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Abstract 

The gastrointestinal tract (GIT) of teleost fish is a multifunctional organ system involved 

in digestion, assimilation of nutrients, immune responses, neuroendocrine functions and 

osmoregulation. Many of these processes have implications for gas exchange, acid-base 

regulation and ion regulation. However, there is a current lack of knowledge on the basic 

physiology of the three respiratory gases - oxygen, carbon dioxide and ammonia - in the GIT. 

My thesis expands our current understanding of the basic profiles of the three respiratory gases 

in the GIT lumen, their potential exchange with the vascular system, and the changes associated 

with feeding. In addition, the potential influence of osmoregulatory functions on these 

parameters was investigated by conducting a comparative study between freshwater and 

seawater species; the rainbow trout (Oncorhynchus mykiss) was used as a freshwater model 

species for in depth investigations and the English sole (Parophrys vetulus) as a comparative 

seawater species. A combination of in vivo, in situ and in vitro techniques was used to assess 

these areas at the whole animal, tissue and cellular levels. Based on findings from 5 research 

chapters, I conclude that both freshwater rainbow trout and seawater English sole have nearly 

anoxic, hypercapnic and high ammonia environments in the GIT lumen in both fasting and fed 

conditions. Feeding increases carbon dioxide and ammonia levels, but the GIT epithelia regulates 

the diffusion of the three respiratory gases into the vascular system regardless of feeding status. 

The different osmoregulatory requirements in seawater versus freshwater did not greatly affect 

these conclusions. Furthermore, the intestinal tissues have the capacity to handle and transport 

two nitrogenous products: urea and ammonia. Throughout the GIT, there were expressions of 

both a potential NH4+ transporter (NKCC) and NH3 channels (Rhbg, Rhcg2), but ammonia 

transport was independent of the PNH3 gradient. The thesis also highlights the importance of the 
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stomach in absorbing ammonia despite a reverse PNH3 gradient at physiologically relevant pH 

levels.   
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Lay Summary 

The gastrointestinal tract, recognized as a “second brain” in mammals, also serves many 

functions including digestion and water balance in fish. In fish, the gases inside the GIT lumen 

can potentially impact blood oxygen delivery, acid-base regulation and nitrogenous waste 

removal, and thus on overall physiology. This thesis identified extreme conditions in the system 

with a near absence of oxygen, and high levels of both carbon dioxide and ammonia – all of 

which could have lethal effects on the animal. Digestive processes elevated the latter two gases, 

yet different water regulation requirements of freshwater versus seawater fish did not affect the 

conditions. Differential handling of ammonia, as well as another nitrogenous waste urea by 

different sections of the tract occurred. However, the transport of all three gases into the 

bloodstream was largely regulated, allowing fish to maintain relative homeostasis despite the 

extreme conditions inside the gastrointestinal tract. 
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Preface 

Chapter 1 is a General Introduction providing the research objectives of the thesis, 

relevant background information and brief summaries of research Chapters 2 – 6. The following 

research Chapters 2 – 6 are replicates of manuscripts either published in or submitted to peer-

reviewed journals. Please note that throughout these research Chapters, the pronoun “we” is 

used, as in the original manuscripts, because while I led the investigations, all authors take 

responsibility for the contents. However, in Chapter 1 (General Introduction), Chapter 7 

(Conclusions and Future Directions), and the Appendix, the pronoun “I” is used, as I take sole 

responsibility for the ideas therein.  

Chapter 2 has been published as Jung EH, Eom J, Brauner CJ, Martinez-Ferreras F, 

Wood CM (2020) entitled “The gaseous gastrointestinal tract of a seawater teleost, the English 

sole (Parophrys vetulus)” in Comparative Biochemistry and Physiology A, 247, 110743. 

Doi.org/10.1016/j.cbpa.2020.110743. I performed all the experiments, with help from Dr. Eom 

for PCO2 measurements. Dr. Martinez-Ferreras supplied the custom-built PCO2 optodes 

employed in the study and advice on their use. I analyzed the data in consultation with Dr. 

Wood. I wrote the first draft of the manuscript, which was edited by Dr. Wood and Dr. Brauner, 

and revised by all authors. 

Chapter 3 has been published as Jung EH, Brauner CJ, Wood CM (2022) entitled “Post-

prandial respiratory gas and acid-base profiles in the gastrointestinal tract and its venous 

drainage in freshwater rainbow trout (Oncorhynchus mykiss) and seawater English sole 

(Parophrys vetulus)” in Comparative Biochemistry and Physiology A, 265, 111123. 

Doi.org/10.1016/j.cbpa.2021.111123. This paper was invited by the Editors for a special issue 

entitled “Digestion Physiology”. I performed all the experiments and analyzed the data in 
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consultation with Dr. Wood. I wrote the first draft of the manuscript, which was edited by Dr. 

Wood and Dr. Brauner. 

Chapter 4 has been submitted as Jung EH, Brauner CJ, Wood CM (2022) entitled “Do 

extreme postprandial levels of oxygen, carbon dioxide, and ammonia in the digestive tract 

equilibrate with the bloodstream in the freshwater rainbow trout (Oncorhynchus mykiss)?” to a 

peer-reviewed journal and is under revision. I performed all the experiments and analyzed the 

data in consultation with Dr. Wood. I wrote the first draft of the manuscript, which was edited by 

Dr. Wood and Dr. Brauner. 

Chapter 5 has been published as Jung EH, Smich J, Rubino JG, Wood CM (2021) entitled 

“An in vitro study of urea and ammonia production and transport by the intestinal tract of fed 

and fasted rainbow trout: responses to luminal glutamine and ammonia loading” in the Journal of 

Comparative Physiology B, 191, 273-287. Doi.org/10.1007/s00360-020-01335-9. This was a 

data analysis and writing project performed during the COVID-19 pandemic lockdown. The 

experiments were directly relevant to the thesis objectives. The data had previously been 

collected by an Honours student Joanna Smich, mentored and assisted by a M.Sc. student Julian 

Rubino, both supervised by Dr. Wood. I analyzed the data in consultation with Dr. Wood. I 

wrote the first draft of the manuscript, which was edited by Dr. Wood and revised by all authors. 

Chapter 6 has been submitted as Jung EH, Nguyen J, Nelson C, Brauner CJ, Wood CM 

(2022) entitled “Ammonia transport is independent of PNH3 gradients across the gastrointestinal 

epithelia of the rainbow trout; a Role for the Stomach” to a peer-reviewed journal and is under 

revision. I performed all the experiments, with help from summer student Jessica Nguyen on the 

gut sac work and Ph.D. student Charlotte Nelson on the qPCR work. I analyzed the data in 
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consultation with Dr. Wood and Dr. Brauner. I wrote the first draft of the manuscript, which was 

edited by Dr. Wood and Dr. Brauner, and revised by all authors. 

Chapter 7 provides Conclusions and Future Directions. This chapter summarizes the 

major findings of my work and points to research questions arising from it 

The Appendix presents my preliminary findings (unpublished) on the vascular 

morphology of the gut, specifically the potential for a countercurrent exchanger in the intestinal 

blood vessels. 

All experiments performed for this thesis followed the guidelines of the Canada Council 

for Animal Care, under joint approval of the animal care committees at the University of British 

Columbia (AUP#: 14-0251, 18-0271 and A18-0271), Bamfield Marine Sciences Centre (AUP#: 

RS-18-20, RS-19-15, RS-20-17) and McMaster University (AUP#: 12-12-45). 
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Chapter 1: Introduction 

1.1 Overview  

The primary functions of the gastrointestinal tract (GIT) include digestion, absorption, 

excretion, and protection. Understanding the complex physiology of this organ system is proving 

to be crucial, especially in the midst of increasing evidence of the bidirectional link with the 

brain and thus its importance in overall health (i.e. Kalantar-Zadeh et al., 2019; Liu et al., 2022; 

Rogers et al., 2016; Sharon et al., 2016). Various gases exist in the mammalian GIT lumen that 

originate from swallowed air, production via internal chemical reactions, or bacterial 

fermentation of dietary substrates. In teleost fish, the levels of luminal gases in the GIT and their 

interactions with other physiological systems, especially the bloodstream, are largely unexplored. 

There are three respiratory gases that can diffuse through biological membranes and enter the 

blood circulation in teleosts: O2, CO2 and ammonia (NH3 & NH4+; Randall and Ip, 2006).  

In mammals, the luminal O2 originates from swallowed air and becomes depleted down 

the GIT, reaching near anoxia in the intestine (Bettinger, 2015; Espey, 2013; Friedman et al., 

2018; Kalantar-Zadeh et al., 2019; Kurbel et al., 2006). The luminal CO2 arises as a byproduct of 

chemical reactions involved in digestion (e.g. neutralization of gastric HCl secretion by 

pancreatic and biliary NaHCO3 secretions) and microbial breakdown of feed, and thus exists in 

high levels (Lacy et al., 2011; Tomlin et al., 1991). Ammonia also exists in the lumen in high 

levels originating from ammonia liberation during digestion as well as urea hydrolysis by 

microbes in the GIT (Lin and Visek, 1991; Moran and Jackson, 1990; Mouillé et al., 2004; Vince 

and Burridge, 1980). Luminal CO2 and/or ammonia are either absorbed across the intestinal 

epithelia and enter the blood circulation, used by microbes, breathed out, or released as 
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flatulence (Ghoos et al., 1993; Imler et al., 1988; Lacy et al., 2011; Ohashi et al., 2007; Oliphant 

and Allen-Vercoe, 2019; Summerskill and Wolpert, 1970).  

Prior to the investigations in this thesis, there was very little information on respiratory 

gases in the GIT of fish - indeed none at all on PO2, a few measurements showing luminal 

ammonia considerably higher than blood ammonia (Bucking and Wood, 2012; Rubino et al., 

2014) and one recent report that directly measured PCO2 in the lumen of two fish species found 

considerably higher levels than that of the blood (Wood and Eom, 2019). The latter is supported 

by indirect calculations of high PCO2 in the GIT lumen in a number of other species 

(summarized by Wood, 2019). Thus, to a large extent, the basic GIT gas profiles and their 

significance in fish are unexplored.  

Moreover, the equilibration of these high luminal levels of PCO2 and ammonia with the 

blood circulating past the GIT could be very harmful to the fish. Certainly, if a human’s blood 

PCO2 and ammonia increased to the levels measured in their GIT, the result would likely be 

toxic (Raabe, 1990; Shigemura et al., 2017). Likewise in fish, the PCO2 and ammonia levels 

recorded so far in the GIT lumen would likely cause toxicity if equilibrated with the blood (e.g. 

Fivelstad et al., 2003; Lee et al., 2003; Randall and Tsui, 2002; Söderström and Nilsson, 2000). 

Thus, understanding the physiology of GIT luminal gases in teleost fish can give insight into GIT 

related disorders (i.e. Li et al., 2017; Sundh et al., 2011; Tran et al., 2018; Zhang et al., 2015), 

possibly illuminate the gut-brain-axis, and also contribute to improvements in aquaculture 

targeting the GIT of commercially important species and in its relation to improving growth 

performance (e.g. Couto et al., 2016; Krogdahl et al., 1999) and immune system function (e.g. 

Hoseinifar et al., 2017; Ramos et al., 2017; Ringø et al., 2010). This thesis aims to lay the 

physiological groundwork in understanding the GIT luminal gases in fasting and fed states and 
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the consequent blood gas levels in fish. Furthermore, I aim to broaden the thesis by investigating 

the luminal CO2 and ammonia dynamics in depth. In marine teleost fish, the GIT serves an 

additional function of maintaining water balance. This involves movements of acid-base 

equivalents across the epithelia of the GIT, and potentially further contributes to the high PCO2 

in the lumen (see Section 1.5). Thus, the potential effects on luminal and blood gases 

accompanying this osmoregulatory role are investigated by comparing freshwater (FW) species 

(rainbow trout; Oncorhynchus mykiss) and seawater (SW) species (English sole; Paroprys 

vetulus). In addition, despite findings of high ammonia in the intestine and its potential transport 

into the blood circulation (see Section 1.6), there is insufficient information on how different 

GIT tissues handle and absorb the nitrogenous products. Therefore, another key objective of this 

thesis is to illuminate how nitrogenous wastes, particularly ammonia, are handled by different 

sections of the GIT. 

 

1.2 GIT Metabolism and Cardiovascular system 

1.2.1 GIT Metabolism  

The GIT of teleosts exhibits high tissue metabolic demand that relies on the circulatory 

system for O2 supply and CO2 removal (see Section 1.2.2). In SW, the additional osmoregulatory 

function of the GIT (see Section 1.5) consequently requires greater metabolic supply (Brijs et al., 

2016; Brijs et al., 2018) that is supported by greater blood flow to the GIT (Brijs et al., 2015). In 

fasting rainbow trout, the entire GIT takes up about 11-25 % of the whole-animal O2 

consumption measured in vivo (Brijs et al., 2018), indicating it represents a significant proportion 

of total metabolic demand in the whole animal. In mammals, the GIT is approximately 6 % of 
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body mass but uses 20-25 % of the whole animal O2 consumption in the resting, fasted state 

(Duée et al., 1995; Vaugelade et al., 1994; Wolff, 2007; Yen et al., 1989).  

Following feeding, increased metabolic demand associated with increased gut motility, 

increased active transport of nutrients, the synthesis and activation of digestive enzymes, and 

most importantly the post-absorptive protein synthesis of both the GIT and the whole animal lead 

to an increase in overall O2 consumption (ṀO2). The elevation in postprandial ṀO2, termed 

Specific Dynamic Action (SDA), can reach a value more than double that of fasting animals 

(Alsop and Wood, 1997; Brown and Cameron, 1991a; Brown and Cameron, 1991b; Chabot et 

al., 2016; Jobling, 1981; McCue, 2006; Secor, 2009). In vitro, the ṀO2 of isolated toadfish 

(Opsanus beta) intestinal tissues sampled following feeding was significantly higher relative to 

tissues sampled from fasting animals, peaking at 187 % at 6 h following feeding (Taylor and 

Grosell, 2009).  

 

1.2.2 Cardiovascular system 

The blood flow to the GIT is important in supplying required O2, removal of CO2, 

ammonia and other waste products, and in carrying away absorbed nutrients to the liver and 

other tissues. In teleosts, the coeliacomesenteric artery (CMA) is the major vessel that branches 

off from the dorsal aorta (DA) and supplies the stomach, intestine, liver and gonads (Farrell et 

al., 2001; Thorarensen et al., 1991). In some species with larger and very-well vascularized GITs 

such as shorthorn sculpin (Myoxocephalus scorpius), the branchial arteries unite to form the 

CMA that receives oxygenated blood from the gills directly (reviewed by Seth et al., 2011). The 

intestinal blood then predominantly drains via the subintestinal vein (SIV) that joins with the 

venous blood from the stomach to form the hepatic portal vein (HPV). The liver consequently 
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receives venous blood from the GIT and also oxygenated arterial blood supply from branches of 

the CMA.  

In a fasting SW teleost under routine conditions, the total blood flow to the GIT is 

typically 10-40 % of cardiac output, similar to mammals (see references within Seth and 

Axelsson, 2011). After feeding, the GIT blood flow increases greatly (by 70-150 %) with an 

increase in cardiac output through elevations in both stroke volume and heart rate (Axelsson and 

Fritsche, 1991; Axelsson et al., 1989; Axelsson et al., 2000; Gräns et al., 2009a; Seth et al., 2009; 

Thorarensen and Farrell, 2006). This serves to supply the extra O2 needed to supply the GIT 

demands of SDA. An alteration of the blood flow to specific tissues is made possible by 

changing the total cardiac output and/or the vascular resistance through 

vasoconstriction/vasodilation. Since the visceral (GIT) circulation and the somatic circulation are 

organized in parallel, their blood flow affects each other. Upon feeding, a vasodilation of the GIT 

vessels, regulated by the enteric nervous system (Seth and Axelsson, 2010) and hormones (Fara 

et al., 1972), and an increase in vascular resistance of other peripheral tissues, creates a local 

hyperemia to meet the high demand and to carry away the absorbed nutrients.  

In situations where blood flow to the GIT is unnecessary, fish temporarily suppress the 

visceral circulation and redirect the blood to the other tissues where it is critically needed (Farrell 

et al., 2001). For example, exercising salmonids increase cardiac output, decrease the blood flow 

to the GIT by 70-90 % and redirect the blood to the locomotory muscles that require additional 

O2 and nutrient supply (see references within Seth and Axelsson, 2011). Thus, it may be that any 

stressful situations that require redirection of blood flow, such as exercise, can compromise GIT 

function, including digestion, osmoregulation and acid-base regulation. 
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1.3 Alkaline tide 

As a consequence of H+ secretion into the stomach for HCl formation, there is an 

equimolar increase in plasma HCO3- after feeding, causing an alkalinisation of the blood 

(“alkaline tide”). While originally described in mammals (reviewed by Niv and Fraser, 2002), 

this is now well documented to occur in fish as well (Bucking and Wood, 2009; Cooper and 

Wilson, 2008; Wood et al., 2005; reviewed by Wood et al., 2019). The H+ is pumped from the 

blood into the gastric lumen via H+/K+ ATPase (HKA), and the HCO3-, originating from 

hydration of CO2 by intracellular carbonic anhydrase (CA), is pumped out into the bloodstream 

in exchange for extracellular Cl- via a basolateral Cl-/HCO3- anion exchanger (Hersey and Sachs, 

1995; Niv and Fraser, 2002). Ectothermic amphibians and reptiles compensate the alkaline tide 

by voluntary respiratory acidosis (hypoventilation) to retain CO2, but fish cannot use this route, 

as it would compromise O2 uptake during SDA. Instead, fish species such as the dogfish shark 

(Squalus acanthias) and rainbow trout have been observed to compensate by excreting metabolic 

base across the gills (Bucking and Wood, 2008; Tresguerres et al., 2007; Wood et al., 2007; 

Wood et al., 2009). SW species appear to be especially well equipped to deal with the elevated 

metabolic base load of the alkaline tide due to their capacity for HCO3- secretion into the 

intestinal lumen for osmoregulation (Bucking et al., 2009b; see Section 1.5). Contrary to the 

gastric (with stomach) species, agastric (without a stomach) species seem to lack an alkaline tide 

due to the absence of digestive HCl secretion. In fact, an agastric FW-acclimated killifish 

(Fundulus heteroclitus) experience the opposite phenomenon of a postprandial metabolic 

acidosis (“acidic tide”) due to the high net intestinal base secretion accompanying feeding 

(Wood et al., 2010). 
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1.4 Luminal PO2 and PCO2 

1.4.1 Luminal PO2 and villus countercurrent exchanger in mammals 

This section will mainly discuss the luminal PO2 and villus countercurrent exchanger 

(CCE) in the mammalian systems, as there are currently no studies that have investigated these in 

teleosts. In mammals, the O2 originating mainly from swallowed air becomes increasingly 

depleted throughout the tract with the increasing abundance of anaerobic microbes (Bettinger, 

2015; Kalantar-Zadeh et al., 2019) and oxidative reactions of the GIT fluids (Friedman et al., 

2018). Additionally, there is a cross-sectional PO2 gradient which decreases to near anoxia at the 

midpoint of the lumen (Espey, 2013). This diverse PO2 range provides microenvironments 

suitable for different microbes. As discussed in the above sections, the respiratory physiology of 

the GIT in fish has been relatively well studied with respect to O2 supply by the blood (reviewed 

by Seth et al., 2011), but prior to this thesis, no study had been done on the luminal PO2.   

In mammals, the villi of the intestine and the papillae of the ruminant stomach are densely 

packed with capillary beds and lymph capillaries called lacteals (Jodal and Lundgren, 1986). 

Although the shape of the villi and their vascular arrangements vary among species, they all have 

a supplying artery and a draining vein (Jodal and Lundgren, 1986). These capillary beds within 

the villus exhibit a small diffusion distance between the artery and vein of 20-30 µm, high 

capillary density and permeability, and slow blood transit time, all of which facilitate exchange 

between the vessels and create a site of potential countercurrent exchange (Jodal and Lundgren, 

1986; Shepherd and Kiel, 1992). The arterial O2 diffusing into the nearby O2-poor venous blood, 

combined with O2 consumption by tissues results in the tips of the villi being relatively hypoxic 

(Bustamante et al., 1989; Shepherd and Kiel, 1992), and contact with glucose (i.e., a nutrient) 



8 

 

further decreases villi PO2 (Bohlen, 1980). However, the venous PO2 remains relatively higher 

than the nearly anoxic lumen (Kurbel et al., 2006). 

As such, the villus CCE short-circuits any small lipid-soluble and water-soluble 

molecules like O2, either shunting or trapping them at the tips (Jodal and Lundgren, 1986). The 

lipid-soluble and low molecular mass CO2 presumably diffuses from venous to arterial vessels 

and gets trapped in the exchanger similar to other measured gases (H2, He, CH4, etc.) (Bond et 

al., 1977). It is possible that the CO2 carried away in the venous vessels diffuses back into the 

arterial vessels, trapping the CO2 at the villi. The resulting high CO2 tension would be expected 

to lower the O2 affinity of the hemoglobin (Bohr effect) or even decrease the O2-carrying 

capacity of hemoglobin (Root effect) (Dejours, 1975). Generally, more than 90 % of CO2 is 

hydrated by CA and exists in blood as HCO3-. The H+ produced in the process of hydration 

disrupts acid-base balance if not removed quickly by buffering, largely by hemoglobin (Hb). 

