concentration (p > 0.7) (Fig. 4B).

mRNA abundance in the spiral valve

To examine the effects of the four treatments (fasted, fed, 
excess urea, and AB-treated) on the relative mRNA abun-
dance of UT in the six tissues examined (anterior, mid, and 
posterior spiral valve, gills, kidney, liver), a two-way ANOVA 
showed a significant interaction between treatment and tissue 
(F13,110 = 4.5, p < 0.001). Within the spiral valve, there were 
no significant differences in UT mRNA abundance between 
the anterior, mid, and posterior regions for all four treatments 
(p > 0.9) (Fig. 5A). Between treatments, the anterior and 

mid regions of the AB-treated dogfish spiral valve showed 
significantly lower levels of UT mRNA abundance than that 
of the fasted and excess urea dogfish (p < 0.02).

For the mRNA abundance of Rhp2, there was a signifi-
cant interaction between treatment and tissue (F13,108 = 2.8, 
p < 0.001), but no significant differences in Rhp2 mRNA 
abundance between the intestinal regions (p > 0.4) (Fig. 5B). 
Between treatments, the mid spiral valve region of fed dog-
fish showed significantly higher levels of Rhp2 mRNA than 
the fasted, excess urea, and AB-treated dogfish (p < 0.05).

The mRNA abundance of Rhbg has a significant interac-
tion between treatment and tissue (F13,110 = 6.1, p < 0.001), 
but no significant difference within treatments for the 
anterior, mid, and posterior spiral valve regions (p > 0.8) 
(Fig. 5C). Between treatments, the fasted and fed dogfish 
showed significantly higher Rhbg mRNA abundance in 
all three spiral valve regions than the excess urea and AB-
treated dogfish (p < 0.0001).

Fig. 4   Total methylamine (MA) flux across intestinal spiral valve 
folds from 7  day fasted North Pacific spiny dogfish (Squalus acan-
thias suckleyi). Tissues mounted in Ussing chambers and preincu-
bated with NH4Cl (0–10 mM) for 2 h before preincubation solution 
was removed, tissues rinsed with fresh Ringer’s, and 14C-MA added 
for 3 h incubation. A Influx and efflux; two-way ANOVA, p < 0.05. B 
Net flux; one-way ANOVA, p < 0.05. Means not sharing the same let-
ter are significantly different. Horizontal line within the boxplots indi-
cates mean, and the upper and lower box boundaries indicate sem, 
with individual data points represented as black dots (n = 6)

Fig. 5   mRNA abundance of A urea transporter (UT), and two ammo-
nia transporters B Rhp2 and C Rhbg relative to the internal stand-
ard ACTB1, in the anterior, mid, and posterior spiral valve of North 
Pacific spiny dogfish (Squalus acanthias suckleyi). Tissues collected 
from 7 day fasted (Fasted), 20 h post-fed (Fed), 20 h post-fed excess 
urea (700 mM; Excess urea), and 72 h post-fed and antibiotic admin-
istration (Antibiotics). Horizontal line within the boxplots indicates 
mean, and the upper and lower box boundaries indicate sem, with 
individual data points represented as black dots (n = 6). Means not 
sharing the same letter are significantly different. Two-way ANOVA, 
p < 0.05
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mRNA abundance in the gills, kidney, and liver

Between treatments, there were no significant differences 
in UT mRNA abundance in the gills (p > 0.7) (Fig. 6A). 
The kidney of the AB-treated dogfish showed significantly 
lower levels of UT mRNA abundance than the fasted dogfish 
(p < 0.01), but no difference from the fed dogfish (p > 0.1), 
and no differences in UT mRNA abundance between the 
fasted and fed animals (p = 0.2) (Fig. 6A). The liver of the 
fasted dogfish showed significantly lower levels of UT 
mRNA abundance than the other three treatments (p < 0.01) 
(Fig. 6A).

Rhp2 mRNA abundance in the gills showed significantly 
higher levels in the fasted dogfish compared to the fed and 
AB-treated dogfish (p < 0.04) (Fig. 6B). The kidney of the 

fed dogfish showed significantly higher levels of Rhp2 
mRNA abundance compared to the fasted and AB-treated 
dogfish (p < 0.001). There were no significant differences 
in Rhp2 mRNA abundance in the liver for any treatment 
(p > 0.1).