Hbs, particularly those of teleosts, are sensitive to pH changes (Berenbrink et al., 2005). The 

cooperativity of the Hb tetramer gives rise to a sigmoidal O2-Hb dissociation curve. An increase 

in PCO2 or decrease in pH shifts the curve down and to the right, illustrating a reduction in Hb-

O2 affinity (Bohr effect) (Bohr et al., 1904) and capacity (Root effect; Root, 1931). The 

increased ṀO2 of GIT tissues (see Section 1.2.1) and CO2 generated in the chyme (see Section 

1.4.2) can both contribute to high luminal PCO2 which can diffuse to the villi CCE after feeding, 

resulting in localized acidification of blood passing by the GIT. This trapped CO2 in the villi 

CCE may compensate for the shunted O2 by decreasing Hb-O2 affinity and/or carrying capacity 

and thereby enhance O2 unloading from the blood, although this concept has not yet been 

experimentally validated. Moreover, whether the fish GIT possesses a functional CCE is 
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currently unknown, but similar CCEs have been found in the gas gland of the swim-bladder that 

serves in secreting and maintaining high gas tensions for buoyancy (Pelster, 2021).  

 

1.4.2 Luminal PCO2 

In mammals, the luminal PCO2 is high (Steggerda, 1968; Suarez et al., 1997) mainly as a 

result of the chemical reactions of the digestive enzymes and from the metabolism of bacterial 

colonies (Altman, 1986; Kurbel et al., 2006; Tomlin et al., 1991). A similar situation may occur 

in teleosts, where throughout the GIT, there is substantial movement of acid and base molecules 

for the purpose of digestion as well as for osmoregulation (see Section 1.5) that gives rise to high 

luminal PCO2. The stomach secretes HCl for chemical breakdown of the food and activation of 

the enzyme pepsinogen before HCO3- is added in the intestine to bring the pH back up (Bucking 

and Wood, 2009), thereby forming CO2 in the lumen. Indeed, recent studies found high luminal 

PCO2 in the GIT in both gastric and agastric teleosts, which significantly increases following 

feeding (Wood and Eom, 2019). In FW fish, mean PCO2 values of approximately 40 mm Hg 

(rainbow trout) and 16 mm Hg (goldfish; Carassius auratus) have been directly measured in the 

lumen after feeding. These luminal PCO2 values are significantly higher than those seen in the 

arterial blood of these two species, which range between 2-4 and 5-7 mm Hg, respectively 

(Wood and Eom, 2019). In Atlantic salmon (Salmo salar), a species closely related to rainbow 

trout, the HPV PCO2 was reported to be within similar levels of 2.8-4.8 mm Hg in its post-

absorptive state (Eliason et al., 2007). In SW teleosts, additional PCO2 in the lumen may result 

from secretion of H+ and HCO3- for osmoregulation (see Section 1.5), but this has not been 

measured. Blood PCO2 levels of SW teleosts seem to be similar to those of FW teleosts. For 

example, Cooper et al. (2014) reported indirect measurements of PCO2 in the arterial blood of ~3 
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mm Hg and SIV of 4.7 mm Hg in SW-acclimated rainbow trout. Such indirect measurements 

rely on re-arrangements of the Henderson-Hasselbalch equation: 

𝑇𝑇𝑇𝑇𝑇𝑇2 = [𝐻𝐻𝐻𝐻𝐻𝐻3−] + 𝛼𝛼𝐶𝐶𝐶𝐶2 × 𝑃𝑃𝐶𝐶𝐶𝐶2 

𝑝𝑝𝑝𝑝 = 𝑝𝑝𝑝𝑝′ + 𝑙𝑙𝑙𝑙𝑙𝑙
[𝐻𝐻𝐻𝐻𝐻𝐻3−]

[𝛼𝛼𝐶𝐶𝐶𝐶2 × 𝑃𝑃𝐶𝐶𝐶𝐶2]
 

where TCO2 is the total concentration of CO2 and αCO2 is the solubility constant for CO2 

(Boutilier et al., 1984). Comparable equations using pH and TCO2 measurements in chyme or 

gastrointestinal fluids have been used to indirectly calculate GIT luminal PCO2 levels in other 

fish studies (reviewed by Wood, 2019).  

 

1.5 Osmoregulatory function of the GIT 

The GIT of SW teleosts performs an additional function: osmoregulation. It compensates 

for osmotic water loss in hypersaline environments by actively drinking seawater at rates up to 2-

10 ml kg-1 h-1 (Evans et al., 2005; Fuentes and Eddy, 1997a; Marshall and Grosell, 2005; Rankin 

et al., 2001; Rodríguez et al., 2002). The current knowledge about the exchangers and 

transporters of the intestinal enterocytes in SW fish is summarized in Figure 1.1. The movement 

of acid and base equivalents (e.g. H+ or HCO3-) across GIT epithelia for osmoregulation can 

have an effect on GIT PO2 and PCO2 as discussed in the preceding sections. Furthermore, the 

additional active transport mechanisms for osmoregulation in SW fish requires a greater ṀO2 

than in FW fish (Brijs et al., 2015; Brijs et al., 2016; Brijs et al., 2018). Thus, gas exchange 

across the GIT of SW teleost was of interest in this thesis. 

The ions, particularly Na+ and Cl-, in the ingested seawater are actively transported into the 

bloodstream and water follows osmotically. The basolateral Na+/K+ ATPase (NKA) provides the 
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electrochemical gradient for Na+ that drives most of the other transporters important for 

osmoregulation, including the apical Na+/K+/2Cl- cotransporter (NKCC2) and HCO3-/Cl- anion 

exchanger (AE) (Grosell, 2006; Grosell and Genz, 2006; Skou, 1990; Skou and Esmann, 1992). 

Consequently in euryhaline teleosts, NKA mRNA expression and enzymatic activity in the 

intestine increase following transfer to SW (Brijs et al., 2017; Fuentes et al., 1997; Jensen et al., 

1998; MacKay and Janicki, 1979; Seidelin et al., 2000). The movement of these ions drives 

water absorption across the tight junctions (paracellular pathways) and/or transcellular pathways 

of the intestinal epithelium. Some evidence supports a greater importance of the transcellular 

pathway (Wood and Grosell, 2012) possibly involving aquaporins or even other transporters (e.g. 

NKCC; Hamann et al., 2005; Loo et al., 2002) expressed in the intestine. Correspondingly, 

aquaporin expression and protein abundance generally increase following SW acclimation (Aoki 

et al., 2003; Martinez et al., 2005; Raldúa et al., 2008). However, the exact mechanism of water 

absorption and direct function(s) of aquaporin in the intestine are yet to be elucidated. 

Concurrent with ion absorption in marine teleosts, HCO3- is secreted to the lumen and 

forms carbonate precipitates with divalent ions (Ca2+ and Mg2+) in the ingested SW, which 

allows reduction of osmolality of the intestinal fluids and facilitates water absorption (Genz et 

al., 2008; Marshall and Grosell, 2005; McDonald and Grosell, 2006; Wilson et al., 2002). This 

intestinal HCO3- secretion in marine teleosts is an endocrine-regulated process (Ferlazzo et al., 

2012; Fuentes et al., 2010; Gregório et al., 2014), with HCO3- provided by both transepithelial 

transport from the blood and/or by hydration of endogenous CO2 (Grosell, 2011). The basolateral 

Na+:HCO3- co-transporter (NBC) can import plasma HCO3- into the enterocytes, which then is 

secreted into the lumen via an apical AE (Grosell and Genz, 2006). The major contributor of the 

secreted HCO3-, however, is the hydration of metabolic CO2 mediated by cytosolic carbonic 
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anhydrase (CA) that facilitates anion exchange by creating a high local concentration of HCO3- 

(Grosell, 2006). The intracellular CO2 hydration also yields H+ within the cell that is extruded in 

both apical and basolateral directions to avoid reversal of the reaction and to protect intracellular 

pH (pHi) (Genz et al., 2008; Grosell, 2011; Grosell and Genz, 2006; Grosell et al., 2005; Grosell 

et al., 2009; Wilson et al., 2002; Wood et al., 2010). The HCO3- and H+ secreted to the lumen 

form CO2 with the aid of membrane bound CA-IV (Grosell et al., 2009), resulting in high 

luminal total CO2 concentrations first observed by Smith (1930). Theoretically, the magnitude of 

this effect would increase with salinity. Modeling of European flounder (Platichthys flesus) Hbs 

suggested that red blood cell pHi passing by the intestine is reduced by 0.14-0.33 units depending 

on the salinity, and this was supported by lower SIV blood pH of SW-acclimated rainbow trout 

relative to that of FW-acclimated animal (Cooper et al., 2014). 

 Due to the capacity for HCO3- secretion described above, marine teleosts including SW-

acclimated rainbow trout are well equipped to deal with the elevated metabolic base load of the 

alkaline tide (Bucking et al., 2009b). However, interestingly, a recent study by Wood and Eom 

(2019) found that FW-acclimated rainbow trout and goldfish that do not need to drink also have 

high HCO3- levels in the intestine that increases after feeding. High HCO3- secretion rates were 

also seen in in vitro intestinal preparations from FW-acclimated individuals of the euryhaline 

common killifish, especially after feeding (Wood et al., 2010). These observations suggest that 

the HCO3- may be secreted for more than just osmoregulatory purposes, although the details 

remain unclear.  
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Figure 1.1 A summary of the ion exchangers and transporters found on the enterocytes of marine 

teleosts, adapted from Grosell (2007), Grosell et al. (2009), Gregório et al. (2013), and Ruiz-

Jarabo et al. (2017). The Na+ and Cl- absorption via NKA and NKCC drives transcellular and/or 

paracellular H2O absorption. On the apical membrane are: Cl-/HCO3- anion exchanger (AE); H+ 

pump; Na+/K+/2Cl- cotransporter (NKCC2); Na+/Cl- co-transporter (NC); Cl-/SO42- transporter. 

On the basolateral membrane are: Cl- channel; Na+/HCO3- co-transporter (NBC); Na+/K+/2Cl- 

cotransporter (NKCC1); Na+/H+ exchanger (NHE); Na+/K+ ATPase (NKA); H+/K+ ATPase 

(HKA). 
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1.6 GIT nitrogenous waste production and handling 

The metabolism of amino acids and nucleic acids produces nitrogenous wastes, water and 

CO2. Some of this nitrogen is retained for growth, and the rest is excreted. Most aquatic animals 

excrete the great majority of their nitrogenous waste as ammonia (NH3 and/or NH4+), and hence 

are termed ammoniotelic (see Section 1.6.1). Some species produce urea depending on the 

environment they inhabit, and are hence termed ureotelic (see Section 1.6.2). Our current 

understanding of ammonia and/or urea pathways in the liver and GIT enterocytes are illustrated 

in Figures 1.2 and 1.3 respectively.  

Ammonia is produced either as ammonia gas (NH3) or ionized ammonium (NH4+), but 

the two forms redistribute as a function of pH. From here on, the term total ammonia (Tamm) 

will be used to refer to the combined concentration of NH3 and NH4+. When the surrounding pH 

is equal to the pK’ of ammonia, the ratio of NH3 to NH4+ is 1:1. However, because the pK’ of 

ammonia is about 9-10 depending on the temperature and ionic strength (Emerson et al., 1975) 

and the pH of the plasma is ~7.6-8.2, most of the total ammonia is present as NH4+ in teleosts. 

The Henderson-Hasselbach equation allows us to calculate the molar ratio of the pair of [NH3] 

and [NH4+] given the pK’ and pH values.  

Dissociation constant:    𝐾𝐾′ = [𝐻𝐻+][𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏]
[𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎]

 

 

For ammonia, NH3 acts as a weak base and NH4+ acts as a weak acid: 

𝑁𝑁𝑁𝑁3 + 𝐻𝐻+ ↔  𝑁𝑁𝑁𝑁4+ 

𝐾𝐾′ =
[𝐻𝐻+][𝑁𝑁𝑁𝑁3]

[𝑁𝑁𝑁𝑁4+]
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Rearrangement of this equation gives:  

− log[𝐻𝐻+] = −𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙′ + 𝑙𝑙𝑙𝑙𝑙𝑙
[𝑁𝑁𝑁𝑁3]
[𝑁𝑁𝑁𝑁4+]

 

Since:             𝑝𝑝𝑝𝑝 = −𝑙𝑙𝑙𝑙𝑙𝑙 [𝐻𝐻+] 

𝑝𝑝𝐾𝐾′ = −𝑙𝑙𝑙𝑙𝑙𝑙 𝐾𝐾′ 

𝑝𝑝𝑝𝑝 = 𝑝𝑝𝑝𝑝′ + 𝑙𝑙𝑙𝑙𝑙𝑙
[𝑁𝑁𝑁𝑁3]
[𝑁𝑁𝑁𝑁4+]

 

The NH3 form is considered to be more permeable to biological membranes and highly 

soluble in water, moving between compartments largely in the gaseous state and diffusing out to 

the environment through Rhesus glycoproteins (Rh proteins) at the gills (Nawata et al., 2010; 

Wright and Wood, 2009). An acidic environment enhances ammonia excretion because the NH3 

combines with H+ and forms NH4+, which is unable to diffuse back in, while the partial pressure 

gradient for NH3 movement is maintained (Knepper and Agre, 2004). Thus, at the gills, the 

diffusion of NH3 is enhanced by simultaneous CO2 and H+ excretion and/or HCO3- uptake, all of 

which acidify the boundary layer. With this knowledge, we can speculate that the fate of the 

ammonia load produced in the lumen after feeding (see Section 1.6.1) can also be linked to the 

movements of ions and CO2.  

 

1.6.1 Postprandial ammonia 

Within 24 hours of feeding, approximately 40-60 % of the nitrogen from the fish feed is 

excreted as ammonia (Brett and Zala, 1975; Randall, 2011; Zimmer et al., 2010). This is 

considered the “exogenous fraction” (Wood, 2001). Fasted fish break down their own muscle 

proteins for energy thereby also producing ammonia (the “endogenous fraction”). In rainbow 

trout, Rubino et al. (2014) estimated that close to half of the excess ammonia excretion after a 
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meal could result from processes in the lumen and the enterocytes. Following feeding, the 

intestinal Tamm can increase up to 1-2 mM in teleosts (Bucking and Wood, 2012; Bucking et al., 

2013a; Rubino et al., 2014) and even higher in elasmobranchs (Wood et al., 2019). At the same 

time, the plasma Tamm concentrations rise up to 3-fold relative to those in fasted fish (~0.1 

mM), and may stay elevated for up to 24 hours after feeding (Bucking and Wood, 2008; Bucking 

and Wood, 2012; Bucking et al., 2013a; Karlsson et al., 2006; Rubino et al., 2014). The increase 

in Tamm in the HPV draining the GIT is particularly marked (Karlsson et al., 2006). These 

luminal Tamm levels are high considering that a Tamm concentration of 0.5-5 mM in the 

external water can be lethal to teleosts as well as other vertebrates and invertebrates (Randall, 

2011). Thus in recent years, the teleost and elasmobranch intestines have been gaining attention 

with respect to their ammonia handling mechanisms (e.g. Bucking et al., 2013; Mommsen et al., 

2003; Rubino et al., 2014; Rubino et al., 2015; Wood et al., 2007; Wood et al., 2019). 

Accordingly, studies have shown the presence of Rh proteins in the intestines of teleosts 

(Bucking et al., 2013b; Bucking et al., 2013a) and elasmobranchs (Anderson et al., 2010), with 

evidence that mRNA expression of Rhbg1 increases after feeding (Bucking and Wood, 2012). 

The Rh proteins in fish appear to serve as facilitated diffusion channels for NH3 movement 

(Nawata et al., 2010). NH4+, on the other hand, may substitute for K+ on the K+ sites on NKA, 

NKCC and K+ channels in the intestine (Rubino et al., 2015; Rubino et al., 2019). These 

potential NH3 and NH4+ channels and transporters are speculated to facilitate the flux of 

ammonia through the enterocytes (Figure 1.3). However, it is still an open question as to what is 

the ratio of NH4+ to NH3 moving through the intestinal membranes into the bloodstream.  

Most of the absorbed free amino acids and Tamm from the intestine are transferred to the 

liver, where they are recycled to form other amino acids and nucleic acids or used to regenerate 
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α-ketoglutarate (Figure 1.2). Some of the postprandial glutamine may be deaminated by 

glutaminase (GLN) and used directly as an oxidative fuel by the intestinal enterocytes, thereby 

liberating ammonia. Under ammonia loading conditions such as feeding, the ammonia can be 

“trapped” in a less toxic form as glutamine by glutamine synthetase (GS) and as glutamate by 

glutamate dehydrogenase (GDH) (Figure 1.3) and then used in protein synthesis and/or 

effectively stored until the body ammonia level decreases back to normal (Bucking and Wood, 

2012; Bucking et al., 2013a; Wicks and Randall, 2002a; Wright et al., 2007). The majority of the 

surplus ammonia is excreted across the gills (Forster and Goldstein, 1969) and a small amount is 

excreted via the urine (Bucking et al., 2010). Consequently, an increase in ammonia excreton 

rate following feeding has been observed in many species of teleosts (e.g. Bucking and Wood, 

2008; Fehsenfeld and Wood, 2018; Ferreira et al., 2019; Weinrauch et al., 2018; Wilkie et al., 

2017; Wood et al., 2010). A comprehensive understanding of how the nitrogenous products are 

handled by the enterocytes and to what extent they are transported into the bloodstream is as yet 

lacking. 

 

1.6.2 Postprandial urea 

Urea is a less toxic nitrogenous waste product than ammonia, produced via the ornithine-

urea cycle (OUC) or arginase-mediated hydrolysis of dietary arginine (Wright et al., 1995). 

Despite the anabolism of urea being energetically costly (Ip and Chew, 2010), some species are 

forced to produce urea in environmental conditions where ammonia excretion is restricted. An 

example of this is the ureotelic Lake Magadi tilapia (Alcolapia graham) which inhabits an 

alkaline environment (Randall et al., 1989; Wood et al., 1989) where the water pH (10) is above 

the pK’ of ammonia. Since NH3 cannot diffuse out of the gills against the PNH3 gradient, the fish 
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further process the ammonia to urea. Ureotelism exists in a very few other adult species but is 

found in early life stages of all teleost fish investigated to date (Braun et al., 2009; Chadwick and 

Wright, 1999; Dépêche et al., 1979; Felskie et al., 1998; Julsrud et al., 1998; Kong et al., 1998; 

Randall et al., 1989; Terjesen et al., 2002; Wood et al., 1995; Zimmer et al., 2017). Overall, these 

studies have shown that the OUC is present in the embryos so as to detoxify ammonia, but is 

usually lost in juveniles as the gills start to function for ammonia excretion, and it is generally 

believed to be absent in most adult teleosts.   

Urea is capable of diffusing freely across the lipid bilayer, but urea transporters (UT) are 

also present in the gills, kidney and brain that greatly facilitate its transport (e.g. McDonald et al., 

2006; Smith and Wright, 1999; Walsh et al., 2000; Walsh et al., 2001). Interestingly, the UTs are 

found not only in the intestines of the ureotelic toadfish (which unusually expresses the OUC), 

but also in the intestine of the closely related ammoniotelic plainfin midshipman (Porichthys 

notatus) that is thought to lack the OUC (Bucking et al., 2013b). The authors speculated that the 

luminal ammonia absorbed into the enterocytes is converted to urea via OUC enzymes localized 

to these cells, and then transported back to the lumen for use by ureolytic bacteria or later 

excretion via the anus (Bucking et al., 2013b). One study found an increased urea concentration 

in the HPV following feeding in rainbow trout (Karlsson et al., 2006), implying a possible 

production and/or transport of urea by the enterocytes. However, little is known about the 

capacity of the intestinal cells to produce and/or transport urea in ammoniotelic teleosts. 
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Figure 1.2 Ammonia handling in the hepatocytes.
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Figure 1.3 Ammonia and urea profiles & ammonia pathways in the GIT and the vascular system of FW rainbow trout. The size of the Tamm 

(NH4+ + NH3) and urea symbol indicates relative concentrations. Arrows indicate the increase in concentration or activity of either enzymes or 

transporters after feeding. Data extrapolated from other studies: HKA (Bucking and Wood, 2012); postprandial upregulation of Rhbg1 (Bucking 

and Wood, 2012); postprandial upregulation of NKCC (Rubino et al., 2019); K+ channels (Loretz, 1995; Movileanu et al., 1998); NKA (Gjevre 

and Naess, 1996); postprandial [urea] (Karlsson et al., 2006); postprandial GS and GDH activities (Bucking and Wood, 2012; Mommsen et al., 

2003a; Mommsen et al., 2003b; Rubino et al., 2015). 
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1.7 Study organisms: FW rainbow trout and SW English sole  

I used a widely studied FW-acclimated species, the rainbow trout (Oncorhynchus mykiss) 

for a detailed examination of gas exchange and ammonia handling in the GIT, and a SW species, 

the English sole (Parophrys vetulus) for comparative study on the osmoregulatory effect. 

 

1.7.1 FW Rainbow trout (Oncorhynchus mykiss) 

The rainbow trout is a model teleost for respiratory and acid-base physiology with an 

extensive body of scientific literature. The species has also been used to study GIT functions, 

nitrogenous product handling, and more (e.g. Bucking and Wood, 2008; Bucking and Wood, 

2012; Bucking et al., 2009; Bucking et al., 2013b; Karlsson et al., 2006a; Rubino et al., 2014; 

Rubino et al., 2015; Rubino et al., 2019; Wood and Eom, 2019), thereby providing considerable 

background information for my investigation. 

 

1.7.2 SW English sole (Parophrys vetulus) 

Similar to the rainbow trout, the English sole is a carnivorous and gastric teleost that I 

used as a model SW species. Its choice was dictated partly by its ready availability at Bamfield 

Marine Sciences Centre where it is much easier to do seawater studies. The English sole has a 

relatively well studied intestinal physiology in areas such as silver toxicity (Grosell and Wood, 

2001), ammonia handling (Wright et al., 1988), acid-base regulation (Cooper et al., 2014; 

McDonald et al., 1982), and there have been relevant investigations in other closely related 

flatfish species (e.g. Grosell and Jensen, 1999; Grosell et al., 2001; Grosell et al., 2005; Milligan 

and Wood, 1987; Taylor et al., 2007). 
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1.8 Thesis objectives and chapter summaries 

The objectives of this study were to investigate the regulation of the three respiratory gases – 

oxygen (O2), carbon dioxide (CO2), and ammonia (NH4+ & NH3) - in the gastrointestinal tract 

(GIT) and the associated vascular system during fasting and after feeding in fish, and to survey 

potential adaptive physiological differences in fish living in freshwater (FW) versus seawater 

(SW) environments. The thesis consists of 5 experimental chapters outlined below, where 

investigations focused on the FW gastric rainbow trout for Chapters 3 (comparative study), 4, 5, 

& 6, and on the SW gastric English sole for Chapters 2 and 3.  

 

1.8.1 Chapter 2: “Pre and Postprandial GIT luminal PO2 and PCO2 profiles of English sole” 

The primary goal of Chapter 2 was to directly measure the luminal PO2 and PCO2 levels 

in the GIT of the SW English sole under fasted and fed conditions. Measurements were made 

with direct insertion of PO2 or PCO2 micro-optodes in anaesthetized and artificially ventilated 

animals. These were the first ever measurements of the luminal PO2 in any teleost, and only the 

second of luminal PCO2. I found the lumen was virtually anoxic (PO2 ≤ 0.3 mm Hg) throughout 

the GIT in both fasted and fed animals. The luminal PCO2 was high in fasted animal (14-17 mm 

Hg) and further increased following feeding (34-50 mm Hg). Regardless of feeding, the arterial 

blood PCO2 values were significantly lower than those of the lumen. Measurements made with 

direct insertion of micro-optodes into the subintestinal vein (SIV) indicated elevated PCO2 and 

low PO2 values but both were variable. Comparisons of calculated versus directly measured 

PCO2 were also made. To further investigate whether the osmoregulatory role of the GIT in the 
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SW English sole has an effect on luminal gas levels, the following chapter (Chapter 3) directly 

compares that of the SW English sole to the FW rainbow trout after feeding. 

 

1.8.2 Chapter 3: “Comparison of postprandial luminal PO2, PCO2 and ammonia in the GIT 

between FW rainbow trout and SW English sole” 

The primary goal of Chapter 3 was to compare postprandial PO2, PCO2 and ammonia 

(Tamm and PNH3) profiles in the lumen and the circulatory systems supplying and draining the 

GIT of anaesthetized, artificially ventilated FW rainbow trout and SW English sole. Possibly, in 

a SW teleost, intestinal HCO3- secretion for osmoregulation may raise luminal PCO2 levels 

higher than in a FW teleost. However, both species had similar luminal PCO2 levels (stomach: 

112-115 mm Hg and intestine: 20-38 mm Hg) and very low luminal PO2 (< 1 mm Hg). There 

were species differences in luminal Tamm and [HCO3-], where SW English sole had higher 

intestinal Tamm and [HCO3-] but lower stomach Tamm than FW rainbow trout. Despite the 

extreme conditions inside the lumen, SIV blood draining from the tract experienced lesser 

disturbance with relatively lower PCO2, Tamm and higher PO2 than in the lumen, implying 

limited equilibration between the two compartments. Overall, there were minimal differences 

between the species, except for luminal Tamm and [HCO3−] levels that were potentially due to 

feed differences. Similar to the results of Chapter 2, however, the directly measured values with 

micro-optodes in the SIV and hepatic portal vein (HPV) were variable. These results suggested 

the need for the in vivo sampling approach employed in Chapter 4. 
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1.8.3 Chapter 4: “Potential equilibration of PO2, PCO2 and ammonia between the GIT lumen 

and systemic bloodstream in FW rainbow trout” 

The primary goal of Chapter 4 was to investigate the degree of equilibration of the three 

respiratory gases (O2, CO2, and ammonia) between the GIT lumen and systemic bloodstream. In 

the two previous chapters, I had established that the lumen was very low in PO2 and high in 

PCO2 and Tamm, with feeding further increasing both PCO2 and Tamm levels. To resolve the 

data variability in SIV and HPV measurements in Chapters 2 and 3, I sampled blood from 

indwelling catheters in the dorsal aorta (DA) and the SIV near the posterior intestine of non-

anaesthetized FW rainbow trout during the fasting state and at 4 h to 48 h following feeding by 

an indwelling gastric catheter. This chapter also used in situ blood sampling in anaesthetized 

rainbow trout to compare ammonia levels between the SIV that drains only the posterior tract 

and the HPV that additionally drains the entire GIT. Overall, there was minimal equilibration of 

all three gases between the GIT lumen and the SIV blood, with the latter maintaining pre-feeding 

levels of PO2, PCO2 and Tamm. Importantly, HPV Tamm increased following feeding in 

contrast to the SIV Tamm that remained unchanged. This difference between SIV and HPV 

Tamm suggested postprandial luminal ammonia absorption occurring mainly in the anterior 

region of the GIT, a finding that was explored in the following Chapters 5 and 6. 

 

1.8.4 Chapter 5: “Intestinal zonation in nitrogenous product handling and transport” 

The primary goal of Chapter 5 was to investigate the potential handling and transport of 

ammonia and urea by different intestinal sections of FW rainbow trout. An earlier study had 

shown that urea as well as ammonia concentrations increase in the HPV following feeding 

(Karlsson et al., 2006), but whether the intestinal tissues have the capacity to produce urea is 
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unknown. In vitro gut sac preparations were used with specific focus on feeding versus fasting 

and on responses to loading of the lumen with 2 mM glutamine or 2 mM ammonia to simulate 

postprandial lumen conditions. Intestinal tissues from fed trout had increased urea production 

and transport relative to those from fasted trout, but neither glutamine or ammonia loading 

resulted in elevated urea production. The increased urea production associated with feeding 

occurred in conjunction with increased arginase activity but minimal carbamoyl phosphate 

synthetase III (CPS III activity). Overall, the intestinal tissues exhibited some limited capacity to 

produce urea, likely by direct arginolysis, rather than by the ornithine urea cycle (OUC) 

pathway. The fed intestinal tissues also exhibited increased ammonia production and transport 

relative to the fasted intestinal tissues. Results from glutamine or ammonia loadings of the gut 

sac preparations suggested that the intestinal tissues can deaminate glutamine thereby releasing 

ammonia, but can also downregulate ammonia generating pathways in the face of excess 

ammonia. Lastly, there were sectional differences among different parts of the intestine in 

ammonia production and handling, where the anterior sections from fed animals had higher 

absorptive ammonia flux rates and lower tissue ammonia levels. These results suggested 

intestinal zonation in the handling of ammonia, in which the anterior intestine is more involved 

in transporting ammonia to the bloodstream. To follow up these findings, Chapter 6 further 

elaborated the potential zonation in ammonia transport by comparing different intestinal sections 

as well as the stomach, focusing specifically on ammonia movement in the form of NH3, and the 

potential transporters involved. 
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1.8.5 Chapter 6: “Potential NH3 transport across GIT epithelia and ammonia transport in the 

stomach” 

The primary goal of Chapter 6 was to investigate the potential for NH3 transport in all 

three sections of the intestine and also the stomach by changing the PNH3 gradients across the 

epithelia using in vitro gut sac preparations. An additional, related goal was to survey the 

expression of Rh proteins (Rhbg, Rhcg1, Rhcg2; channels which are known to facilitate the 

diffusion of NH3) as potential NH3 transporters, and NKCC as a potential ammonium ion (NH4+) 

transporter along the entire GIT of the FW rainbow trout. In Chapter 5, it was found that the 

intestinal tissues are able to transport ammonia in vitro, but whether they transport NH3 or NH4+ 

was unknown. Moreover, the zonation in transporting ammonia found in Chapter 5 was also in 

agreement with findings from Chapter 4 where HPV Tamm was higher than that of the SIV 

following feeding. In this chapter, by experimentally manipulating mucosal pH at constant 

mucosal Tamm, I found that ammonia absorption is not dependent on the PNH3 gradient despite 

expression of Rhbg and Rhcg2 in the intestinal tissues. There was no detectable expression of 

Rhbg in the stomach and no expression of Rhcg1 in any of the GIT sections. There was also a 

lack of correlation between ammonia transport and the NH4+ concentration gradient despite 

NKCC expression in all GIT tissues, a finding which requires further investigation. Importantly, 

the stomach had the greatest ammonia absorption and net tissue consumption regardless of the 

PNH3 gradient. Indeed, at a stomach pH of 4.0 (typical of fed animals in vivo), ammonia 

absorption continued unchanged despite reversal of the PNH3 gradient. The findings from this 

chapter, with the support from data of Chapters 4 and 5, suggest zonation of the GIT in ammonia 

handling and transport where the anterior region of the GIT including the stomach serves as an 

important site.   
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Chapter 2: Pre and Postprandial GIT luminal PO2 and PCO2 profiles of SW 

English sole 

2.1  Summary 

There has been considerable recent progress in understanding the respiratory physiology 

of the gastrointestinal tract (GIT) in teleosts, but the respiratory conditions inside the GIT remain 

largely unknown, particularly the luminal PCO2 and PO2 levels. The GIT of seawater teleosts is 

of special interest due to its additional function of water absorption linked to HCO3- secretion, a 

process that may raise luminal PCO2 levels. Direct measurements of GIT PCO2 and PO2 using 

micro-optodes in the English sole (anaesthetized, artificially ventilated, 10-12 ºC) revealed 

extreme luminal gas levels. Luminal PCO2 was 14-17 mm Hg in the stomach and intestinal 

sections of fasted sole, considerably higher than arterial blood levels of 5 mm Hg. Moreover, 

feeding, which raised intestinal HCO3- concentration, also raised luminal PCO2 to 34-50 mm Hg. 

All these values were higher than comparable measurements in freshwater teleosts, and also 

greater than environmental CO2 levels of concern in aquaculture or global change scenarios. The 

PCO2 values in subintestinal vein blood draining the GIT of fed fish (28 mm Hg) suggested some 

degree of equilibration with high luminal PCO2, whereas subintestinal vein PO2 levels were 

relatively low (9 mm Hg). All luminal sections of the GIT were virtually anoxic (PO2 ≤ 0.3 mm 

Hg), in both fasted and fed animals, a novel finding in teleosts. 

 

2.2 Introduction 

The respiratory physiology of the gastrointestinal tract (GIT) in fish has been relatively 

well-studied with respect to O2 supply by the blood (reviewed by Seth et al., 2011) but relatively 

little is known about the respiratory conditions inside the lumen of the tract, or about how the 
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other two respiratory gases (CO2 and ammonia) are handled by the GIT. For example, to our 

knowledge there have been no measurements of PO2 in the GIT lumen of any fish species, while 

a few recent investigations have reported ammonia levels that are many fold greater than blood 

levels (Bucking et al., 2013a; Pelster et al., 2015; Rubino et al., 2014; Wood et al., 2019). A very 

recent study (Wood and Eom, 2019) was the first to directly record PCO2 levels in vivo using a 

needle-type fibre-optic PCO2 sensor (“micro-optode”). Surprisingly, in two freshwater (FW) 

teleosts, the carnivorous gastric rainbow trout (Oncorynchus mykiss) and the omnivorous agastric 

goldfish (Carassius auratus), PCO2 levels in the gastrointestinal fluids/chyme of various parts of 

the GIT were much higher than in arterial blood. Thus, in fasted fish of both species, GIT PCO2 

values were approximately 10 mm Hg (1 mm Hg = 0.1333 kPa), 2-3 fold higher than arterial 

blood values. With feeding, luminal PCO2 increased moderately in the goldfish but dramatically 

in the trout to 20-41 mm Hg.   

As in mammals (Altman, 1986; Kurbel et al., 2006; Steggerda, 1968; Suarez et al., 1997; 

Tomlin et al., 1991), these high PCO2 values were speculatively attributed to a combination of 

endogenous metabolism of the GIT tissues, metabolism of the gut microbiome, and to the 

reaction of gastric HCl with endogenous carbonates in the food, as well as with biliary, 

pancreatic, and/or intestinal HCO3- secretion. Additionally, simultaneous H+ and HCO3- 

secretion by the intestinal epithelium can occur in fish (Grosell, 2011; Guffey et al., 2011; Wood 

et al., 2010) and could also contribute to elevations in luminal PCO2.  

A subsequent survey of indirectly measured PCO2 values (calculated via the Henderson –

Hasselbalch equation from terminal measurements of pH and total CO2 concentration in the GIT 

fluids, as reported in the literature) in a wide variety of teleost and elasmobranch species yielded 

comparably high values, with a tendency for greater values in fed animals (Wood, 2019). As 
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discussed subsequently, there are multiple uncertainties in terminal values obtained in this 

manner, but they nevertheless support the patterns seen in the direct measurements on FW trout 

and goldfish. Overall, these findings raise questions about how this high PCO2 is generated, 

whether it equilibrates with the venous blood draining the GIT, and how it might impact blood 

O2 transport via Bohr and Root effects (Nikinmaa, 2006). 

The primary goal of the present study was to use this same technology (PCO2 micro-

optodes) to make the first direct measurements of luminal PCO2 values in the GIT of a seawater 

(SW) teleost, under fasted and fed conditions. We selected the carnivorous, gastric English sole 

because it is abundant, has suitable anatomy, readily eats in captivity, and has a relatively well 

studied intestinal physiology (Grosell et al., 1999; Grosell et al., 2001; Grosell and Wood, 2001). 

A parallel objective of our experiments was to use PO2 micro-optodes to make the first ever 

direct measurements of PO2 in the GIT of any teleost.  

We hypothesized that luminal PCO2 values in the English sole would be much higher 

than arterial blood levels, and even higher than in the carnivorous FW rainbow trout since the 

metabolic rate and blood flow requirements of the GIT appear to be higher in SW than FW 

teleosts (Brijs et al., 2015), likely due to the major role of intestinal HCO3- and H+ secretion in 

the osmoregulation of SW teleosts (Grosell, 2011; Guffey et al., 2011; Wood et al., 2010). 

Following feeding, we hypothesized that stomach pH would decrease due to digestive HCl 

secretion, and intestinal pH would increase due to HCO3- secretion. We hypothesized that these 

acid-base movements would also result in a higher luminal PCO2 value in fed relative to fasting 

fish. Based on limited reports on venous blood draining from the GIT (Eliason et al., 2007; 

Cooper et al., 2014; Wood and Eom, 2019), we speculated that the subintestinal venous blood 

would not equilibrate with the luminal PCO2, but would instead maintain a low PCO2. Despite 
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quite extensive studies on the cardiovascular system of the GIT (reviewed by Seth et al., 2011), 

there has been no investigation on the PO2 profile of the lumen in fish, to our knowledge. Based 

on the mammalian GIT that is known to be virtually anoxic (Espey, 2013; Kurbel et al., 2006), 

we hypothesized that the teleost lumen would exhibit similarly low luminal PO2. 

 

2.3 Materials and Methods 

2.3.1 Experimental animals 

Experiments were performed at Bamfield Marine Sciences Centre (BMSC; Bamfield, 

BC, Canada) in August – September 2018 and 2019. English sole (436.9 ± 27.7 g; N = 5 in 2018 

and N = 14 in 2019) were caught from the wild (Barkley Sound, BC) by line fishing under 

Department of Fisheries and Oceans Canada collection permits XR-204.18 and XR-212.19, and 

transferred to outdoor seawater flow-through tanks filled with 4 cm of sand to allow the animals 

to burrow. Fish were held at 10-12 ˚C and 32 ppt salinity under natural photoperiod. All fish 

were allowed to recover from capture for at least 1 week before experimentation. The fasted 

group was not fed for 7 days prior to experimentation. Fed fish were fed thawed, previously 

frozen anchovies, then moved to a separate tank and experimented upon within 48 hours. Only 

those that were caught in 2019 were measured for total body length and GIT length (N = 14). 

With respect to individual measurements, occasional measurements could not be made because 

of experimental problems. All experiments were approved by the Animal Care Committees of 

the University of British Columbia (AUP 14-0251 and 18-0271) and Bamfield Marine Science 

Centre (RS-18-20 and RS-19-15).  
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2.3.2 Cannulation and blood measurements 

The fish were anaesthetized with 0.1-0.2 g L-1 NaOH-neutralized MS-222 (Syndel 

Laboratories, Parksville, British Columbia, Canada) and placed on a flat surgery table. Due to the 

anatomical orientation of the fish, the gills were irrigated through the upper operculum with 

temperature-controlled water (10-12 ˚C). The anaesthetic level was adjusted as necessary so as to 

maintain Stage 5 anaesthesia (i.e. “loss of reflex activity, total loss of reactivity, shallow 

opercular movements” - McFarland, 1959) throughout the following cannulation and subsequent 

experiment. The caudal artery was cannulated for blood sampling as described by Watters and 

Smith (1973), using polyethylene tubing (Clay-AdamsTM PE50, Becton and Dickinson Co., 

Franklin Lakes, NJ, USA) filled with Cortland’s saline (Wolf, 1963; See Table S.1 for 

composition). The Cortland’s saline was modified for SW teleosts by the addition of 20 mM 

NaCl, and was heparinized at 100 I.U. ml-1 with lithium heparin (Sigma-Aldrich, St. Louis, MO, 

USA). Approximately 1-ml samples of blood were collected from the catheter by blood pressure-

driven flow into 2-ml microcentrifuge tubes. Measurements of pH, PO2, and PCO2 were made by 

inserting the micro-optodes to the bottom of the tube during and after collection. The Hct was 

determined by drawing blood into heparinized microhematocrit capillary tubes that were then 

centrifuged at 10,000 g for 5 min. The [Hb] was measured as described by Kampen and Zijlstra 

(1961).  

The pH of the blood sample was measured using an oesophageal pH microelectrode (MI-

508; 1.4-1.6 mm OD) and a flexible micro-reference electrode (MI-402; Microelectrodes Inc., 

Bedford, NH, USA) connected to a model 220 pH meter (Corning Instruments, Corning, NY, 

USA) in 2018, and using a thermo-jacketed Orion ROSS glass combination micro-electrode 

(Fisher Scientific, Toronto, ON, Canada) coupled to an AccumetTM meter (Fisher Scientific) in 
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2019. The electrodes were calibrated with precision buffers (Fisher Scientific and Radiometer-

Copenhagen, Copenhagen, Denmark). The partial pressures of gases (PO2, PCO2) were measured 

using micro-optodes (manufactured by PreSens Precision Sensing GmbH Regensburg, Germany) 

mounted in #23 hypodermic needles. The micro-optodes were precisely positioned to the bottom 

of the collection vials using micro-manipulators (World Precision Instruments, Sarasota, FL, 

USA), and the blood samples were kept at experimental temperature and measured immediately 

during and after collection. The PO2 micro-optodes were calibrated with air-equilibrated and 

sodium sulfite saturated saline kept in gas-tight bottles. The PCO2 needle-housing type micro-

optodes were prototype devices (PreSens 200001368) connected to an electronic transmitter 

(PreSens 300000114), with the output displayed on a personal computer running prototype 

software (PreSens 200001488). These PCO2 optodes were calibrated with physiological salines 

equilibrated to 0.04, 0.3, 1, 3, 5, and 8 % CO2 (0.04-7.93 kPa, 0.3-59.5 mm Hg) using CO2/air 

mixtures created by a 301aF precision gas-mixing pump (Wösthoff Messtechnik GmbH, 

Bochum, Germany). The higher PCO2 levels were needed to cover the range of values found in 

the GIT. All calibration solutions were in modified Cortland’s saline kept at the experimental 

temperature. After measurement of the gases, blood and gastrointestinal fluid samples (sampled 

as described below) were centrifuged (2 min, 5000 g), and the plasma and supernatant were 

flash-frozen in liquid N2. The samples were later thawed over ice and measured for total CO2 

content (TCO2) using a Corning 965 CO2 analyser (Ciba-Corning Diagnostics, Halstead, Essex, 

UK) calibrated with NaHCO3 standards. Previous validation tests in the lab demonstrated that the 

flash-frozen samples thawed on ice and assayed quickly thereafter exhibited TCO2 values that 

were unchanged from those of fresh samples. 
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2.3.3 GIT measurements 

Immediately following blood collection, the peritoneal cavity was surgically opened for 

direct in vivo measurements of PO2, PCO2 and pH in the GIT fluids. Similar measurement and 

gastrointestinal fluid sampling procedures were used as in Wood and Eom (2019). The same 

micro-optodes were directly inserted into stomach, pyloric caeca, and anterior, mid and posterior 

intestines of the anaesthetized fish. In fed fish, the PO2 and PCO2 micro-optodes were 

additionally inserted into the engorged subintestinal vein for gas measurements in the venous 

blood draining from the GIT to the liver. These measurements were made immediately following 

the measurements in the lumen of the adjacent intestinal section. In fasted fish, the subintestinal 

vein was generally collapsed so we were not able to make the same measurements. After gas 

measurements, small incisions were made in each section for pH microelectrode insertion. 

Again, all insertions were made using micro-manipulators to correctly position the tips of the 

probes.  