For Rhbg mRNA abundance between treatments, there 
were no significant differences in the gills (p > 0.5) or liver 
(p > 0.5) (Fig. 6C). The kidney of the AB-treated dogfish 
showed significantly lower levels of Rhbg than the fasted 
and fed dogfish (p < 0.002). Statistical analyses were not per-
formed between the gills, kidney, and liver within individual 
treatments.

Discussion

Bidirectional flux

Our data show that the ability of the spiral valve to move 
urea and MA does not vary along the length of the intestine 
from the anterior to posterior region in S. a. suckleyi. This 
was demonstrated by the paired bidirectional Ussing cham-
ber flux studies showing no significant differences in the 
influx, efflux, and net flux of total urea or total MA across 
the three spiral valve regions (Figs. 1, 2). The preincubation 
of the spiral valve folds in NH4Cl (0–10 mM) was intended 
to simulate dietary nitrogen in the lumen of a fed animal, and 
the removal of the NH4Cl prior to the addition of the radi-
olabelled substrates was to minimize any potential effects 
caused by a concentration gradient. This allowed us to exam-
ine if lumenal concentrations of ammonia stimulated the 
expression of the transport proteins, as evidenced by a sig-
nificant movement of the substrates of interest. For both total 
urea and total MA, the net movement of the substrates was 
not affected by any of the NH4Cl preincubation concentra-
tions (Figs. 3, 4). The in vitro unidirectional uptake of urea 
across dogfish spiral valve folds was previously shown to be 
concentration dependent (Anderson et al. 2015), while simi-
lar Ussing chamber studies with total MA and total ammonia 
flux have not been conducted. From our study, it appears the 
movement of urea and MA were not dependent upon the pre-
stimulation of the transport proteins by nitrogen availability. 
It is currently unclear why the influx of total urea at 5 and 
7 mM NH4Cl was significantly lower compared to 10 mM, 
but the resulting net fluxes were not significantly different 
from one another, or from zero (Fig. 3). Interestingly, there 
was also a difference in total MA flux between 5 and 7 mM 
NH4Cl (as well as 2 mM), but the resulting net fluxes were 
not significantly different from zero (Fig. 4). Additionally, 
the influx of total MA across the 0 mM NH4Cl preincubation 
concentration was 186 fmol cm−1 h−1, and the efflux was 159 
fmol cm−1 h−1 (Fig. 4A), while the influx across the three 
spiral valve regions was 101 fmol cm−1 h−1 and the efflux 

Fig. 6   mRNA abundance of A urea transporter (UT), and two ammo-
nia transporters B Rhp2 and C Rhbg relative to the internal standard 
ACTB1, in the gills, kidney, and liver of North Pacific spiny dogfish 
(Squalus acanthias suckleyi). Tissues collected from 7  day fasted 
(Fasted), 20  h post-fed (Fed), 20  h post-fed excess urea (700  mM; 
Excess urea), and 72 h post-fed and antibiotic administration (Anti-
biotics). Horizontal line within the boxplots indicates mean, and the 
upper and lower box boundaries indicate sem, with individual data 
points represented as black dots (n = 6). Means not sharing the same 
letter are significantly different. Lettering refers to statistical signifi-
cance within a single tissue across the four treatments; statistical anal-
ysis was not conducted between the gills, kidney, and liver. Two-way 
ANOVA, p < 0.05
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was 94 fmol cm−1 h−1 (Fig. 2A). The greater flux of total 
MA in the NH4Cl experiment (Fig. 4) may be due to the 5 h 
total experimental period compared to the 3 h period for the 
regional difference experiment (Fig. 2). The 2 h preincuba-
tion period may have led to a buildup of ammonia within the 
tissue preparation, originating from the catabolism of urea in 
the Ringer’s bathing solution by microbial urease along the 
epithelium (Wood et al. 2019). Dogfish spiral valve tissue 
has been shown to be viable for at least 6 h post-sacrifice of 
the animal (A. M. Weinrauch personal communication). For 
both experiments, there was no net flux of total MA, regard-
less of total experimental time.