At the end of the experiment, the fish was euthanized by an overdose of neutralized MS-

222, weighed and measured for total length. The length of the GIT from stomach to the end of 

posterior intestine was measured. The four sections of the GIT (stomach, anterior intestine, mid 

intestine, posterior intestine) were ligated and excised, and the gastrointestinal fluid was 

collected into 2-ml centrifuge tubes. The samples were centrifuged (2 min, 5000 g), and the 

supernatants were flash-frozen for TCO2 assay as described above.  

 

2.3.4 Calculation and statistical analyses 

All graphs were made and statistical analyses were performed using Graphpad Prism 

software (version 7.0a). Data are expressed as means ± SEM (N = number of fish). Calculated 
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PCO2 and [HCO3-] values were derived from rearrangements of the Henderson-Hasselbach 

equation (see Wood et al., 1983) using values for pK’ and CO2 solubility for teleost plasma 

(Boutilier et al., 1984). The limitations with respect to this calculation for gastrointestinal fluid 

are assessed in the Discussion. Relative GIT length was calculated as: GIT length × total fish 

length-1. 

Two-way ANOVA and post hoc Tukey’s multiple comparison tests were performed on 

all GIT measurements. Differences in blood gas values between treatment groups and between 

arterial and venous blood were analyzed using two-tailed Student’s unpaired and/or paired t-test 

as appropriate. The PCO2 and PO2 measurements of subintestinal venous blood and the lumen of 

the nearby GIT section from which it was draining were compared using two-tailed Student’s 

paired t-test. Blood pH, [HCO3-], Hct, [Hb], and relative GIT length were also compared 

between treatment groups using the Student’s unpaired t-test. A significance level of p < 0.05 

was used in all tests. 

 

2.4 Results 

2.4.1 Overview 

The total body length and body weight between fasted (31.7 ± 1.0 cm; 391.7 ± 24.7 g; N 

= 8) and fed (32.9 ± 1.0 cm; 497.3 ± 47.3 g; N = 6) groups were not significantly different (p = 

0.40; p = 0.08 respectively). The relative GIT length was also not significantly different: fasted 

group 0.92 ± 0.03 (N = 6) and fed group 0.97 ± 0.06 (N = 6) (p = 0.50). Feeding had no effect on 

either hematocrit or hemoglobin concentration (p = 0.26 and 0.70 respectively). The Hct value of 

the fasted group was 21.8 ± 1.5 % and of the fed group was 24.4 ± 0.9 % (N = 5-6). The [Hb] of 

the fasted group was 6.2 ± 0.4 g dL-1 (N = 7) and of the fed group was 6.4 ± 0.4 g dL-1 (N = 7). 
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2.4.2 PCO2 

The mean stomach PCO2 of the fasted fish was the lowest (13.5 mm Hg) measured 

amongst all GIT sections in both groups but was not significantly different from measurements 

in the other sections of fasted fish (Figure 2.1). All other GIT sections of fasted fish exhibited 

similar mean PCO2 values (16.9-17.3 mm Hg). Using two-way ANOVA, we found a significant 

overall effect of feeding on luminal PCO2 of all GIT sections (p < 0.0001), but no effect of GIT 

section on luminal PCO2 (p = 0.71) and no significant interaction (p = 0.62). Among the intestine 

sections only, there was also a significant overall effect of feeding (p < 0.0001), but no effect of 

intestine section (p = 0.56) and no significant interaction (p = 0.57). In both fasted and fed 

groups, we found that the inter-individual values tended to be more variable than intra-individual 

values across GIT sections. We varied the measurement order of GIT sections among 

individuals, and detected no influence on the order of measurement. The subintestinal blood was 

always measured after the final GIT measurement to ensure all tissue was getting sufficient 

blood supply. 

The mean luminal PCO2 values in all sections, except for the pyloric caecae, were 

significantly higher in the fed fish than the corresponding levels of the fasted group (p < 0.05). In 

the fed group, the mean pyloric caeca PCO2 was the lowest measured value (34.1 mm Hg) and 

was not significantly different from that of the fasted group. The mean PCO2 values of all other 

sections were similar (49.4-50.3 mm Hg) and about 2.7-3.6 fold higher than those of the fasted 

group. 

Relative to a substantial increase in luminal PCO2 after feeding, the difference between 

mean arterial blood PCO2 in fasted (4.9 mm Hg) and fed (9.3 mm Hg) groups was modest and 
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not significant (p = 0.06; Figure 2.1). After feeding, the PCO2 values in the subintestinal venous 

blood and arterial blood were significantly different (p = 0.014). The subintestinal PCO2 values 

were quite variable among the 5 fed individuals measured: one fish at 4 mm Hg; two fish at ~17 

mm Hg; two fish at ~ 50 mm Hg (Table 2.1). A comparison of the PCO2 of the subintestinal 

venous blood and the lumen at the point of measurement by paired t-test revealed no significant 

difference (p = 0.15; N = 5). 

 

2.4.3 pH 

There was a significant overall effect of feeding (p = 0.007) and a significant overall 

effect of GIT section on luminal pH (p < 0.001), as well as a significant interaction (p < 0.0001) 

(Figure 2.2). However, the only GIT section that exhibited a statistically significant change in pH 

associated with feeding was the stomach (p < 0.001): mean gastric pH decreased from 6.8 to 4.9 

after feeding. The stomach pH after feeding was also significantly lower than any other intestinal 

sections in fed fish (p < 0.05). In the intestine alone (stomach excluded from the analysis), there 

was no significant effect of feeding (p = 0.87), no significant effect of the intestinal section (p = 

0.84), and no significant interaction (p = 0.30) for pH. The arterial blood pH did not change after 

feeding (p = 0.35), with mean values of ~7.6 in both treatments. 

 

2.4.4 Calculated [HCO3-] 

Mean [HCO3-] values as calculated by the Henderson-Hasselbalch equation were close to 

zero in the stomach, but ranged from about 40 to over 100 mM in the intestinal sections of both 

fasted and fed fish (Figure 2.3). There was no overall significant effect of feeding (p = 0.18) on 

the GIT [HCO3-] (Figure 2.3) and no significant interaction (p = 0.29), but there was a significant 
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effect of GIT section on [HCO3-] (p = 0.0002). In the fed group, the posterior intestine [HCO3-] 

was significantly higher than that of other sections. There were no differences among sections in 

the fasted group. In the intestine alone (stomach excluded from the analysis) there was also no 

significant effect of feeding (p = 0.17) and no significant interaction (p = 0.33), but a significant 

effect of GIT section on [HCO3-] (p = 0.028), with a tendency for higher values in posterior 

regions. The arterial blood [HCO3-] was not significantly different between fasted and fed groups 

(p = 0.32). 

 

2.4.5 PO2 

All sections of the GIT were almost anoxic with mean values ≤ 0.3 mm Hg in both 

groups (Figure 2.4). Nevertheless there was a significant overall effect of feeding on GIT PO2 (p 

= 0.008), but no effect of GIT section on PO2 (p = 0.67) and no significant interaction (p = 0.67; 

Figure 2.4). The fasted group had higher mean PO2 values (0.06-0.24 mm Hg) than the fed group 

(0.00 mm Hg throughout). The mean arterial blood PO2 after feeding (27.5 mm Hg) was 

significantly lower by 50 % (p = 0.022) than that of the fasted group (54.7 mm Hg). In the fed 

group, the mean PO2 of the subintestinal venous blood (8.8 mm Hg) was approximately one third 

of that of arterial blood (27.5 mm Hg; p = 0.033). 

 

2.5 Discussion 

2.5.1 Overview 

In this study, we have made the first direct measurement of PCO2 inside the GIT of a SW 

teleost (Figure 2.1). Consistent with our original hypotheses, PCO2 values in the GIT lumen of 

the English sole were greatly elevated relative to arterial blood levels, and were higher even than 
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recent direct measurements in the carnivorous FW rainbow trout, and much higher than in the 

omnivorous FW goldfish (Wood and Eom, 2019). Our fasting mean values were 14-17 mm Hg, 

whereas those in the trout were 7-13 mm Hg. Furthermore, after feeding, GIT PCO2 values 

increased to 34-50 mm Hg in the English sole, relative to 20-41 mm Hg in the post-prandial trout 

(Wood and Eom, 2019). These internal PCO2 levels were much higher than environmental 

values of common concern in aquaculture (Skov, 2019) and global climate change scenarios 

(McNeil and Matsumoto, 2019). Moreover, the projected levels of water PCO2 associated with 

climate change have been shown to significantly increase luminal HCO3- secretion to maintain 

water balance in another seawater teleost (Heuer and Grosell, 2016), and water PCO2 levels in 

intensive aquaculture can be even greater. Clearly, these could further exacerbate luminal PCO2 

conditions. The present measurements support our hypotheses that greater acid-base transport 

rates associated with both life in SW and feeding result in higher luminal PCO2 levels. Certainly, 

as predicted, pH in the stomach dropped markedly after feeding in the English sole, opposite to 

the pattern in the trout, and pH values then increased again to fasting levels in the intestine. This 

presumably reflected greatly increased gastric secretion of HCl and greatly elevated intestinal 

HCO3- secretion, respectively. With respect to whether the blood in the subintestinal vein 

equilibrates with the high PCO2 levels in the GIT lumen, our results are not clear-cut but suggest, 

contrary to our hypothesis, that there may be some degree of equilibration, because most of the 

subintestinal vein PCO2 values were very high and close to GIT lumen values. Finally, by 

making the first direct measurements of PO2 in the GIT lumen, we have confirmed the 

hypothesis that the inside of the teleost digestive tract is virtually anoxic throughout, consistent 

with that observed in mammals (Espey, 2013; Kurbel et al., 2006).  
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2.5.2 CO2 in the GIT 

Our data on English sole are in agreement with a recent review by Wood (2019) that 

surveyed the PCO2 values calculated via the Henderson-Hasselbalch equation from pH and total 

CO2 measurements in the intestinal fluids reported for a variety of fish species. While there are 

uncertainties in this approach (discussed below), 11 of the 15 SW species had values greater than 

5 mm Hg, with a few above 20 mm Hg. A similar phenomenon is known to occur in the human 

intestine, with luminal PCO2 levels up to 8-fold greater than blood levels (Steggerda, 1968; 

Suarez et al., 1997). In teleosts, the high PCO2 is presumably a result of the metabolism of the 

GIT tissue itself and of the gut microbiome, as well as osmoregulatory processes occurring in the 

GIT in SW species.  

The GIT has a very high mass-specific metabolic rate relative to other tissues in teleosts 

(Brijs et al., 2018; Taylor and Grosell, 2009) and in mammals (Britton and Krehbiel, 1993; Duée 

et al., 1995). In unfed teleosts, the blood flow to the GIT typically ranges from 10 to 40 % of 

cardiac output, and may increase greatly after feeding (Seth et al., 2011), indicating a significant 

functional importance. As a result, the respiratory CO2 production by the enterocytes is 

presumably high. There are also some reports (Clements et al., 1994; Mountfort et al., 2002) of 

intestinal microorganisms which ferment amino acids and carbohydrates in fish to produce short 

chain fatty acids. Recent studies suggest that GIT microbiome composition, metabolic activity 

and enzyme activities change depending on the diet (Desai et al., 2012; Liu et al., 2016) as well 

as a variety of other environmental conditions such as geographical location (reviewed by 

Talwar et al., 2018). Fine flounder (Paralichthys adspersus) raised in the aquaculture setting 

were found to have different GIT microbiomes from those in the wild. However, in another 

flounder species (Pleuronectes platessa), microbiome composition was uniform and was not 
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influenced by environmental parameters (Heindler et al., 2019). In the human large intestine, 

CO2, along with H2, CH4, and H2S is also produced by the breakdown of these fatty acids 

(Macfarlane and Macfarlane, 2003) but this area has not been fully elucidated in teleosts.  

The GIT of SW teleosts has an additional osmoregulatory function (Carrick and Balment, 

1983; Fuentes and Eddy, 1997b; Lin et al., 2001; Perrott et al., 1992; Smith, 1930). With an 

increase in ambient water salinity, there is an increase in drinking rate (see references within 

Grosell, 2007) and increase in blood flow to the GIT (Brijs et al., 2015). The ingested SW, along 

with additional [HCO3-] secreted in the esophagus during the desalination process (Esbaugh and 

Grosell, 2014; Takei et al., 2017), enters the stomach. Note that the calculated stomach [HCO3-] 

of fasted sole (3.7 mM; Figure 2.3) was actually higher than typical SW levels (~2.3 mM).  

Following feeding, the secretion of HCl reduces stomach pH (Koelz, 1992; Krogdahl et 

al., 2011) to values between 1-5 depending on a number of factors including species and time 

after a meal (reviewed by Bakke et al., 2011). In a non-digesting state, some species such as trout 

maintain an acidic stomach (e.g. Bucking and Wood, 2009; Wood and Eom, 2019) and some 

species keep the stomach pH high (e.g. Papastamatiou and Lowe, 2005; reviewed by Wood, 

2019). The latter appears to be the case in English sole, as its stomach pH decreased from 

circumneutrality by almost 2 units following feeding (Figure 2.2). In a previous study of SW 

European flounder (Platichthys flesus), stomach pH decreased to an even greater degree with 

time after feeding (Taylor et al., 2007), suggesting that flatfish in general may maintain stomach 

pH high during the non-digesting state, and decrease it with HCl secretion following food intake. 

The low pH favors dehydration of HCO3- to CO2, both from ingested SW and carbonates in food, 

producing a significant increase in PCO2 in the stomach after feeding (Figure 2.1). This then 
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suggests that the high [HCO3-] levels in the intestine arise mainly from endogenous intestinal 

HCO3- secretion that occurs posterior to the stomach to neutralize the GIT fluid (Figure 2.3). 

The gastrointestinal fluid entering the intestine is progressively depleted of Na+ and Cl- 

by transport processes of solute-coupled water absorption, leaving behind high concentrations of 

divalent ions such as Ca2+ and Mg2+. The intestine secretes HCO3- to precipitate these ions (Genz 

et al., 2008; Marshall and Grosell, 2005; McDonald and Grosell, 2006), reducing the osmotic 

pressure and facilitating intestinal water absorption (Wilson et al., 2002). Thus, the SW teleosts 

typically have higher [HCO3-] in the lumen than FW teleosts (Wood, 2019). Fasted English sole 

had high calculated [HCO3-] in the intestine (36-62 mM; Figure 2.3), similar to direct 

measurements in a previous study on the same species (23-42 mM; Grosell et al., 2001). The 

secreted HCO3- seems to be supplied by the respiratory CO2 that is reabsorbed into the 

enterocytes and hydrated by intracellular carbonic anhydrase (reviewed by Grosell, 2019). In SW 

European flounder, a significant part of the endogenous enterocyte CO2 produced from aerobic 

respiration supplies the HCO3- that is secreted via apical Cl-/HCO3- exchangers (Grosell et al., 

2005). The additional HCO3- secretion for osmoregulation may also then contribute to high PCO2 

in the intestine, especially since some H+ secretion by the intestinal epithelium occurs in parallel 

to the HCO3- secretion (Grosell, 2011; Grosell., 2019; Guffey et al., 2011; Wood et al., 2010). In 

fact, in vitro gut sac experiments of killifish (Fundulus heteroclitus) showed higher mucosal 

PCO2 when the fish were acclimated to SW than FW, and this increased further after feeding 

(Wood et al., 2010). Furthermore, our in vivo measurements of intestinal PCO2 and calculations 

of intestinal [HCO3-] (~17 mm Hg and 36-62 mM and respectively; Figures 2.1 and 2.3) in the 

English sole were higher than those found in unfed FW rainbow trout (7-13 mm Hg and 6-15 

mM respectively; Wood and Eom, 2019). The presence of high PCO2 in the intestinal fluid of 
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English sole then likely helps to promote CO2 recycling by diffusion back into the enterocytes 

(Grosell, 2019; Wood, 2019).  

The GIT PCO2 of English sole is further elevated following feeding, which probably is 

associated with the significant doubling in the calculated [HCO3-] in the posterior intestine (62 to 

131 mM; Figure 2.3). To neutralize acidic stomach fluid and allow digestive enzymes to function 

optimally in the intestine, fish secrete HCO3-. At present most evidence (e.g. Bucking et al., 

2009; Ferlazzo et al., 2012; Grosell and Genz, 2006; Perry et al., 2010; Taylor and Grosell, 2009) 

points to the intestinal tissue itself as the major source of this HCO3- secretion (Wood, 2019). 

The role of the liver (e.g. Boyer et al., 1976; Grosell et al., 2000) appears modest, while exocrine 

HCO3- secretion by the fish pancreas has not been detected (reviewed by Bakke et al., 2011). The 

rate of [HCO3-] secretion into the intestine in both SW rainbow trout (Bucking et al., 2009) and 

SW gulf toadfish (Opsanus beta) (Taylor and Grosell, 2009) increased after feeding. Similarly, 

SW European flounder had high total CO2 (11-45 mM) in the intestine 12 hours following 

feeding (Taylor et al., 2007). Moreover, feeding also significantly increased the calculated 

intestinal [HCO3-] and measured PCO2 of fed FW rainbow trout (43-50 mM and 36-41 mm Hg, 

respectively; Wood and Eom, 2019), but to a lesser extent than in fed English sole (38-131 mM 

and 34-50 mm Hg, respectively). It is, however, important to note that the English sole were fed 

whole anchovies containing carbonate-rich bones, which may have resulted in an even greater 

PCO2 than that associated with the use of commercial pellets used by Wood and Eom, (2019) in 

rainbow trout. The increased PCO2 could also be a result of increased O2 consumption of the 

GIT tissue (Taylor and Grosell, 2009) and increased metabolism of bacterial colonies associated 

with feeding (Altman, 1986; Kurbel et al., 2006; Tomlin et al., 1991), however, it was beyond 

the scope of this study to investigate these different potential contributors. 
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2.5.3 Measurements versus calculations of PCO2 and [HCO3-] in gastrointestinal fluids 

In the present study, we have made direct measurements of gastrointestinal fluid PCO2 

levels using micro-optodes. With the exception of Wood and Eom (2019), all previous values of 

intestinal fluid PCO2 levels in fish (summarized by Wood, 2019) were calculated via the 

Henderson-Hasselbalch equation from terminal measurements of pH and total CO2. In the 

present study, we made some terminal measurements of these same parameters, so we could 

make paired comparisons with the directly measured in vivo PCO2 values (Figure 2.5A). While 

calculated and measured PCO2 values were significantly correlated (p = 0.007, r2 = 0.41, N = 

16), quantitative agreement for any individual point was generally poor. Similarly, when 

calculated [HCO3-] values (computed from directly from measured PCO2 and pH) were regressed 

against measured [HCO3-] values (from terminally sampled total CO2), the relationship was 

again significant (Figure 2.5B; p = 0.022, r2 = 0.32, N = 16), but agreement for individual points 

was poor. Similar conclusions were reached by Wood and Eom (2019) for parallel comparisons 

in FW trout and goldfish. As discussed by these authors and by Wood (2019), possible reasons 

include uncertainties in pK’ and CO2 solubility coefficients for gastrointestinal fluid, micro-

heterogeneity in the gastrointestinal fluid, absence of equilibrium conditions due to insufficient 

carbonic anhydrase activity in the gastrointestinal fluid, and post-mortem changes. The 

conservative conclusion is that while calculated values provide useful semi-quantitative 

indications, directly measured values are far more reliable.  
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2.5.4 O2 in the GIT 

We measured PO2 in the GIT of English sole via direct insertion of PO2 micro-optodes 

into the lumen and found very low PO2 throughout the tract (Figure 2.4), similar to the virtually 

anoxic mammalian GIT (Kurbel et al., 2006). The mammalian tract exhibits a steep PO2 gradient 

from very low PO2 (relative to arterial blood) at the outer margins, dropping to anoxia at the 

luminal midpoint. While usually attributed to respiration by aero-tolerant microbes (Espey, 

2013), a recent study suggests that the unusual oxidative chemistry of the GIT fluids also 

contributes to O2 depletion (Friedman et al., 2018). We did not attempt to measure a PO2 gradient 

in English sole, and our measurements were made by blind puncture, with most micro-optode 

placements probably close to the midpoint of the lumen. Clearly, virtual anoxia predominates, 

but in future, it will be of interest to investigate potential PO2 gradients (as well as pH, PCO2, 

ion, and ammonia gradients) from margin to mid-lumen in both fed and fasted fish. Our findings 

raise questions about the oxygenation status of the enterocytes (discussed in the next section), 

and also call into question the relevance of gassing salines on the luminal surface of the gut with 

normoxia or hyperoxia, as is commonly done in transport studies in vitro (e.g. Bucking et al., 

2013; Grosell et al., 2001; Grosell and Genz, 2006; Rubino et al., 2014).    

 

2.5.5 Blood 

We found the arterial blood pH (Figure 2.2) and [HCO3-] (Figure 2.3) of English sole did 

not change significantly following feeding, despite a significant decrease in stomach pH (Figure 

2.2). In many fish, as a consequence of H+ secretion into the stomach for HCl formation, there is 

an equimolar increase in plasma HCO3- after feeding, causing an alkalinisation of the blood 

(“alkaline tide”; Bucking and Wood, 2009; Cooper and Wilson, 2008; Wood et al., 2005). Some 
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fish such as the SW dogfish shark and FW rainbow trout compensate by excreting metabolic 

base across the gills (Bucking and Wood, 2008; Tresguerres et al., 2007; Wood et al., 2007; 

Wood et al., 2009). However, SW species may be equipped to deal with the elevated metabolic 

base load of the alkaline tide due to their higher capacity for HCO3- secretion into the intestinal 

lumen for osmoregulation as mentioned above. This has been seen previously in SW gulf 

toadfish (Taylor and Grosell, 2006) and SW European flounder (Taylor et al., 2007) that appear 

to not exhibit a postprandial alkaline tide. The same may be true in English sole, as indicated by 

the very high [HCO3-] in the posterior intestine (Figure 2.3).  

We are aware of no previous investigation on blood O2 transport in English sole, but the 

starry flounder (Platichthys stellatus), with which it commonly hybridizes (Garrett et al., 2007), 

has been well studied (e.g. Milligan and Wood, 1987; Watters and Smith, 1973; Wood et al., 

1979). Based on blood gases and blood O2 dissociation curves reported by Wood et al. (1979) 

and Milligan and Wood (1987) for P. stellatus, our arterial blood measurements (PO2, PCO2, pH) 

in fasted animals were in the normal range for resting animals, yielding about 90 % arterial O2 

saturation. However the increases in arterial PCO2 (Figure 2.1) and decreases in arterial PO2 

(Figure 2.4) seen in fed fish would have depressed arterial O2 saturation to about 70 %. As there 

appear to be no previous data on fed flatfish, we cannot determine whether these are artifacts of 

anaesthetization and artificial ventilation, or a normal response to feeding. The mean PO2 (8.8 

mm Hg; Figure 2.4) measured in the subintestinal vein draining the GIT of fed English sole was 

lower than mixed venous PO2 in the starry flounder (13.4 mm Hg, from the caudal vein) which 

gave 66 % O2 saturation in resting, fasted P. stellatus (Wood et al., 1979). In combination with 

the very high (but variable) PCO2 in the subintestinal vein (mean = 27.8 mm Hg, Table 2.1, 

Figure 2.1) of English sole, this would have greatly reduced the O2 saturation in the blood 
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leaving the intestine to less than 20 %, based on blood O2 dissociation curves reported by 

Milligan and Wood (1987) for P. stellatus. This could partly be due to the increase in 

metabolism of the GIT, an artifact of the anaesthesia and artificial gill irrigation, or a 

combination of both. Certainly the high PCO2 would be beneficial in releasing blood O2 from the 

venous reserve to the enterocytes by Bohr and Root effects (Jensen, 2004; Nikinmaa, 2006; 

Wells, 2009). However these elevated subintestinal PCO2 values (Table 2.1) were quite variable 

amongst animals, and did not agree with generally low subintestinal vein PO2 values reported in 

fasted (Cooper et al., 2014) and fed salmonids (Eliason et al., 2007; Wood and Eom, 2019), so it 

would be premature to draw firm conclusions. The diffusion of both O2 and CO2 between the 

lumen and blood as well as their consequent effects on the O2 delivery to the metabolically active 

enterocytes still requires further investigation.  

 

2.5.6 Conclusion 

This study investigated the CO2 and O2 profiles in the GIT and part of its circulatory 

system in the marine English sole. We found that this SW teleost has relatively higher PCO2 

levels than two FW species, with levels increasing even further with feeding. We also found 

extremely low PO2 levels throughout the GIT, a novel finding in teleosts. Thus, the influence of 

the high PCO2 in the GIT on blood O2 transport, especially given the anoxic lumen, would be of 

interest in the future. This study had a limitation of working with fish artificially ventilated under 

anesthesia, which may have had some influence on the gas levels. Thus in vivo gas 

measurements in the GIT and blood of unanaesthetized free-swimming fish prior to and 

following feeding would be a very informative next step. The possible presence of PO2 gradients 

in the lumen, the extent of gas diffusion between the GIT and blood, the fine details of the 
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vasculature of the GIT villi, and the effect of various feeds on gas levels would all be of potential 

interest in future studies. Furthermore, in accord with a few previous reports on other teleosts 

(see Section 2.2), we have measured levels of ammonia, which is another respiratory gas in fish 

(Randall and Ip, 2006), in the gastrointestinal fluid of the English sole that were much higher 

than blood levels (Chapter 3; Jung et al., 2022). Therefore, in future, the ammonia profile in the 

GIT and its influence on O2 and CO2 exchange dynamics would also be of great interest. 

 

 



48 

 

Table 2.1 The subintestinal venous blood PCO2 values of 5 fed fish, and the intestinal PCO2 

values of the intestinal section at the point of measurement. 

Fed 
fish 

Subintestinal vein PCO2 (mm Hg) Intestinal section PCO2 (mm Hg) at the point of 
measurement 

#1 17.5 24.2; posterior 
#2 48.3 76.5; anterior 
#3 51.8 45.2; anterior 
#5 17.1 21.9; mid 
#7 4.1 38.6; anterior 
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Figure 2.1 Measurements of PCO2 in the arterial blood, subintestinal venous blood, and GIT 

sections of fasted (N = 8-10) and fed (N = 5-7) English sole treatment groups. The subintestinal 

venous blood PCO2 was not measured in the fasted group. Values are means ± SEM. Asterisk 

indicates a significant difference between fasted and fed groups within the respective GIT 

section. Letters that differ indicate significant differences between arterial and venous blood 

within the fed group. There were no significant differences among GIT section within a given 

treatment. 
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Figure 2.2 Measurements of pH in the arterial blood and GIT sections of fasted (N = 8-10) and 

fed (N = 7-8) English sole treatment groups. Values are means ± SEM. Asterisk indicates a 

significant difference between fasted and fed groups within a GIT section. Letters that differ 

represent significant differences among GIT sections within a fed group. There were no 

significant differences among GIT sections in the fasted group. 
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Figure 2.3 Calculated [HCO3-] values using measured in vivo PCO2 (Figure 2.1) and pH (Figure 

2.2) values of fasted (N = 7-10) and fed (N = 5-6) English sole treatment groups. Values are 

means ± SEM. Letters that differ indicate significant differences among GIT sections within a 

treatment group.  
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Figure 2.4 Measurements of PO2 in the arterial blood, subintestinal venous blood and GIT 

sections of fasted (N = 8-10) and fed (N = 6-9) English sole treatment groups. The subintestinal 

venous blood PO2 was not measured in the fasted group. Values are means ± SEM. Asterisk 

indicates a significant difference of arterial blood values between treatment groups. Letters that 

differ indicate significant differences between arterial and venous blood values in the fed group. 

Note the break in the scale on the Y-axis. All mean GIT PO2 values were ≤ 0.3 mm Hg in the 

fasted fish, and 0.0 mm Hg in the fed group, and there were no significant differences among 

GIT sections or between treatment groups. 
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Figure 2.5 Scatter plot of the calculated and measured (A) PCO2 and (B) [HCO3-] values of 

different GIT sections (S = stomach; A = anterior intestine; M = mid intestine; P = posterior 

intestine). The dotted lines represent the lines of equality and the solid lines represent best-fit 

linear regressions. (A: slope = 0.4195 ± 0.13; b = 27.31 ± 8.72; r2 = 0.413; p = 0.0073; N = 16) 

(B: slope = 1.719 ± 0.67; b = 3.93 ± 16; r2 = 0.32; p = 0.0224; N = 16). 
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Chapter 3: Comparison of postprandial luminal PO2, PCO2 and ammonia in 

the GIT between FW rainbow trout and SW English sole  

3.1 Summary 

The basic respiratory gas and acid-base conditions inside the lumen of the gastrointestinal 

tract (GIT) and blood draining the tract are largely unestablished in teleost fishes after feeding, 

though there have been some recent novel discoveries on freshwater rainbow trout and seawater 

English sole. The present study examined in greater detail the gas (PO2, PCO2, PNH3) and acid-

base profiles (pH, [HCO3-], Tamm (total concentration of ammonia) in the lumen of the stomach, 

the anterior, mid, and posterior intestine, as well as the venous drainage (subintestinal and/or 

hepatic portal vein) of the GIT in these two species 20 h post-feeding. Both species had high 

PCO2, PNH3, and Tamm, and low PO2 (virtual anoxia) in the lumens throughout all sections of 

the GIT, and high [HCO3-] in the intestine. Tamm, PNH3, and [HCO3-] increased from anterior to 

posterior intestine in both species. English sole had higher intestinal Tamm and lower [HCO3-] 

than rainbow trout post feeding, but Tamm was much higher in the stomach of rainbow trout. 

Despite the extreme conditions in the lumen, both arterial and venous blood showed relatively 

lower PCO2, Tamm and higher PO2, implying limited equilibration between the two 

compartments. The higher [HCO3-] and lower Tamm in the intestinal lumen of the freshwater 

rainbow trout than the seawater English sole suggest the need for future comparative studies 

using conspecifics fed identical diets but acclimated to the two different salinities in order to 

understand the potential role of environmental salinity and associated osmoregulatory processes 

underlying these differences.  
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3.2 Introduction 

The fish gastrointestinal tract (GIT) is a metabolically dynamic tissue, being a site for 

endogenous tissue metabolism, microbiome metabolism, acid-base and osmoregulatory ion and 

water transport, and nutrient degradation and transport following feeding. In combination, these 

processes generate high levels of CO2 (Wood, 2019) and ammonia (Bucking et al., 2013a; 

Pelster et al., 2015; Rubino et al., 2014) and a virtually anoxic luminal environment (Jung et al., 

2020; Chapter 2). Indeed, recent direct measurements showed high PCO2 (2 – 10 fold greater 

than blood levels) in the lumen of freshwater (FW) rainbow trout and goldfish (Carassius 

auratus) (Wood and Eom 2019), and in the seawater (SW) English sole (Jung et al. 2020; 

Chapter 2). Despite these extreme luminal conditions, it remains unclear to what degree the 

blood passing through the GIT is affected by these conditions.  

Digestion can generate PCO2 in the digestive tract as a result of a combination of 

increased endogenous metabolism of the GIT tissues, reaction of gastric HCl with endogenous 

carbonates in the food and HCO3- secretion in the lower tract, and bacterial fermentation 

(Grosell, 2011; Guffey et al., 2011; Kurbel et al., 2006; Suarez et al., 1997; Tomlin et al., 1991; 

Wood, 2019; Wood and Eom, 2019; Jung et al., 2020; Chapter 2). Thus, feeding could further 

elevate the luminal PCO2, creating greater PCO2 diffusion gradients between the lumen and the 

blood, and thus potentially increase blood PCO2 (Wood and Eom, 2019; Jung et al., 2020; 

Chapter 2). In these earlier studies on rainbow trout (Wood and Eom, 2019) and English sole 

(Jung et al., 2020; Chapter 2), the blood in the subintestinal vein (SIV) draining the intestine 

exhibited higher (but variable) PCO2 values than in the arterial blood. Notably, these PCO2 levels 

were higher than the typical values reported for mixed venous blood in fish (reviewed by Tufts 
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and Perry, 1998), which suggests some degree of equilibration between the high luminal PCO2 

and the blood passing through the GIT. 

If the high luminal PCO2 diffuses into the blood, it could benefit in unloading O2 to the 

tissues via Bohr and Root effects (Cooper et al., 2014; Nikinmaa, 2006; Rummer and Brauner, 

2015). This could be especially important in delivering O2 to the metabolically active transport 

epithelia of the intestine where it may be virtually anoxic on the apical side, as first reported in 

English sole (Jung et al. 2020; Chapter 2). The PO2 in the subintestinal venous blood in fed 

English sole was low (8.8 mm Hg) but still significantly higher than the lumen (≤ 0.3 mm Hg) 

suggesting incomplete equilibration between the lumen and the blood. The luminal PO2, 

however, did not seem to be affected by feeding in English sole. PO2 in the GIT lumen of 

rainbow trout is completely unknown, and was measured for the first time in the present study. 

To understand the potential effect of feeding on the lumen and blood gas profiles, post-prandial 

conditions of both species were investigated. Due to an insufficient blood flow in the SIV of 

English sole in fasting conditions, we were unable to insert micro-optodes into the vessel for 

comparison with fasting rainbow trout.  

Furthermore, the catabolism of dietary proteins generates high concentrations of 

ammonia in the lumen reaching up to 1-2 mM during digestion in rainbow trout (Bucking and 

Wood, 2012; Rubino et al., 2014), creating a concentration gradient for ammonia into the plasma 

(Kaushik and de Oliva Teles, 1985; Wicks and Randall, 2002a). A portion of this ammonia could 

be detoxified by GIT bacteria (Turner and Bucking, 2019) or absorbed into the enterocytes, 

which exhibit some capacity to metabolically detoxify ammonia loads (Rubino et al., 2014; Jung 

et al., 2021; Chapter 5). The plasma ammonia level of mixed systemic blood (Bucking and 

Wood, 2008) and hepatic portal vein (HPV) blood (Karlsson et al., 2006) both increased 
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significantly post feeding, suggesting transport of dietary-sourced ammonia into the blood. The 

majority of the plasma ammonia surplus is then excreted to the environment through the gills 

(Beamish and Thomas, 1984; Karlsson et al., 2006), and to a much lesser extent by the kidneys 

(Bucking et al., 2010). The possible transport of ammonia across the GIT membrane could be via 

K+ channels, Rhesus (Rh) glycoproteins, and/or linked to Na+ uptake partly through NKCC and 

aquaporins (Bucking and Wood, 2012; Bucking et al., 2013b; Rubino et al., 2015; Rubino et al., 

2019; Wright and Wood, 2009). All of the above information was generated on FW rainbow 

trout, and nothing is known about ammonia handling in the GIT of SW English sole. Given the 

necessity of Na+ uptake for osmoregulation, SW teleosts may experience greater uptake of 

ammonia into the blood than FW teleosts. 

These previous novel findings indicated that that there is much more of interest to be 

learned about respiratory gas exchange in the GIT of FW and SW teleosts. The present study 

surveyed the profiles of the three respiratory gases - O2, CO2, and ammonia - inside the lumen 

and in the blood in FW rainbow trout and SW English sole. Questions of particular interest were 

whether the virtually anoxic conditions seen in English sole GIT lumen would also occur in 

rainbow trout, whether there would be differences between the two species possibly linked to 

environmental salinity, and whether luminal gases would equilibrate with the bloodstream. 

Specifically, we hypothesized that the extreme conditions of PO2, PCO2 and ammonia in the 

lumen would be reflected in the blood draining the tract, and would become more marked after 

feeding.  
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3.3 Material and Methods 

3.3.1 Experimental animals 

Rainbow trout (N = 12; 112 – 470 g) were obtained from Little Cedar Falls Hatchery 

(Nanaimo, BC) and transferred to University of British Columbia (UBC) where they were held 

for several months prior to experiments. Fish were held at 9 ˚C in flowing dechlorinated 

Vancouver tap water (Na+ = 0.09, Cl- = 0.10, Ca2+ = 0.10, Mg2+ = 0.011, K+ = 0.004 mM, 

hardness as CaCO3 = 3.3 mg L-1, pH = 7.0). During this time, rainbow trout were fed to satiation 

daily with commercial pellet food (BioTrout 4.0 mm, Bio-OregonTM, Long-view, WA, USA). 

English sole (N = 21; 195-565 g) experiments were performed at Bamfield Marine Sciences 

Centre (BMSC; Bamfield, BC) in August-September 2019 and 2020. Fish were collected from 

the wild (Barkley Sound, BC) by angling under Department of Fisheries and Oceans Canada 

collection permits XR-204.18 and XR-212.19, and transferred to outdoor seawater flow-through 

tanks at 10-12 ˚C and 32 ppt salinity at BMSC. Tanks were filled with 4 cm of sand to allow the 

animals to burrow; during this time English sole were fed previously frozen anchovies 

(Engraulis mordax). 

We investigated rainbow trout in starved and fed states, while only the fed state of 

English sole was measured. For both species, in the fed groups, fish were fed 20 h prior to 

experimentation while in the fasted group feeding was withheld for 7 days prior to 

experimentation. All experiments were approved by the UBC (AUP 14-0251 and 18-0271) and 

BMSC Animal Care Committees (RS-18-20, RS-19-15, and RS-20-17). 
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3.3.2 Cannulation 

Fish were anaesthetized with 0.1-0.2 g L-1 NaOH-neutralized MS-222 (Syndel 

Laboratories, Parksville, BC) in either freshwater (rainbow trout) or seawater (English sole). 

Once anaesthetized, the fish were transferred to an operating table and their gills were 

continuously irrigated with temperature-controlled (acclimation temperature and salinity), 

anesthetic (~0.03 g L-1; Stage 5; McFarland, 1959) water. The dorsal aorta of rainbow trout was 

cannulated according to the procedure described in Soivio et al. (1972). The caudal artery of 

English sole was cannulated as previously described by Watters and Smith (1973) and Jung et al. 

(2020; Chapter 2). Anaesthesia and gill irrigation were then maintained at the same level 

throughout the ensuing in situ measurements, following which fish were euthanized. 

 

3.3.3 PCO2, PO2, total O2 content ([O2]) and hemoglobin ([Hb]) measurements 

The PCO2 micro-optodes (PreSens, Regensburg, Germany), mounted in #23 hypodermic 

needles, were prepared and calibrated as described in Chapter 2 (Jung et al., 2020). These PCO2 

micro-optodes were prototype devices (PreSens 200 001 368) connected to an electronic 

transmitter (PreSens 300 000 114), with the output displayed on a personal computer running 

prototype software (PreSens 200 001 488). All PO2 measurements were made using micro-

optodes (PreSens, Regensburg, Germany) mounted in #23 hypodermic needles and calibrated 

with air-equilibrated and sodium sulfite saturated saline kept in gas tight bottles. Arterial blood 

samples (approximately 1 ml) were collected from the catheter by blood pressure-driven flow 

into 2-ml microcentrifuge tubes, and then PCO2 and PO2 micro-optodes were inserted to the 

bottom of the tube sitting in the temperature-controlled bath. Whole blood O2 content was 

measured using the Tucker method (Tucker, 1967); 10 μL of blood was collected using a gas-
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tight syringe (Hamilton, Reno, Nevada, USA) and injected into a custom-made 2344 μL Tucker 

chamber with the PO2 micro-optode inserted through a gas-tight septum. The chamber was filled 

with potassium ferricyanide and saponin to release O2 bound by hemoglobin. The [Hb] was 

measured as described by Kampen and Zijlstra (1961).  

Then, the peritoneal cavity was surgically opened and the PO2 micro-optode was directly 

inserted into the lumen of the gastrointestinal tract (GIT) at four sites (stomach, anterior, mid, 

and posterior intestine) for luminal measurements. The PCO2 and PO2 micro-optodes were 

inserted into the subintestinal vein (SIV) near the posterior intestine of both species, and into the 

hepatic portal vein (HPV) of rainbow trout in random order. In fasted English sole, the SIV was 

not engorged enough for insertion of PO2 and PCO2 micro-optodes. 

 

3.3.4 pH, total CO2 content (TCO2), and Tamm measurements 

The pH of the collected arterial blood was measured using a micro-combination probe 

(MI-414; 6cm beveled tip; Microelectrodes Inc., Bedford, NH, USA). For both species, not 

enough blood could be taken from the SIV or HPV for pH, TCO2 and Tamm measurements. 

After completion of all blood and luminal gas measurements, the fish was euthanized by an over-

dose of anaesthetic, and weighed. The four sections of the GIT (stomach, anterior intestine, mid 

intestine, and posterior intestine) were ligated with 2-0 silk threads and excised. The GIT 

fluid/chyme was collected into 2-ml centrifuge tubes, centrifuged (2 min, 5000 g), and the pH of 

the supernatants was measured, using the same micro-electrode as for blood. The supernatants 

were then flash-frozen in liquid N2. Samples were later thawed on ice and immediately assayed 

for TCO2 using a Corning 965 CO2 analyser (Ciba-Corning Diagnotstics, Halstead, Essex, UK) 



61 

 

and Tamm using a commercial ammonia kit (Raichem CliniqaTM; glutamate dehydrogenase 

method). Prior tests have demonstrated that chyme TCO2 values do not change due to freezing.   

 

3.3.5 Calculations and statistical analyses 

Graphs were made and statistical analyses were performed using Graphpad Prism 

software (version 7.0a). All data are expressed as means ± SEM (N = number of fish). Calculated 

PCO2 and [HCO3-] values were derived from rearrangements of the Henderson-Hasselbach 

equation (see Wood et al., 1983) using values for pK’ and CO2 solubility for teleost plasma 

(Boutilier et al., 1984). Partial pressures of ammonia (PNH3) of both plasma and chyme were 

calculated from measured Tamm and pH using the solubility coefficient of rainbow trout plasma 

reported in Cameron and Heisler (1983). Species comparisons of data within the same blood or 

GIT section, as well as differences between fasted and fed treatment groups within a species 

employed Student’s unpaired t-test. Comparisons between blood and GIT section within a 

species used one-way ANOVA and Tukey’s post hoc test. All other data were analyzed using 

two-way ANOVA with blood and feeding state as factors, or species and blood or GIT sections 

as factors, followed by Tukey’s post hoc tests. A significance level of p < 0.05 was used in all 

tests. 

 

3.4 Results 

3.4.1 Direct-measurement of blood and luminal O2 

The PaO2 values of the two species in the fed state were not significantly different from 

each other, and the oxygenation status of arterial blood did not change with feeding in either 

species (Table 3.1). However, English sole had significantly lower levels of [O2] and [Hb] than 
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rainbow trout, differences of about 75 % and 50 % respectively (Table 3.1). Feeding had no 

significant effect on the PO2 of blood sampled at different locations of rainbow trout, but the PO2 

values of SIV and/or HPV were significantly lower than PaO2 in both species, by 60 % or more 

(Table 3.1 and Figure 3.1). Luminal PO2 was almost anoxic (< 1 mm Hg) in both species 

(Figures 3.1 A, B), and was not affected by feeding in rainbow trout; note the differences in scale 

between the left and right y-axis in Figure 3.1. Luminal PO2 was significantly lower than SIV or 

HPV PO2 in both species (Figure 3.1). 