Our data investigating potential regional differences 
along the length of the spiral valve (Figs. 1, 2) used 7 day 
fasted dogfish, and showed no net movement of total urea 
across the spiral valve tissues. These data differ from previ-
ously published reports showing a net efflux of urea across 
the spiral valve tissues of fasted dogfish (Liew et al. 2013; 
Anderson et al. 2015). One reason may be that the data we 
report are not statistically different from zero, indicating no 
net flux. In the previous studies (Liew et al. 2013; Anderson 
et al. 2015), values above zero were reported as net influx, 
and the values below zero were reported as net efflux, but it 
is unclear if the data were statistically different from zero. 
Indeed, Liew et al. (2013) reported a net efflux of urea 
(− 2 µmol cm−2 h−1) across in vitro gut sacs of fasted dog-
fish, and Anderson et al. (2015) reported a net efflux of urea 
(~ − 2.5 µmol cm−2 h−1) across spiral valve folds mounted 
in Ussing chambers. In our study, the mean net flux across 
all three spiral valve regions was 0.83 µmol cm−2 h−1, and 
the high variability of the individual data points account for 
the net flux not being statistically different from zero. It is 
unclear how variable the data were from the other studies, 
but it is possible that the previously reported urea efflux in 
fasted dogfish may not have been statistically different from 
zero.

Intestinal transport and mRNA abundance

To examine if access to dietary nitrogen affects the mRNA 
abundance of the transport proteins, we compared tissues 
from 7 day fasted and 20 h post-fed via gavage. There 
were no significant differences in UT mRNA abundance 
between the fed and fasted dogfish, or across the three spi-
ral valve regions (Fig. 5A). The acquisition of exogenous 
nitrogen across the spiral valve (Liew et al. 2013) plays a 
large role in the ability of marine elasmobranchs to main-
tain whole-body nitrogen homeostasis. In both voluntary 
and involuntary feeding studies with S. a. suckleyi, plasma 
urea concentrations increased between 20 and 24 h post-
feeding (Wood et al. 2005, 2007b, 2010; Kajimura et al. 
2006, 2008). Therefore, we had predicted an increase in UT 
mRNA abundance in the fed dogfish, as a way to increase 

lumenal urea transport to the plasma necessary to acquire 
and retain dietary nitrogen, but surprisingly, this was 
not the case. Indeed, when dogfish were fed excess urea 
(700 mM), they had similar UT mRNA levels compared 
to the fed and fasted animals (Fig. 5A). This is surprising 
as one would assume that these nitrogen-limited animals 
would want to acquire as much dietary nitrogen as possible 
to use for osmotic and somatic processes, and an increase 
in transport protein expression would allow for that. Per-
haps, the general lack of a significant difference in the 
mRNA levels between the groups was due to the method 
of force-feeding via gavage, as discussed by Hoogenboom 
et al. (2020). Ingestion of a fish-slurry, rather than whole 
pieces of prey, may have reduced the need for mechani-
cal breakdown by the GI tract and presumably increased 
the speed of digestion. Therefore, tissue collection at 20 h 
post-feeding, intended to match the post-prandial increase 
in plasma urea concentrations measured in the previous 
studies (Wood et al. 2005, 2007b, 2010; Kajimura et al. 
2006, 2008), may have missed an earlier increase in plasma 
urea concentrations, and potentially an increase in the tran-
script abundance of the transport proteins if digestion had 
progressed at a faster rate.