 

3.4.2 Direct-measurement of blood PCO2 

Rainbow trout had 4-fold higher SIV and HPV PCO2 than that in the arterial blood, but 

for English sole, the 1.6-fold higher SIV PCO2 was not significantly different than the arterial 

PCO2 (Figure 3.2). There were no significant differences between species in either arterial or 

SIV PCO2. However, as illustrated by the individual data symbols in Figure 3.2, direct 

measurements of PCO2 in the veins draining the gastrointestinal tracts of both species (SIV 

and/or HPV) had greater variability (lowest – highest values: rainbow trout SIV = 11.1-27.1 mm 

Hg; HPV = 7.2-33.2 mm Hg; English sole SIV = 5.7-23.7 mm Hg) than in arterial blood samples 

(rainbow trout 2.6-6.4 mm Hg; English sole 3.2–11.0 mm Hg).  

 

3.4.3 [HCO3-], pH and calculated PCO2 of blood and chyme 

There was a significant 35 % increase in [HCO3-] of the arterial blood after feeding in 

rainbow trout, but the increase in pH was not significant (Table 3.1). Stomach chyme contained 

almost no [HCO3-] (< 0.3 mM), but [HCO3-] gradually increased as chyme proceeded down the 

intestinal tract in both species, resulting in the highest concentration in the posterior intestine 
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(rainbow trout mean = 50.7 mM; English sole mean = 20.5 mM) (Figure 3.3A). In general, 

rainbow trout had 2- to 3-fold higher [HCO3-] in the arterial blood and intestinal chyme than 

English sole (Table 3.1 and Figure 3.3A). In both rainbow trout and English sole, the arterial 

blood pH values were typical of FW and SW teleosts respectively at these temperatures (Table 

3.1). The stomach pH was the lowest in the GIT for both species (3.6 and 4.7 respectively), but 

pH increased close to blood levels in the intestine (7.7-8.1 and 7.1-7.6 respectively; Figure 3.3B). 

The direct measurements of total CO2 and pH allowed calculation of PCO2 in the arterial blood 

and chyme, for which there were no significant differences between the species (Figure 3.3C). In 

both species, the calculated PCO2 was highest in the stomach at 112-115 mm Hg, but there were 

no differences among the intestinal sections (20–38 mm Hg). The calculated PCO2 in the arterial 

blood was low in both species at 3.4 mm Hg for rainbow trout and 2.8 mm Hg for English sole. 

These were not significantly different from the directly measured values reported in Figure 3.2 

for rainbow trout (p = 0.21), but measured values were significantly higher than calculated 

values in English sole (p = 0.0093).  

 

3.4.4 Blood and chyme ammonia 

English sole had approximately 5-fold higher Tamm in the arterial blood plasma than 

rainbow trout (Table 3.1 and Figure 3.4A). In both species, chyme Tamm was significantly 

higher (rainbow trout = 415–3709 μM; English sole = 2180–3062 μM) than that of the arterial 

blood (Figure 3.4A; rainbow trout = 46 μM; English sole = 238 μM). It was particularly high in 

the stomach of rainbow trout, followed by the posterior intestine then the anterior and mid 

intestines. English sole stomach chyme had the lowest Tamm, but it increased moving down the 

intestinal tract, as in rainbow trout. Therefore, rainbow trout had 1.7-fold higher stomach Tamm 
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than English sole, but much lower concentrations (by 60-80 %) in the intestine. There were no 

significant differences between species in chyme PNH3 values (Figure 3.4B) calculated using 

measured pH (Figure 3.3B) and Tamm (Figure 3.4A). Both species had the greatest PNH3 value 

in the posterior intestine, which was up to 30-fold higher than in the arterial blood.  

 

3.5 Discussion 

3.5.1 Overview 

The present study found extreme conditions in the lumen of the GIT, with high PCO2, 

PNH3, and Tamm, concurrent with extremely low PO2 (almost anoxic) in both FW rainbow trout 

and SW English sole. Overall, our findings did not support the original hypotheses. The venous 

blood draining from the tract did not seem to reflect the extreme luminal conditions. 

Furthermore, we did not find any remarkable differences in patterns between the species, though 

there were some interesting quantitative differences. Feeding had no effect on any of the blood 

measurements in rainbow trout with the exception of arterial blood [HCO3-], which was elevated 

(Table 3.1) likely as a consequence of HCl secretion into the stomach, inducing an alkaline tide 

(Hersey and Sachs, 1995). However, there were no significant differences in arterial blood pH or 

PCO2 post feeding (Table 3.1). The lack of change in PCO2 and consistent blood oxygenation 

status are indicative of an absence of respiratory compensation for the alkaline tide, similar to 

previous findings in teleosts (Bucking and Wood, 2008; Cooper and Wilson, 2008). The 

[O2]/[Hb] did not change following feeding in English sole as well, indicating that both species 

may be compensating acid-base status using base excretion or other means, rather than by 

respiratory mechanisms observed in other vertebrates (Andrade et al., 2004; Busk et al., 2000; 

Niv and Fraser, 2002). 



65 

 

 

3.5.2 Direct-measurement of blood and luminal O2 

The present study is the first to report a nearly anoxic lumen in a FW teleost, similar to 

the previous observation in SW English sole (Jung et al., 2020; Chapter 2). We found there to be 

little or no equilibration of PO2 between the lumen and the blood in the SIV in both species 

(Figure 3.1). The anoxic lumen is similar to that in mammals which is a requirement to maintain 

favorable conditions for the GIT microbiome (Espey, 2013; Tiso and Schechter, 2015). In fact, 

the average luminal PO2 of a mouse is reported to be < 1 mm Hg, similar to our findings, but the 

mucosa near the intestinal tissue (< 200 μm from the epithelial surface) is relatively well-

oxygenated and colonized by oxygen-tolerant bacteria (Albenberg et al., 2014; Espey, 2013). A 

more recent study on germ-free mice revealed that mechanisms other than microbial respiration 

such as respiration of the intestinal epithelium tissue itself, and/or oxidative chemical reactions 

may also contribute to O2 depletion (Friedman et al., 2018). Chapters 2 and 3 found that the 

lumen was virtually anoxic regardless of feeding conditions in both species, implying oxygen 

depletion may not be dependent on the presence of food material. Whether similar heterogeneous 

PO2 conditions and oxygen consumption pathways as those found in mouse also exist in fish 

requires further investigation. 

 

3.5.3 Direct-measurement of Blood PCO2 

The PCO2 values in both the SIV and the HPV were higher than that of the arterial blood 

in rainbow trout, but not in English sole, where only SIV PCO2 could be measured (Figure 3.2). 

High venous PCO2 could be due to an increase in luminal PCO2, as observed after feeding in 

rainbow trout (Wood and Eom, 2019), where the measured PCO2 in the lumen of the posterior 
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intestine was about 25-30 mm Hg. This is similar to the mean measured PCO2 in the SIV and the 

HPV of approximately 20 mm Hg in the present study (Figure 3.2), values that were below the 

calculated PCO2 in the intestinal chyme, and far below the calculated PCO2 in the stomach 

(Figure 3.3C). If luminal PCO2 does diffuse into the blood, it could potentially affect acid-base 

regulation and blood O2 transport (Cooper et al., 2014; Nikinmaa, 2006). However, it is 

important to point out the variability of the venous blood PCO2 measurements for both species, 

as illustrated in Figure 3.2. Such variability has also been seen previously by Wood and Eom 

(2019) in rainbow trout (2 – 34 mm Hg) and in English sole in Chapter 2 (4 – 48 mm Hg; Jung et 

al., 2020) and thus makes interpretation challenging. We speculate that this could be caused, at 

least in part, by the interruption of the blood flow during direct insertion of the PCO2 micro-

optodes. Further study with less invasive sampling will be required, perhaps by chronic 

cannulation of the SIV in much larger fish (Karlsson et al., 2006), before concluding that there is 

substantial PCO2 diffusion from the lumen to the blood. 

 

3.5.4 [HCO3-], pH and calculated PCO2 of blood and chyme 

We found there to be almost no [HCO3-] in the stomach and that [HCO3-] increases as 

chyme moves down the intestinal tract in both species (Figure 3.3A). The secretion of [HCO3-] 

into the intestinal lumen may be part of general digestive function in FW as well as in SW 

teleosts, but may be additionally utilized for osmoregulation in SW teleosts (Grosell, 2011). 

Calculated PCO2 in the lumen was high in both species as predicted, but calculated stomach 

PCO2 was higher (almost double) than directly measured values in previous studies (Figure 3.3C; 

Wood and Eom, 2019; Jung et al., 2020; Chapter 2). Goodrich et al. (2020) also calculated 

particularly high stomach PCO2 in FW climbing perch (Anabas testudineus) relative to the 
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intestinal values. There may be a discrepancy between calculated and measured values as shown 

in Chapter 2 (Jung et al., 2020), but the same study also reported significant correlation between 

calculated and measured PCO2 values. Thus, while some discretion should be used for 

interpreting absolute values, species comparisons using calculated PCO2 could be relatively 

reliable. Nonetheless, arterial blood pH and PCO2 showed no disturbance with feeding despite 

dynamic levels in the GIT. 

English sole had lower [HCO3-] in the chyme and similar chyme and SIV PCO2 levels to 

rainbow trout (Figures 3.2 and 3.3 A&C). Comparison between salinities is confounded by 

differences in diet (commercial pellets versus anchovies), temperature (9 ºC versus 10-12 ºC), 

and of course species. Nevertheless, there is no indication that the additional role of the intestine 

in osmoregulation in SW fish (Grosell, 2011) and the accompanying greater blood flow to the 

GIT (Brijs et al., 2015) is associated with more extreme levels of PCO2 and [HCO3-] in the 

lumen. In SW teleosts, intestinal Cl-/HCO3- exchange results in elevated luminal HCO3- 

concentrations, which help to precipitate Ca2+ and Mg2+ from the ingested seawater, thereby 

increasing the osmotic gradient for water absorption across the GIT (Grosell, 2011; Grosell et al., 

2009; Guffey et al., 2011; Wood et al., 2010), with associated acid-base relevant ion movements 

between the lumen and the blood (Cooper et al., 2014). Our data, together with other recent data 

(Goodrich et al., 2020; Wood, 2019) question the general belief that high [HCO3-] in the intestine 

is exclusive to SW teleosts. As summarized in Wood (2019), the majority of the high intestinal 

[HCO3-] values measured in SW teleosts are for fasted animals. The few data on fed animals in 

SW summarized in Wood (2019) and our data for fed English sole in the Chapters 2 and 3 are 

more comparable to those measured in fed FW teleosts, including other species investigated by 

Goodrich et al. (2020). A comparative study of FW and SW teleosts in the fasting state to 
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eliminate feeding effects would be informative in teasing out these differences. Nevertheless, our 

observations indicate the need for further studies on conspecifics acclimated to FW and SW (e.g. 

the euryhaline rainbow trout) on similar diets to understand the effect of environmental salinity 

on luminal and blood gas conditions.  

 

3.5.5 Blood and chyme ammonia 

Luminal Tamm was high in both species, but particularly high in the stomach of rainbow 

trout (Figure 3.4A). To our knowledge, this is the first study to report Tamm in the chyme of the 

stomach, a region that has often been overlooked in ammonia handling abilities. This high 

[ammonia] disappears once the chyme moves into the intestine, suggesting that a large portion of 

the ammonia load may be absorbed in the stomach, similar to dietary Na+ and K+ ions (Bucking 

and Wood, 2006). If true, ammonia may be moving against the PNH3 gradient in the stomach 

(Figure 3.4B), because the low gastric pH (Figure 3.3B) results in very low luminal PNH3, 

despite high Tamm (Figure 3.4A). In the mouse, Rh isoforms are expressed in the stomach 

(Handlogten et al., 2005), which may be involved in secreting and absorbing ammonia (Gips, 

1973; Summerskill et al., 1966). At present, there is no information on possible ammonia 

absorptive pathways in the teleost stomach. An alternative explanation would be a very rapid 

absorption of large amounts of ammonia in the very first part of the anterior intestine, which 

could be driven by an increase in chyme PNH3 (Figure 3.4B) in response to the almost 4 unit 

increase in pH encountered as chyme leaves the stomach (Figure 3.3B). Future experiments with 

isolated gut sac preparations (e.g. Rubino et al., 2014) may be able to address this uncertainty.       

To date, there has been a focus on the intestine as a site of ammonia detoxification, 

excretion and absorption. Rubino et al. (2014) estimated that almost half of the ammonia 
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produced from feeding in rainbow trout originates from ammonia being generated in the chyme 

or synthesized within the intestinal tissue, both of which may enter the blood. In various 

ammoniotelic teleosts, ammonia detoxifying enzymes such as glutamine synthetase (GS) and 

glutamate dehydrogenase (GDH) have been discovered in the enterocytes (Bucking and Wood, 

2012; Bucking et al., 2013a; Mommsen et al., 2003a; Pelster et al., 2015; Tng et al., 2008; 

Turner and Bucking, 2019). The same enzymes are also found in intestinal bacteria (Andersson 

and Roger, 2003; Müller et al., 2006; Turner and Bucking, 2019), indicating the importance of 

the microbiome in handling ammonia as well. 

Concurrent with the assumed ammonia load in the lumen after feeding in their study, 

Karlsson et al. (2006) found a significant increase in plasma Tamm levels in the HPV. While 

nothing is known about possible gastric ammonia absorption in fish, the mechanism of 

absorption of ammonia across the intestinal epithelium has now been investigated in some detail 

(Bucking et al., 2013a; Bucking et al., 2013b; Rubino et al., 2014; Rubino et al., 2015; Rubino et 

al., 2019; Jung et al., 2021; Chapter 5). Pathways include substitution for K+ at K+ channels and 

NKCC, and possibly passage through aquaporins (Rubino et al., 2015; Rubino et al., 2019).  

Another possible route is via Rh glycoproteins that are present in the mammalian intestine 

(Handlogten et al., 2005; Weiner, 2006; Worrell et al., 2008), and are also expressed and 

responsive to feeding in the intestine of teleosts (Bucking and Wood, 2012; Bucking et al., 

2013b; Rubino et al., 2015). Present evidence indicates that rainbow trout Rh glycoproteins 

transport NH3 rather than NH4+ (Nawata et al., 2010), but this remains unproven. The HPV 

receives venous blood draining from the stomach as well as from the intestine (SIV), so the large 

ammonia load in the stomach found in the present study (Figure 3.4A) could be an additional or 

major source of elevated HPV ammonia levels reported in Karlsson et al. (2006). If the PNH3 
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gradient is a driver of ammonia uptake, the posterior intestine could be a major site of ammonia 

absorption (Figure 3.4B). Overall, our data argue for the importance of measuring ammonia in 

the SIV to compare to the HPV levels, on a paired basis, in concert with simultaneous 

measurements of ammonia levels in stomach and intestinal chyme. 

In the species comparison, English sole had higher plasma and intestinal Tamm levels 

than rainbow trout (Figure 3.4). Initially, given the necessity of Na+ uptake in the gut for 

osmoregulation, we speculated that SW teleosts may experience greater uptake of ammonia into 

the blood than FW teleosts, due to ammonia transport through Na+ linked NKCC and aquaporins 

(Rubino et al., 2015; Rubino et al., 2019). Although we did find higher plasma ammonia levels 

in English sole, this may simply be due to the greater intestinal ammonia level in this species. 

Once ammonia is absorbed via the GIT, the fish is able to excrete some, but not all, of this 

ammonia across the gills, before the arterial blood sampling site (Bucking and Wood, 2008; 

Bucking et al., 2013a; Karlsson et al., 2006).  

 

3.5.6 Conclusion 

We performed a survey study on FW rainbow trout and SW English sole of their 

postprandial profiles in the lumen and the circulatory systems supplying and draining the GIT, 

with respect to O2, CO2, ammonia, and pH. Despite the extreme conditions inside of the lumen, 

blood experienced much less disturbance. Therefore, there was no or limited equilibration of 

PCO2, PO2, or ammonia between the lumen and blood in both species. There was a significant 

increase in post-intestinal venous PCO2 in rainbow trout, but the variability in the data need to be 

addressed with a less invasive and/or in vivo sampling approach. We found minimal differences 

between the species, except for luminal Tamm and [HCO3-] levels that are potentially due to feed 
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differences. Thus, our study suggests the need for further comparative investigation between FW 

and SW conspecifics under standardized conditions of diet and temperature, in order to 

understand any effects of the osmoregulatory role of the intestine in SW on the O2, CO2, 

ammonia, and acid-base conditions in the GIT lumen and the vascular system. 
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Table 3.1 Effect of feeding on arterial blood characteristics of rainbow trout (N = 5-6) and 

English sole (N = 7-13). Means ± SEM. Asterisk (*) represent significant differences between 

fasted and fed states within a species. Dagger (†) represents significant difference between 

species in the same feeding state.   

  Rainbow trout English sole 

  Fasted Fed Fasted Fed 
PO2 (mm Hg) 99.5 ± 6.5 90.3 ± 3.5 - 80.3 ± 7.9 
PCO2 (mm Hg) 3.5 ± 0.7 4.7 ± 0.8 - 7.5 ± 1.1 
Tamm (µM) 37.9 ± 11.4 45.9 ±14.0 - 238.3 ± 49.9† 
PNH3 (µmm Hg) 9.0 ± 2.4 15.8 ± 3.4 - 49.3 ± 14.3† 
[HCO3

-] (mM) 10.5 ± 0.3 14.3 ±1.2* - 3.9 ± 0.7† 
pH 7.80 ± 0.09 7.94 ± 0.14 - 7.66 ± 0.10 
[O2] (mM)  3.9 ± 0.2 4.4 ± 0.6 0.8 ± 0.2† 1.0 ± 0.2† 
[Hb] (mg ml-1)  106.0 ± 19.2 126.5 ± 14.7 62.1 ± 3.5† 63.8 ± 5.0† 
[O2]/[Hb] (mmoles g-1)  0.042 ±0.006 0.038 ± 0.007 0.012 ± 0.002† 0.014 ± 0.004† 
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Figure 3.1 Direct measurements of PO2 in the blood and four sections of the gastrointestinal 

tract (GIT) lumen of (A) fasted and fed rainbow trout (N = 5-6) and (B) fed English sole (N = 6-

7). Means ± SEM. Blood data are reproduced from Table 3.1 to permit direct comparison with 

the luminal PO2 values. Note that the left y-axis is for blood values, and right y-axis is for GIT 

lumen values. Upper case letters represent significant difference between blood samples from 

different sites in (A) fasted fish, and lower case in (A & B) fed fish. There were no significant 

differences between fasted and fed states in (A) rainbow trout, and there were no significant 

difference between fed species in either blood samples or luminal measurements. All luminal 

PO2 values were significantly lower than blood PO2 in both species.  
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Figure 3.2 Direct measurements of PCO2 in arterial, subintestinal vein (SIV) and hepatic portal 

vein (HPV) blood after feeding in rainbow trout (left y-axis; N = 5-6) and English sole (right y-

axis; N = 5-7). Means ± SEM. Letters represent significant difference between blood 

measurements within a species. Arterial blood PCO2 data are reproduced from Table 3.1 to 

permit direct comparison with SIV and HPV values. There were no significant differences 

between species. Individual data are overlaid on the bars as round symbols to illustrate the data 

distribution. 
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Figure 3.3 (A) Measured [HCO3-], (B) pH, and (C) calculated PCO2 of blood and chyme in fed 

rainbow trout (left y-axis; N = 6), and English sole (right y-axis; N = 7). Means ± SEM. Arterial 

blood pH values are reproduced from Table 3.1 to permit direct comparison with the luminal 

values. Letters that differ represent significant differences between blood and sections of the GIT 

within a species. Dagger represents significant difference between species. 
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Figure 3.4 Measured (A) Tamm of arterial blood and chyme and (B) calculated PNH3 from 

direct measurements of pH (Figure 3.3B) and Tamm (panel A) in fed rainbow trout (left y-axis; 

N = 5-6), and English sole (right y-axis; N = 6-7). Means ± SEM. Letters that differ represent 

significant differences between blood and sections of the GIT within a species. Dagger 

represents significant difference between species. Arterial blood pH and PNH3 values are 

repeated from Table 3.1 for comparison with the luminal values.  
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Chapter 4: Potential equilibration of PO2, PCO2 and ammonia between the 

GIT lumen and systemic bloodstream in FW rainbow trout 

4.1 Summary 

Teleosts experience extreme conditions in the lumen of the gastrointestinal tract (GIT), 

especially after feeding: high PCO2 (20-115 mm Hg), total ammonia (415-3710 μM), PNH3 (79-

1760 μmm Hg in the intestine), and virtual anoxia (PO2 < 1 mm Hg). These levels could be 

dangerous if they were to equilibrate with the bloodstream. Previous findings have proven 

equivocal. Thus, we investigated the potential for equilibration of O2, CO2, and ammonia across 

the GIT epithelia in freshwater rainbow trout by monitoring postprandial arterial and venous 

blood gases in vivo and in situ. In vivo, blood was sampled from the indwelling catheters in the 

dorsal aorta (DA) and subintestinal vein (SIV) draining the posterior intestine in the fasting state 

and at 4 to 48 h following catheter-feeding. To investigate possible ammonia absorption in the 

anterior part of the GIT, blood was sampled from the DA, SIV and hepatic portal vein (HPV) 

from anaesthetized fish in situ following voluntary feeding. We found minimal equilibration of 

all three gases between the GIT lumen and the SIV blood, with the latter maintaining pre-feeding 

levels (PO2 = 25-49 mm Hg, PCO2 = 6-8 mm Hg, and total ammonia = 117-134 μM and PNH3 = 

13-30 μmm Hg at 48 h post-feeding). In contrast to the SIV, we found that the HPV total 

ammonia more than doubled 24 h after feeding (128 to 297 μM), indicative of absorption in the 

anterior GIT. Overall, the GIT epithelia of trout, although specialized for absorption, prevent 

dangerous levels of PO2, PCO2 and ammonia from equilibrating with the blood circulation. 
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4.2 Introduction 

Conditions to improve fish health and maximize growth efficiency have been of growing 

interest in support of aquaculture, which is currently one of the fastest expanding industries 

globally (Food and Agriculture Organization, 2020). Despite such interest, relatively little is 

known about the conditions in the gastrointestinal tract (GIT) and its significance to fish 

productivity. The GIT is an important multifunctioning organ in fish not only for digestion and 

nutrient absorption, but also for ionic and osmotic regulation, neuroendocrine regulation, 

immune responses, and even air breathing in some species (Grosell et al., 2011).  

The GIT lumen is a unique extracorporeal environment containing a complex 

microbiome, lined with specialized GIT cells (enterocytes) interacting closely with other organ 

systems. In mammals, the lumen contains high carbon dioxide (CO2) and low oxygen (O2) levels 

derived from chemical reactions and bacterial fermentation of dietary substrates during digestion 

(reviewed by Kalantar-Zadeh et al., 2019). Recent research has shown that this is similar in fish. 

Direct measurements in the lumen of fasted freshwater rainbow trout and seawater English sole 

have revealed low PO2 (< 1 mm Hg) and high in PCO2 (7-17 mm Hg) values (Wood and Eom, 

2019; Jung et al., 2020; Chapter 2). Feeding further elevates the luminal PCO2 in fish (20-115 

mm Hg), whereas PO2 remains nearly anoxic (Wood and Eom, 2019; Jung et al., 2020; Jung et 

al., 2022; Chapters 2 and 3). These luminal PO2 and PCO2 levels are much more extreme than 

normal blood levels, more extreme than predicted future levels induced by climate change, and 

even more extreme than levels considered harmful in the natural environment (Alabaster et al., 

1957; Ellis et al., 2017). Moreover, a third respiratory gas for fish, ammonia (Randall and Ip, 

2006), is also high in the lumen (415-3710 μM as total ammonia; 79-1760 μmm Hg in the 

intestine as PNH3) as a result of breakdown of proteins in the food (Bucking and Wood, 2012; 
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Rubino et al., 2014; Jung et al., 2022; Chapter 3). This also exceeds the water ammonia levels 

considered toxic for fish (Randall and Tsui, 2002; Solbé and Shurben, 1989). 

Ultimately, there are significant gradients of both PCO2 and ammonia from the lumen 

into the arterial blood perfusing the GIT, while the opposite is true for PO2. Notably, plasma 

ammonia concentrations in mixed caudal blood (Bucking and Wood, 2008; Kaushik and de 

Oliva Teles, 1985), and in the hepatic portal vein (HPV) draining the GIT (Karlsson et al., 2006) 

are elevated significantly after feeding This excess ammonia is then excreted via the gills, and to 

a lesser extent via the kidney (Beamish and Thomas, 1984; Bucking et al., 2010; Karlsson et al., 

2006; Wicks and Randall, 2002b). However, transport of luminal ammonia into the systemic 

bloodstream must be carefully controlled as it can be a toxicant (Randall and Tsui, 2002). 

Similarly, if the high luminal PCO2 were to equilibrate with the blood, it would result in a very 

unfavourable blood acid-base disturbance (extreme respiratory acidosis) in fish (Perry and 

Gilmour, 2006), though at the same time it potentially could help to release O2 from hemoglobin 

by Bohr and Root effects (Nikinmaa, 2006; Rummer and Brauner, 2015) thereby fueling active 

transport processes in the enterocytes. In mammals, some of the luminal CO2 and other gases can 

be absorbed across the intestinal epithelia and enter the blood circulation, but they are also either 

removed by microbes or released as flatulence (Lacy et al., 2011; Ohashi et al., 2007). Whether 

or not high luminal PCO2 and ammonia are also moving into the vascular system in fish is still 

largely unproven. A few calculated PCO2 values in the venous blood draining from the GIT are 

reported to be low (Cooper et al., 2014; Eliason et al., 2007), but direct measurements in the 

subintestinal vein (SIV) have proven to be quite variable (Wood and Eom, 2019; Jung et al., 

2020; Jung et al., 2022; Chapters 2 and 3). This variability may reflect the fact that these direct 

measurements were taken from anaesthetized, artificially ventilated fish by direct micro-optode 
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puncture of the SIV (in situ) rather than from conscious animals. Anaesthesia and/or blockade of 

blood flow may have confounded the results.  

Therefore, the purpose of this study was to investigate the degree of equilibration of the 

three respiratory gases, O2, CO2, and ammonia between the GIT lumen and systemic 

bloodstream, using in vivo measurements on non-anaesthetized fish fitted with a stomach feeding 

tube and indwelling catheters for sampling inflowing blood from the dorsal aorta (DA) and 

outflowing blood from the subintestinal vein (SIV). We investigated this in freshwater-

acclimated rainbow trout sampled in the fasting state and at 4, 8 12, 24, and 48 h after feeding (in 

vivo series; 1 % body mass ration). We extended our in vivo ammonia findings with in situ 

experiments on anaesthetized trout that permitted sampling of blood from both the SIV that 

drains only the posterior tract and the hepatic portal vein (HPV) which additionally drains the 

entire GIT (in situ series; voluntarily fed to satiation). Plasma ammonia concentrations at the two 

sites were compared during the fasting state and at 24 and 48 h after voluntarily feeding (in situ 

series). In general, we hypothesized there would be minimal equilibration of these gases across 

the intestinal epithelia into the venous drainage. We also hypothesized that feeding would have 

little effect, so that SIV PO2, PCO2 and ammonia would remain largely unchanged during 

digestion. Finally, in light of the findings of Karlsson et al (2006), We hypothesized that 

postprandial luminal absorption of excess ammonia would be seen in the anterior part of the GIT, 

and thus higher plasma ammonia concentrations in blood sampled from the HPV than from the 

SIV.  
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4.3 Material and Methods 

4.3.1 Experimental animals 

Rainbow trout (220-620 g) were obtained from Little Cedar Falls Hatchery (Nanaimo, 

BC, Canada) and transferred to the University of British Columbia (UBC) where they were held 

for several months prior to experiments. Fish were held at 9 ˚C in flowing dechlorinated 

Vancouver tap water (Na+ = 0.09, Cl- = 0.10, Ca2+ = 0.10, Mg2+ = 0.011, K+ = 0.004 mM, 

hardness as CaCO3 = 3.3 mg L-1, pH = 7.0). During this time, fish were fed to satiation daily 

with commercial pellet food (BioTrout 4.0 mm, Bio-OregonTM, Long-view, WA, USA). Food 

was withheld for 7 days prior to experimentation. For the in vivo series, fish were anaesthetized 

and surgery was performed as described below. For the in situ series, fish were sampled either at 

7 days of fasting (control), or at 24 or 48 h after voluntary feeding to satiation. For both series, 

we measured or calculated PaO2, hemoglobin-O2 saturation (Hb-O2 saturation), pHa, [HCO3-]a, 

PaCO2, total ammonia (Tamm), and/or PaNH3 from blood sampled from the dorsal aorta (DA). 

Venous drainage was sampled from the subintestinal vein (SIV) and measured for PvO2, Hb-O2 

saturation, pHv, [HCO3-]v, PvCO2, SIV Tamm, and/or PvNH3. All experiments were approved by 

the UBC Animal Care Committee (AUP 14-0251 and 18-0271) and conformed to national 

regulations of the Canada Council for Animal Care. 

 

4.3.2 Cannulation and blood sampling 

For both in vivo and in situ series, the same DA and SIV cannulation techniques were 

performed. Fish were anaesthetized with 0.1-0.2 g L-1 NaOH-neutralized MS-222 (Syndel 

Laboratories, Parksville, BC). Once anaesthetized, the fish were transferred to an operating table 

and their gills were continuously irrigated with temperature-controlled anesthetic (~0.03 g L-1) to 
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achieve stage 5 anaesthesia (McFarland, 1959) water. The DA was cannulated according to the 

procedure described in Soivio et al. (1972). The SIV was cannulated near the proximal end of the 

posterior intestine, as described by Cooper et al. (2014). In brief, a 3-cm incision in the midline 

anterior to the anus was made, the SIV was located, and then the most posterior end of the vessel 

was tied with 2-0 silk thread to occlude posterior blood flow. About 2 cm of polyethylene 

tubing-10 (PE10; Clay-AdamsTM, Becton and Dickinson Co., Franklin Lakes, NJ, USA) was 

fitted to stretched PE50 tubing and filled with heparinized (150 I.U. ml-1; Sigma-Aldrich, St. 

Louis, MO, USA) Cortland’s saline (Wolf, 1963; See Table S.1 for composition). An opening 

for the cannula in the SIV was made with a hypodermic needle, then the PE10-tipped cannula 

was pushed forward anteriorly about 2 cm and tightly secured around the vessel using 2-0 

surgical silk.  

For in vivo series, blood flow through the cannula was checked, which was then flushed 

with heparinized saline. The cannula was secured to the anal fin and the incision was sutured 

closed with silk suture. In addition, flared PE240 was inserted down the oesophagus into the 

stomach and securely sutured through a hole next to the nostril to serve as a feeding tube. Fish 

were then transferred to black Plexiglas chambers and were left to recover overnight. The 

chambers were supplied with flow-through 9 ˚C freshwater and were aerated throughout the 

experiment. After overnight recovery, blood was sampled from both the DA and SIV cannulae 

while the fish was still in the fasting state, which will be referred to as the “control” from hereon. 

Approximately 0.5 ml of blood was sampled from each cannula by blood pressure-driven and/or 

gravity driven flow into 0.6-ml heparinized microcentrifuge tubes, taking care to minimize air 

exposure. Equivalent volumes of saline were immediately injected to replace the blood removed 

by sampling. Immediately after, fish were fed a 1 % body mass ration of pellet food (delivered as 
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a slurry of homogenized food pellets in two volumes of water; Cooper and Wilson 2008; 

Bucking et al. 2010) via the oesophageal feeding tube. Postprandial blood samples were 

collected at 4, 8, 12, 24 and 48 h after feeding. 

For the in situ series, fish were implanted with the same DA and SIV cannulae on a 

surgery table with anaesthesia and gill irrigation maintained at the same level throughout. 

Experiments lasted approximately 1 hour. Blood samples were collected via the cannulae into 

0.6-ml heparinized microcentrifuge tubes. In addition, the hepatic portal vein (HPV) blood was 

sampled by direct insertion of the needle of a heparinized gas-tight 100 μL-syringe (Hamilton, 

Reno, Nevada, USA) into the blood vessel. 

 

4.3.3 Whole blood measurements 

Collected blood samples were first measured for pH, PO2 and PCO2 by inserting the 

micro-electrode and micro-optodes to the bottom of the tube, while kept at the experimental 

temperature. The pH was measured using an oesophageal pH microelectrode (MI-508; 1.4-1.6 

mm OD) and a flexible micro-reference electrode (MI-402; Microelectrodes Inc., Bedford, NH, 

USA) connected to a model 220 pH meter (Corning Instruments, Corning, NY, USA). The 

electrodes were calibrated with precision buffers (Fisher Scientific and Radiometer-Copenhagen, 

Copenhagen, Denmark).  

The PO2 and PCO2 were measured using micro-optodes (PreSens Precision Sensing 

GmbH Regensburg, Germany) positioned into the collection tubes using micro-manipulators 

(World Precision Instruments, Sarasota, FL, USA). The PO2 micro-optodes were calibrated with 

air-equilibrated and sodium sulfite saturated saline kept in gas-tight bottles. The PCO2 micro-

optodes were prototype devices (PreSens 200 001 368) connected to an electronic transmitter 
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(PreSens 300 000 114), with the output displayed on a personal computer running prototype 

software (PreSens 200 001 488). These PCO2 micro-optodes were prepared and calibrated as 

described in Jung et al. (2020; Chapter 2), with salines equilibrated to 0.04, 0.5, 1, 3, and 5 % 

CO2 using CO2/air mixtures created by a 301aF precision gas-mixing pump (Wösthoff 

Messtechnik GmbH, Bochum, Germany). All calibration solutions were kept at the experimental 

temperature of 9 ˚C. 

The hemoglobin-O2 saturation (%) was calculated from the measured blood O2 content 

([O2]) and hemoglobin concentration ([Hb]) by taking 4 O2 molecules per Hb (tetramer) into 

account. Blood [O2] was measured using the Tucker method (Tucker, 1967). During collection of 

the blood from cannulae into the microcentrifuge tubes, 10 μL of blood was taken using a gas-

tight syringe and injected into a custom-made 2344 μL Tucker chamber with the PO2 micro-

optode inserted through a gas-tight septum. The chamber was filled with a potassium 

ferricyanide and saponin solution to release O2 bound by hemoglobin. The [Hb] was measured as 

described by Kampen and Zijlstra (1961). After all measurements were completed, the remaining 

blood was centrifuged (2 min, 5000 g), and the plasma was removed and flash-frozen in liquid 

N2 and stored at –70 ˚C in an ultra-cold freezer. 

 

4.3.4 Plasma and chyme measurements: Tamm and TCO2 

At the end of the experiment, fish were euthanized by an overdose of neutralized MS-

222. The four sections of the GIT (stomach, anterior intestine, mid intestine, posterior intestine) 

were ligated and excised, and the chyme was collected into 2-ml centrifuge tubes. The chyme 

samples were centrifuged (2 min, 5000 g), and the pH values of the supernatants were measured. 

The samples were then flash-frozen in liquid N2 for storage at –70 ºC in an ultra-cold freezer.   
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Plasma and chyme supernatant were later measured for total CO2 content (TCO2) using a 

Corning 965 CO2 analyser (Ciba-Corning Diagnostics, Halstead, Essex, UK) calibrated with 

NaHCO3 standards. The samples were also analyzed for total ammonia (Tamm; μM) by an 

enzymatic assay based on the glutamate dehydrogenase/NAD method using a commercial kit 

(Raichem; San Diego, CA, USA).  

 

4.3.5 Calculations and statistical analyses 

The [HCO3-] values in plasma and chyme, and the PCO2 values in chyme were derived 

from measurements of pH and TCO2 via rearrangements of the Henderson-Hasselbach equation 

(see Wood et al., 1983) using values for pK’ and CO2 solubility for teleost plasma (Boutilier et 

al., 1984). Partial pressures of ammonia (PNH3) of both plasma and chyme were similarly 

calculated via the Henderson-Hasselbach equation using measured Tamm and pH values with the 

pK and solubility coefficients reported in Cameron and Heisler (1983).  

Graphs were made and statistical analyses were performed using Graphpad Prism 

software (version 7.0a). Data have been expressed as means ± SEM (N = number of fish). For 

both series, comparisons between DA and SIV at each postprandial sampling time were made 

using two-way ANOVA with Sidak’s post hoc test. Comparisons of the measured parameter of 

either DA or SIV from different postprandial sampling times to that of the control value were 

done using two-way ANOVA with Dunnett’s post hoc test. Tamm and PNH3 data were log 

transformed to meet assumptions of homogeneity of variance, and comparison between plasma 

and chyme Tamm or PNH3 values were done using one-way ANOVA with Sidak’s post hoc test. 

One-way ANOVA with Tukey’s post hoc test were performed to compare chyme pH, [HCO3-], 

PCO2 between GIT compartments. Comparison of pH, [HCO3-] or PCO2 between posterior 
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chyme and SIV were done using two-way ANOVA with Sidak’s post hoc test. A significance 

level of p < 0.05 was used in all tests. 

 

4.4 Results 

4.4.1 Postprandial blood O2 (in vivo) 

Within 4 h of feeding, PaO2 in the DA increased significantly from about 100 to 140 mm 

Hg, remained high for about 8 h, then gradually came back down to control level by 24 and 48 h 

after feeding (Figure 4.1A). Feeding had no significant effect on the PvO2 in the SIV (25-49 mm 

Hg), which remained lower than PaO2 throughout the series. The difference between PaO2 and 

PvO2 was approximately 64 mm Hg in fasting fish (control) then increased to 98 mm Hg at 4 h 

following feeding. Despite these changes and the observed increase in PaO2 in response to 

feeding, the Hb-O2 saturation did not change in either arterial (DA) or venous (SIV) blood, 

averaging 77.3 ± 2.4 % and 44 ± 3.1 % respectively (Figure 4.1B).  

 

4.4.2 Postprandial blood and chyme pH, [HCO3-], PCO2 (in vivo) 

We observed a metabolic alkalosis (also known as an alkaline tide) at 24 h post-feeding 

where plasma pHa and [HCO3-]a were elevated significantly relative to the control values 

(Figures 4.2 A&B). A 5.6 mM increase in [HCO3-]a at 24 h led to a 0.4 unit increase in pHa. Both 

parameters then came back down to the control level by 48 h. In contrast, the pHv and [HCO3-]v 

remained unchanged throughout digestion. DA and SIV values were similar except at 4 and 24 h 

for pH, and at 24 h for [HCO3-]. Throughout the experiment, the measured PvCO2 values in the 

SIV were generally higher than PaCO2 by approximately 1.5 mm Hg (Figure 4.2C). Both PaCO2 

and PvCO2 increased similarly at 12 h (by ~1.7 and 1.4 mm Hg respectively), but came back 
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down to control levels by 24 h. Interestingly, in both DA and SIV blood, the PCO2 remained 

below 8 mm Hg throughout digestion. 

 The cannulated animals were sacrificed for chyme sampling at 48 h post-feeding. Visual 

inspection showed that most of the chyme was in the posterior intestine at this time, with small 

amounts in the more anterior sections of the intestine and stomach. Levels of pH and [HCO3-] in 

the chyme collected at 48 h increased from anterior to posterior sections of the GIT (Table 4.1). 

Consequently, the calculated PCO2 was the highest in the stomach chyme despite the lowest 

[HCO3-] due to its low pH. The intestinal chyme [HCO3-] was much higher than that of the 

[HCO3-]v in the SIV blood plasma (Table 4.1 and Figure 4.2B; p = 0.005), especially in the 

posterior intestine where the SIV blood was sampled. However, the pH (8.0 ± 0.1) and PCO2 

values (15.3 ± 7.7 mm Hg) in the posterior intestinal chyme were not significantly different from 

those (7.7 ± 0.1, 5.8 ± 0.4 mm Hg respectively) in the SIV blood plasma (Table 4.1 and Figures 

4.2 A&C; p = 0.14 and 0.31 respectively).  

 

4.4.3 Postprandial plasma and chyme ammonia (in vivo and in situ) 

In both the in vivo and in situ series, venous (SIV and/or HPV) plasma Tamm were 

generally slightly higher than arterial (DA) plasma Tamm (Figures 4.3 A&B; denoted by †). 

Interestingly, both series showed that DA and SIV Tamm did not increase with feeding. In fact, in the 

in situ series, SIV Tamm decreased by 52 % at 48 h after feeding (Figure 4.3B), a trend that was not 

seen in the in vivo series (Figure 4.3A). Using the Henderson-Hasselbalch equation with measured 

Tamm and pH, we calculated PNH3 in plasma and chyme in both series (Figure 4.4). The DA and 

SIV plasma PNH3 were not significantly different from each other, with values of 30-43 μmm Hg in 

the in vivo series and 8-13 μmm Hg in the in situ series.  
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The chyme Tamm (Figures 4.4 A&B) was highest in the stomach in both the in vivo and the 

in situ series (2184 and 2024 μM respectively), followed by posterior intestine (1027 and 567 μM 

respectively), and anterior and mid intestines (495-722 and 114-160 μM respectively). Reflecting the 

pH gradient along the GIT (Table 4.1), however, PNH3 was the lowest in the stomach in both series, 

with 0.02-3.1 μmm Hg. The intestinal chyme PNH3 gradually increased down the tract, with 

posterior intestine being significantly higher (in vivo 262; in situ 371 μmm Hg) than all other 

measurements including plasma values in both series. The SIV plasma Tamm and PNH3 at 48 h were 

79-96 % lower than posterior chyme Tamm or PNH3 collected immediately afterwards in both series 

(Figure 4.4). In contrast, HPV Tamm increased by 132 % at 24 h after feeding and remained high 

until 48 h (Figure 4.3B).  