To examine the role of the GI microbiome on the pro-
posed nitrogen-recycling mechanism (Wood et al. 2019), 
antibiotics were administered via gavage into the GI tract, 
and were shown to be effective in virtually eliminating ure-
ase activity within the intestinal lumen (MacPherson et al. 
2022). The antibiotic treatment significantly reduced UT 
mRNA abundance in the anterior and mid regions of the 
AB-treated spiral valve compared to that of the fasted and 
excess urea dogfish, but not the fed (Fig. 5A). There is cur-
rently little research on the effects of antibiotics on nitro-
gen homeostasis in marine elasmobranchs. Weinrauch et al. 
(2020) found the in vitro administration of antibiotics to the 
lumen of intestinal gut sacs from S. a. suckleyi induced a 
non-significant accumulation of ammonia in the lumenal 
medium, and no difference in the flux of urea across intesti-
nal gut sacs. In the Atlantic stingray, an in vivo application 
of an antibiotic cocktail (different to the one administered 
to the dogfish in this study) via oral gavage into the buc-
cal cavity significantly reduced but did not eliminate the 
GI microbiome, and did not significantly affect plasma urea 
concentrations (Doucette 2016). The cocktail of antibiotics 
administered to the AB-treated dogfish all but eliminated 
microbial urease activity, and induced a reduction in plasma 
urea at 24 h post-administration (MacPherson et al. 2022). 
The variable data collected from these three studies high-
light the need for more research to elucidate the involvement 
of the GI microbiome in the catabolism and recycling of 
nitrogen, and the role it may play on whole-body nitrogen 
homeostasis for these animals.
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The Rhp2 mRNA abundance did not differ across the 
spiral valve regions or between treatments, except for a sig-
nificantly higher level in the mid region of the fed dogfish 
compared to the other three treatments (Fig. 5B). In cloudy 
catshark (Scyliorhinus torazame), Rhp2 was expressed 
along the brush-border membrane of the intestinal colum-
nar epithelium (Hoogenboom et al. 2023). Due to this apical 
expression, Rhp2 is likely involved in the uptake of ammonia 
from the intestinal lumen into the epithelium, and necessary 
for lumenal ammonia uptake, particularly in fed animals. 
Similar to the UT, the Rhp2 mRNA levels in the excess 
urea dogfish were not significantly different from the fed 
and fasted animals (except for the mid region). Perhaps, as 
stated above, our sampling time of 20 h missed the post-
prandial increase of transporter mRNA abundance due to the 
assumed decrease in digestion time. Alternatively, as these 
ureosmotic animals rely on urea, and the cost of acquir-
ing the 700 mM dietary urea would presumably be less 
energetically expensive than the synthesis of urea (Walsh 
and Mommsen 2001), perhaps the excess urea fed dogfish 
focused on the acquisition of urea rather than the acquisition 
of ammonia.

There were no significant differences in Rhbg mRNA 
levels across the three spiral valve regions in the fasted 
and fed dogfish (Fig. 5C). Currently, the localization of 
Rhbg within the marine elasmobranch intestinal epithe-
lium is unknown; however, Rhbg is generally expressed 
along the basolateral membrane of epithelial cells (Wright 
and Wood 2009). If this pattern holds true, Rhbg is likely 
responsible for moving ammonia from the intestinal cells 
into the plasma. As ammonia is a toxic molecule, par-
ticularly to the central nervous system (Cooper and Plum 
1987), the presumptive basolateral localization of Rhbg 
may mitigate detrimental concentrations of ammonia 
from entering the plasma. Indeed, there can be a large 
concentration gradient between the intestinal lumen and 
plasma, as post-fed lumenal ammonia can exceed 4 mM 
(Wood et al. 2019; Hoogenboom et al. 2020), while plasma 
ammonia can range from 0.081 mM (Wood et al. 1995) to 
0.25 mM (Wood et al. 2005). Although not investigated in 
this study, it has been previously shown that urea is syn-
thesized via the OUC within the intestinal epithelial cells, 
as demonstrated by the presence of OUC enzymes within 
dogfish spiral valve tissues (Kajimura et al. 2006). We 
propose that the nitrogen required for the OUC to function 
is supplied by the ammonia taken up from the intestinal 
lumen through the apical Rhp2 transport protein. Thus, 
a concomitant reduction in the presumptive basolateral 
Rhbg may prevent and/or retard any ammonia, not destined 
for the OUC, from flooding into the plasma. Indeed, the 
transcript abundance of Rhp2 in fed dogfish was orders of 
magnitude higher than Rhbg in the same animals. Addi-
tionally, the excess urea dogfish showed very low Rhbg 

mRNA abundance compared to the fasted and fed dogfish. 
The 700 mM prandial urea would presumably increase the 
proliferation of microbial urease activity to capitalize upon 
the available urea, which in turn would increase lumenal 
ammonia concentrations, as seen in the excess urea in vitro 
intestinal sacs that reached 4 mM (Hoogenboom et al. 
2020). In response to the microbial production of lume-
nal ammonia, the lower levels of Rhbg mRNA may limit 
the entry of ammonia into the plasma. Surprisingly, the 
AB-treated dogfish also showed significantly lower Rhbg 
mRNA levels compared to the fasted and fed dogfish. The 
lumenal ammonia concentrations of the AB-treated dog-
fish were very low (< 0.05 mM) (MacPherson et al. 2022).

Branchial mRNA abundance

We also examined the effects of dietary nitrogen on UT, 
Rhp2, and Rhbg mRNA abundance in the gills and kidney 
(primary sites of nitrogen retention and loss), and liver 
(primary site of urea synthesis) (Schooler et al. 1966; 
Goldstein and Forster 1971; Wood et al. 1995; Pärt et al. 
1998). The mRNA abundance of the branchial UT was 
unchanged by the digestive state of the dogfish (Fig. 6A). 
For branchial Rhp2, fasted dogfish showed significantly 
higher mRNA abundance levels compared to the fed and 
AB-treated dogfish (Fig.  6B), but Rhbg did not differ 
between the three treatments (Fig. 6C). In the AB-treated 
animals, the ammonia excretion rate was significantly 
reduced at the time of tissue collection (72 h post-AB 
administration) (MacPherson et al. 2022). The localization 
of both branchial Rh proteins in marine elasmobranchs is 
currently unknown; however, it was proposed that Rhp2 
and Rhbg may both be basolaterally located (Nawata et al. 
2015a; Wood and Giacomin 2016). If both Rh proteins 
are on the basolateral membrane of the elasmobranch gill, 
either one or both may act as a back-transport system to 
move intracellular ammonia from the gill epithelium back 
to the plasma (Wood and Giacomin 2016), thus retaining 
the ammonia from excretion. The similar Rhbg mRNA 
abundance levels among the three treatments may indicate 
its role in nitrogen retention, regardless of metabolic state. 
The higher abundance levels of Rhp2 in the fasted dog-
fish may either be a mechanism to retain ammonia during 
times of reduced exogenous (i.e., dietary) nitrogen intake, 
as part of the proposed back-transporter mechanism mov-
ing intracellular nitrogen back to the plasma, or as sug-
gested by Wood and Giacomin (2016), used to acquire 
environmental ammonia to supplement dietary nitrogen 
intake. Understanding the location of the ammonia trans-
porters in the gill tissue of the dogfish (basolateral or api-
cal) would help resolve this.
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Renal mRNA abundance

The UT mRNA abundance in the kidney was significantly 
lower in the AB-treated dogfish compared to the fasted but 
not the fed animals (Fig. 6A). The renal UT is exclusively 
expressed in the collecting tubules of the banded hound-
shark, along both the apical and basolateral membranes 
(Hyodo et al. 2004, 2014; Yamaguchi et al. 2009). It was 
proposed that the renal UTs, particularly when apically 
expressed, were responsible for reabsorbing urea from the 
primary urine to limit renal loss and aid in the regulation of 
whole-body urea levels (Hyodo et al. 2004; Yamaguchi et al. 
2009). In the AB-treated dogfish, there were no differences 
in plasma urea (~ 400 mM) at the time of sampling (72 h 
post-feeding) (MacPherson et al. 2022) compared that of a 
72 h post-fed or a fasted dogfish (Wood et al. 2007b). There-
fore, the reduced UT mRNA abundance in the AB-treated 
dogfish compared to the fasted dogfish does not appear to 
be the result of the circulating urea or levels of filtered urea 
available for reabsorption in the kidneys.

Rhp2 mRNA abundance levels in the kidney were sig-
nificantly higher in the fed dogfish compared to the fasted 
and AB-treated (Fig. 6B). Renal Rhp2 was identified on 
the basolateral membrane of the collecting tubules in the 
banded houndshark (Nakada et al. 2010). When exposed to 
increased environmental salinity, renal Rhp2 mRNA abun-
dance increased, indicative of Rhp2 retaining nitrogen from 
the primary urine for use in the synthesis of urea necessary 
to osmoregulate in the hyperosmotic environment (Nakada 
et al. 2010). Our mRNA abundance data show a significant 
increase in renal Rhp2 in fed dogfish, indicating that it may 
also work to secrete excess ammonia into the primary urine 
for excretion, or it may facilitate ammonia excretion dur-
ing acidosis, as proposed by Nawata et al. (2015b). Alter-
natively, as Nakada et al. (2010) were unable to resolve the 
direction of transport in their study, the renal Rhp2 may also 
work to reabsorb filtered ammonia, once again, in an effort 
to retain nitrogen necessary for urea synthesis.

For the renal Rhbg, there were significantly lower lev-
els in the AB-treated dogfish than the fed and fasted dog-
fish (Fig. 6C). Rhbg localization within the elasmobranch 
kidney is currently unknown; however, in the freshwater 
white-edged stingray (Himantura signifier), renal transcript 
abundance levels of Rhbg were significantly lower after the 
rays were transferred from fresh to brackish water (Yeam 
et  al. 2017). The reduced transcript abundance may be 
indicative of nitrogen conservation for the synthesis of urea 
necessary to osmoregulate in the brackish water. Indeed, 
ammonia excretion in the stingrays was significantly reduced 
following transfer to brackish water (Tam et al. 2003). A 
reduction in Rhbg levels may act as a regulatory mecha-
nism to reduce the loss of ammonia via renal routes; how-
ever, urine flow rates may also decrease with acclimation to 

increased salinity, which would also affect transport capac-
ity. If the renal Rhbg is responsible for ammonia secretion, 
the antibiotic interruption of the proposed nitrogen-recycling 
mechanism in the spiral valve of the AB-treated dogfish may 
necessitate increased ammonia conservation in the kidney.

Hepatic mRNA abundance

The UT mRNA abundance in the liver was significantly 
lower in the fasted dogfish compared to the fed, excess urea, 
and AB-treated dogfish, but there were no significant dif-
ferences in Rhp2 or Rhbg across the treatments (Fig. 6). As 
the liver is the primary site of urea synthesis via the OUC 
(Schooler et al. 1966), it is not surprising that hepatic UT 
mRNA abundance was significantly higher in the three fed 
treatments (fed, excess urea, and AB-treated) compared to 
the fasted, due to an increase in dietary nitrogen available 
for urea synthesis. It is possible that the hepatic UT traf-
fics newly synthesized urea from the liver to the plasma for 
circulation; however, the localization of the elasmobranch 
hepatic UT is currently unknown.

For all three transport proteins, we report the mRNA 
abundance levels with the understanding that transcript 
abundance does not always compare directly to protein 
expression levels (reviewed by Liu et al. 2016). The conclu-
sions we propose in this study require further exploration, 
beyond our study, to better understand how nitrogen availa-
bility may affect transcript abundance levels differently than 
protein expression levels, and the subsequent movement of 
nitrogen across the tissues of marine elasmobranchs.

Conclusion

In this study, we show that there are no differences in total 
urea or total MA flux across the three spiral valve regions, 
and the movements of the nitrogenous substrates were not 
affected by the preincubation of NH4Cl intended to stimu-
late the transport proteins. Our data contradict the previous 
studies that reported a net efflux of urea across the spiral 
valve tissues of fasted dogfish; we report no net flux. The 
transcript abundance of the three transport proteins within 
the intestine was not significantly affected by feeding state, 
with the exception of an increase in Rhp2 in the mid spiral 
valve region of fed dogfish, and the application of antibiotics 
reduced the mRNA levels of UT and Rhbg. The presence of 
UT, Rhp2, and Rhbg, within the tissues responsible for nitro-
gen acquisition, retention, and loss speaks to the dynamic 
system that functions within these animals to coordinate 
nitrogen trafficking, with the ultimate goal of maintaining 
whole-body nitrogen homeostasis, regardless of feeding 
state or metabolic demands.
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