 

4.5 Discussion 

4.5.1 Overview 

Here, we investigated potential equilibration of the three respiratory gases, O2, CO2, and 

ammonia across the GIT epithelia in rainbow trout by monitoring arterial and venous blood 

status in vivo following feeding. Overall, feeding had no significant effect on subintestinal 

venous blood plasma PO2, PCO2, and ammonia sampled near the posterior intestine, and these 

were notably different from the posterior intestine chyme values measured in this study and those 

previously reported. Thus, our data support the overall hypotheses that there is minimal 

equilibration between the lumen and the blood circulation, and that blood gas levels in the 

venous drainage of the intestine remain largely unchanged after feeding. However, we did 

observe a significant increase in HPV plasma ammonia level after feeding, which agrees with 

our hypothesis that ammonia absorption occurs in the anterior part of the GIT. 
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4.5.2 Postprandial blood O2 (in vivo) 

The control PaO2 measured in this study is similar to previously reported values of fish 

starved for 48 h or more (Perry and Reid, 1992; Tetens and Lykkeboe, 1985). Feeding 

significantly increased this value within 4 h, which then gradually dropped back to the control 

level by 48 h (Figure 4.1A; open circles). Interestingly, the arterial blood Hb-O2 saturation (%) 

was not affected by feeding (Figure 4.1B) and remained similar to previously measured values of 

fasted animals (Milligan and Wood, 1987) and within the typical range of rainbow trout blood 

(Rummer and Brauner, 2015). This suggests a ventilatory response to feeding, rather than an 

increase in O2 carrying capacity or blood-O2 affinity. This is an opposite response to that known 

in air-breathing terrestrial vertebrates that reduce ventilation to retain CO2, thereby triggering a 

rise in PaCO2 following feeding so as to minimize the rise in blood pH (reviewed by Wang et al., 

2001). In water-breathing fish, for which O2 solubility in the media is much less than CO2 

solubility, it has been understood that hypoventilation would detrimentally compromise O2 

uptake at a time when metabolic demand (ṀO2) is elevated during digestion. Thus, 

hypoventilation is assumed to be an impractical response to feeding in fish, but a detailed study 

is lacking. To our knowledge, this is the first study to suggest a postprandial change in 

ventilation in fish. 

Although PaO2 increased after feeding, SIV PvO2 and Hb-O2 saturation did not change 

throughout digestion (Figure 4.1; closed circles). This agrees with our initial hypothesis where 

we expected to see no effect of low luminal PO2 on PvO2. The lumen of the rainbow trout GIT 

remains nearly anoxic (< 1 mm Hg) even during digestion (Jung et al., 2022; Chapter 3). 

Concurrently, feeding induces an increase in whole-animal ṀO2 by ~96 % by 27 h in adult 
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rainbow trout (Eliason et al., 2008), which is likely accompanied by a simultaneous increase in 

GIT tissue ṀO2 (Taylor and Grosell, 2009). Although the difference between PaO2 and PvO2 was 

greater following feeding (63 mm Hg in control vs. 88-99 mm Hg during digestion), there was 

no change in SIV Hb-O2 saturation (Figure 4.1B). In fish, however, the GIT blood flow can be 

controlled and quickly increased to supply metabolically active organs at the time of need 

(Dupont-Prinet et al., 2009; Gräns et al., 2009a; Gräns et al., 2009b; Sundh et al., 2018). In 

various species including rainbow trout, feeding is shown to induce redistribution of blood flow 

to the stomach and intestine, with elevations of 72-136 % (Axelsson and Fritsche, 1991; 

Axelsson et al., 1989; Axelsson et al., 2000; Eliason et al., 2008; Thorarensen and Farrell, 2006). 

Thus, the postprandial increase in GIT O2 requirement could be presumably met by an increase 

in blood flow regardless of the luminal PO2 status. 

 

4.5.3 Postprandial blood and chyme pH, [HCO3-], and PCO2 (in vivo) 

Under control (fasting) conditions, pHa, [HCO3-]a, and PaCO2 were similar or slightly 

elevated relative to previous findings (e.g. Bucking and Wood, 2008; Cooper and Wilson, 2008; 

Milligan and Wood, 1987; Perry and Reid, 1992; Wood and Eom, 2019). This study found a 

classic postprandial alkaline tide, where arterial pH and [HCO3-] increased (Figures 4.2 A&B) 

presumably due to acid secretion by the stomach (reviewed by Hersey and Sachs, 1995). In both 

voluntarily and catheter-fed rainbow trout, plasma [HCO3-] level increases by ~3-4 mM, causing 

blood pH to rise by ~0.2-0.3 units (Bucking and Wood, 2008; Bucking et al., 2009; Cooper and 

Wilson, 2008). In this study, we found [HCO3-] and pH values peaked at 24 h after feeding with 

elevations of 5.6 mM and 0.4 units, respectively (Figures 4.2 A&B). The delayed alkaline tide 

observed in this study (24 h vs 3-12 h; e.g. Bucking et al., 2009; Bucking and Wood, 2008; 
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Cooper and Wilson, 2008) could be due to the relatively small ration (reviewed by Wood 2019) 

introduced via the feeding tube (Cooper and Wilson, 2008) or delayed digestion due to stress 

from the surgery (Eliason et al., 2008). Moreover, the lower acclimation temperature used here 

(9 ˚C) can slow down digestion (Jobling, 1981; McCue, 2006) relative to the temperatures used 

in studies mentioned above (10-15.5 ˚C). Nonetheless, the increase in pHa and [HCO3-]a were 

indicative of animals undergoing digestion. 

We found no change in PaCO2 following feeding (Figure 4.2C), similar to the 

observations of Bucking and Wood (2008) in voluntarily fed rainbow trout. Our finding and 

other recent studies suggest fish have a compensatory mechanism for dealing with alkaline tide 

that is different from the hypoventilatory CO2 retention strategy of air-breathing terrestrial 

vertebrates (e.g. Andrade et al., 2004; Busk et al., 2000; Higgins, 1914; Wang et al., 2001). 

Nonetheless, fish are able to minimize blood pH disturbance relative to the postprandial 

metabolic base load (Bucking and Wood, 2008; Bucking et al., 2010; Wood et al., 2007) by 

excreting HCO3- via branchial Cl-/HCO3- exchange mechanisms (Bucking and Wood, 2008; 

Tresguerres et al., 2007; Wood et al., 2005; Wood et al., 2007), as well as via the urine (Bucking 

et al., 2010). However, it is interesting that the increase in [HCO3-] seen in DA plasma was not 

observed in SIV plasma (Figure 4.2B). Some of the base load from the stomach is likely excreted 

on the first pass through the gills, and the remaining fraction is what was seen in our DA 

samples. This base load was not detected in the SIV sampling site, downstream of the gills and 

DA sampling site. In seawater fish, the intestine has the capacity to compensate the plasma base 

load by HCO3- secretion into the lumen where it is used for osmoregulation (Grosell and Genz, 

2006; Grosell et al., 2007; Taylor et al., 2010; Wilson and Grosell, 2003; Wilson et al., 2002) and 

possibly even for postprandial HCO3- excretion in rectal fluid and feces (Bucking et al., 2009; 
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Taylor and Grosell, 2006; Wilson et al., 1996). Presumably, the intestine in freshwater fish may 

also be a potential site for postprandial base excretion to alleviate the alkaline tide in addition to 

export by the gills and kidney. However, an in vitro study found that freshwater rainbow trout 

intestine tissue had minimal involvement in removing a metabolic base load (Bucking et al., 

2009). Additional studies are required to evaluate this possibility further. 

Here, we have recorded the first in vivo measurements of PCO2 in the SIV blood during 

digestion (Figure 4.2C; closed circles). During the period of active digestion, luminal PCO2 is 

found to be very high (calculated value of 25-111 mm Hg and direct measurement of 20-40 mm 

Hg; Wood and Eom, 2019; Jung et al., 2022; Chapter 3). In mammals, microbial metabolic 

production, reaction of gastric HCl with food carbonates, and endogenous HCO3- secretion 

contribute to high luminal PCO2 (Altman, 1986; Kurbel et al., 2006; Steggerda, 1968; Suarez et 

al., 1997; Tomlin et al., 1991). In fish, endogenous HCO3- secretion by the intestinal epithelium 

for neutralizing chyme (Bucking and Wood, 2009; Goodrich et al., 2020; Wood and Eom, 2019) 

and for osmoregulatory purpose, particularly in seawater fish, can contribute to the high luminal 

PCO2. We found that luminal PCO2 remained elevated even at 48 h after feeding, and at 

particularly high levels in the stomach in parallel to its low pH (Table 4.1). 

Until now, it has been difficult to conclude whether such high luminal PCO2 will 

equilibrate with the venous bloodstream draining the GIT. In seawater-acclimated rainbow trout 

(presumably) fasted for 72 h, calculated SIV PCO2 was low at 4.7 mm Hg (Cooper et al., 2014). 

Moreover, in Atlantic salmon fed 24-48 h prior to measurement, calculated HPV PCO2 was low 

at 4.8 mm Hg and remained low at 2.9-3.6 mm Hg for 7 days (Eliason et al., 2007), implying that 

PCO2 may not be equilibrating into the blood draining the stomach as well. Both Jung et al. 

(2022; Chapter 3) and Wood and Eom (2019) found highly variable measured SIV PCO2 levels 
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(11-27 mm Hg, 2-34 mm Hg respectively) using anaesthetized fed fish sampled in situ, even 

with direct insertion of the PCO2 micro-optode into the SIV. The present study was able to 

measure SIV PCO2 in non-anaesthetized fish and found low and constant levels during digestion, 

similar to the control fasting values. There was a slight elevation at 12 h, but in general, all 

measurements were below 8 mm Hg, much lower than previously reported levels measured in 

the lumen. The calculated PCO2 of chyme collected at 48 h following feeding was not 

significantly different from measured SIV plasma PCO2, but we suspect the animals to be near 

completion of digestion at the time of sampling. In fact, our calculated intestinal chyme PCO2 

levels (12-15.5 mm Hg; Table 4.1) are similar to those directly measured in fasted rainbow trout 

(7-13 mm Hg; Wood and Eom 2019). Thus, despite the high luminal PCO2 found during active 

digestion, this study and previous reported values support that minimal equilibration of PCO2 is 

occurring across the GIT epithelium. 

 

4.5.4 Postprandial plasma ammonia (in vivo and in situ) 

In both the in vivo and the in situ series, control fish had DA plasma Tamm 

concentrations typical of those measured in other studies (Figures 4.3 A&B; Bucking et al., 

2009; Karlsson et al., 2006; Knoph and MåsØval, 1996). The Tamm levels in DA plasma 

sampled from fish in situ was higher than in vivo, which could be due to anaesthetic in the water 

reducing the ammonia excretion rate (Guo et al., 1995). More significantly, SIV Tamm did not 

increase after feeding in both series, supporting our initial hypothesis. Our chyme measurements 

are in agreement with earlier studies (Bucking and Wood, 2012; Rubino et al., 2014; Jung et al., 

2022; Chapter 3) showing that chyme Tamm throughout the intestine is typically very high 

(Figure 4.4 A&B; 495-1027 μM in vivo; 114-566 μM in situ) following feeding in rainbow trout. 
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This likely reflects the catabolism of amino acids within the GIT lumen after ingestion of 

protein. Importantly, these data also confirm our recent finding (Jung et al., 2022; Chapter 3) that 

chyme Tamm levels are even higher in the stomach (2024-2181 μM) than in the more posterior 

sections of the GIT (Figure 4.4 A&B). This suggests considerable absorption of ammonia in the 

anterior tract, perhaps in the stomach and/or anterior intestine. And many studies have shown 

that plasma ammonia level increases up to 3-fold after feeding (Bucking and Wood, 2008; 

Bucking and Wood, 2012; Kaushik and de Oliva Teles, 1985; Wicks and Randall, 2002b). 

Previous studies found that feeding stimulates the endogenous ammonia production rate 

of the intestinal epithelia and increases the efflux rate to the serosal solution in vitro (Rubino et 

al., 2014; Jung et al., 2021; Chapter 5). Whole-body ammonia excretion rate increases after 

feeding (Alsop and Wood, 1997; Bucking et al., 2010; Taylor et al., 2007), of which up to 47 % 

can originate from the GIT, mainly by endogenous production (Rubino et al., 2014). However, 

we measured 5-7 fold lower Tamm in venous drainage relative to the posterior intestine chyme 

(Figure 4.4 A&B). With measured Tamm and pH, we calculated PNH3 of both plasma and 

chyme (Figure 4.4 C&D). Although our chyme PNH3 values were lower than reported values at 

earlier stage of the digestion (24 h after feeding; Rubino et al., 2014; Jung et al., 2022; Chapter 

3), they were still significantly higher than SIV PNH3 in both series. Thus, like PCO2 (Section 

4.2), there was minimal equilibration of PNH3 between the lumen and SIV.  

In contrast, there was a clear increase in HPV Tamm sampled in situ (Figure 4.3B), 

similar to findings by Karlsson et al. (2006). The HPV differs from the SIV by additionally 

collecting venous drainage from the stomach and anterior intestine, suggesting that the anterior 

part of the GIT could be a greater site of ammonia absorption. In fact, an ammonia transporter 

NKCC is more highly expressed in the anterior intestine than in the mid and posterior intestine of 
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fed rainbow trout (Rubino et al., 2019). Another possible ammonia NH3 transporter – rhesus 

glycoprotein (Rh protein) – is expressed along the mice GIT including the stomach; both apical 

(Rhcg) and basolateral (Rhbg) isoforms are present throughout the tract (Handlogten et al., 

2005). In rainbow trout, the Rhbg is expressed along the whole GIT including the stomach, with 

feeding elevating the relative expression in both the anterior and posterior intestines (Bucking 

and Wood, 2012). The Rhcg seems to be lacking in the intestine of rainbow trout (Nawata et al., 

2007) and the situation is currently unknown in the stomach. However, two Rhcg isoforms, in 

addition to Rhbg, were expressed throughout the intestine in two marine Batrachoidid teleosts 

(Bucking et al., 2013b). Nonetheless, our data suggest that the posterior intestine is not the major 

source of postprandial ammonia absorption, and that ammonia may be transported in the anterior 

intestine and/or even the stomach. The NH3 absorption across the stomach epithelia would be of 

particular interest, as it would mean moving against a large PNH3 gradient (Figure 4.4 C&D; 

0.02-3.1 μmm Hg in stomach vs 13-30 μmm Hg in SIV). 

 

4.5.5 Conclusion 

In summary, it is now clear that feeding and digestive processes establish a harsh 

environment in the GIT lumen of the rainbow trout: high PCO2 (Wood and Eom, 2019; Jung et 

al., 2020; Jung et al., 2022; Chapters 2 and 3), high ammonia (Jung et al., 2022; Chapter 3), and 

virtual anoxia (Jung et al., 2020; Jung et al., 2022; Chapters 2 and 3). This study found that 

despite such conditions and increased blood flow to the system after feeding (Eliason et al., 

2008), the composition of the venous blood draining the posterior intestine remains relatively 

unchanged, indicating minimal equilibration of the three respiratory gases. 
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Table 4.1 Measured pH, [HCO3-], and calculated PCO2 of chyme collected in different GIT 

sections 48 h post feeding of the rainbow trout in the in vivo series. Letters indicate significant 

difference between different sections for that particular variable. Values are means ± SEM (N = 

7-9 for pH; N = 4-8 for [HCO3-] and PCO2). 

 Stomach Anterior intestine Mid intestine Posterior intestine 

pH 5.3 ± 0.3 x 7.6 ± 0.1 y 7.7 ± 0.1 y 8.0 ± 0.1 y 
[HCO3

-] (mM) 1.9 ± 0.9 x 19.4 ± 4.9 y 21.0 ± 5.1 y 40.1 ± 5.8 z 
PCO2 (mm Hg) 125.5 ± 15.8 x 12.0 ± 2.5 y 15.5 ± 7.0 y 15.3 ± 7.7 y 
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Figure 4.1 Postprandial dorsal aorta (DA; unfilled circles) and subintestinal vein (SIV; filled 

circles) blood (A) PO2 (DA parameters indicated with subscript “a” and SIV with subscript “v”; 

PaO2 and PvO2 respectively; mm Hg; N = 5-9) and (B) hemoglobin saturation (%), measured 

from rainbow trout in vivo. Control represents fasting state prior to feeding which occurred 

immediately thereafter. Values are means ± SEM (N = 4-6). Dagger (†) indicates significant 

difference between DA and SIV values. All SIV PO2 were significantly lower than DA PO2. 

Asterisk (*) indicates a significant difference from control values for either DA or SIV. 
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Figure 4.2 Postprandial DA (unfilled circles) and SIV (filled circles) blood (A) pH (pHa and pHv 

respectively; N = 5-9), (B) [HCO3-] ([HCO3-]a and [HCO3-]v respectively; mM; N = 4-9), and (C) 

PCO2 (PaCO2 and PvCO2 respectively; mm Hg; N = 4-9), measured from rainbow trout in vivo. 

See Figure 4.1 legend for further details. 
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Figure 4.3 Comparison of postprandial plasma Tamm (μM) from DA (unfilled circle or square), 

SIV (filled circle or square), and HPV (filled triangle) blood sampled from rainbow trout (A) in 

vivo (N = 4-6) and (B) in situ (N = 5-7). Control represents fasting state, feeding occurred 

immediately after control sample was taken in (A). See Figure 4.1 legend for further details. 
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Figure 4.4 Comparison of measured plasma and chyme (A&B) Tamm (μM) and calculated 

(C&D) PNH3 (μmm Hg) sampled 48 h post feeding in rainbow trout in (A&C) the in vivo series 

(N = 4-7) and in (B&D) the in situ series (N = 5-7). Plasma Tamm values are reproduced from 

Figure 4.3. In all graphs, left y-axis represents plasma values and right y-axis represents chyme 

values. Note different scales between left and right y-axes. Values are means ± SEM. DA and SIV 

plasma values were not significantly different from each other in all panels. Upper case letters 

indicate significant difference between chyme from different GIT compartments. Asterisk indicates 

a significant difference between SIV plasma and posterior intestine chyme values. 
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Chapter 5: Intestinal zonation in nitrogenous product handling and transport 

5.1 Summary 

Digestion of dietary protein in teleosts results in high ammonia levels within the 

intestinal chyme that may reach concentrations that are many-fold greater than blood plasma 

levels. We used in vitro gut sac preparations of the ammoniotelic rainbow trout (Oncorhynchus 

mykiss) to investigate the role of the intestine in producing and transporting ammonia and urea, 

with specific focus on feeding versus fasting, and on responses to loading of the lumen with 2 

mM glutamine or 2 mM ammonia. Feeding increased not only ammonia production and both 

mucosal and serosal fluxes, but also increased urea production and serosal fluxes. Elevated urea 

production was accompanied by an increase in arginase activity but minimal CPS III activity, 

suggesting that urea may be produced by direct arginolysis. The ammonia production and serosal 

fluxes increased in fasted preparations with glutamine loading, indicating an ability of the 

intestinal tissue to deaminate glutamine and perhaps use it as an energy source. However, there 

was little evidence of urea production or transport resulting from the presence of glutamine. 

Furthermore, the intestinal tissues did not appear to convert surplus ammonia to urea as a 

detoxification mechanism, as urea production and serosal flux rates decreased in fed 

preparations, with minimal changes in fasted preparations. Nevertheless, there was indirect 

evidence of detoxification by another pathway, as ammonia production rate decreased with 

ammonia loading in fed preparations. Overall, our study suggests that intestinal tissues of 

rainbow trout have the ability to produce urea and detoxify ammonia, likely via arginolysis. 
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5.2 Introduction 

In teleost fish, protein degradation during digestion produces amino acids (Cowey and 

Sargent, 1972), which are mainly absorbed into the blood and transported to the liver to be 

catabolized (Bakke-McKellep et al., 2000; Collie and Ferraris, 1995). Some deamination occurs 

within the intestinal lumen, such that ammonia levels in the chyme of teleosts may reach 1 mM 

or higher, concentrations that are many-fold greater than blood plasma levels (Bucking and 

Wood, 2012; Bucking et al., 2013a; Pelster et al., 2015; Rubino et al., 2014; Wood et al., 2019). 

The intestine itself also catabolizes some of the absorbed amino acids from ingested food as 

endogenous energy sources, producing additional ammonia (Ballantyne, 2001; Bucking and 

Wood, 2012; Bucking et al., 2013a). Most teleosts, such as rainbow trout, are ammoniotelic, 

excreting ammonia as the primary nitrogenous waste (Anderson, 2001; Randall and Wright, 

1987; Wright and Wood, 2009). Following a meal, the intestine both absorbs ammonia from the 

chyme and produces ammonia by its catabolism of amino acids (Rubino et al., 2014), increasing 

systemic plasma ammonia concentration by up to 2- to 3-fold (Bucking and Wood, 2008, 2012; 

Karlsson et al., 2006). The plasma ammonia level after feeding is particularly high in the hepatic 

portal vein (HPV) draining from the gastrointestinal tract (GIT) (Karlsson et al., 2006). The 

ammonia originating from the intestine is first passed by the HPV to the liver where it may be 

used for amino acid synthesis, or else it escapes to the ventral aortic blood perfusing the gills, 

where much of it is excreted out to the water (e.g. Brett and Zala, 1975; Bucking et al., 2010; 

Bucking and Wood, 2008; Zimmer et al., 2010), leaving lower, but still elevated, plasma 

ammonia level in the dorsal aorta (Karlsson et al., 2006). In the rainbow trout, Rubino et al. 

(2014) estimated that approximately 47 % of post-prandial ammonia excretion was produced in 

the intestine. 
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 In contrast, most terrestrial species are ureotelic, producing nitrogenous waste in a less 

toxic form, urea. Typically in mammals, the amino groups released when amino acids are 

oxidized feeds into the ornithine-urea cycle (OUC) in the liver and the resulting urea is excreted 

by the kidney as a component of urine (Schmidt-Nielsen, 1958). Although urea production is 

more energetically costly, a few species of teleosts are ureotelic (e.g. Magadi tilapia and gulf 

toadfish) and/or may synthesize urea to detoxify ammonia depending on the environment, life 

stage, or physiological condition (Felskie et al., 1998; Julsrud et al., 1998; Kong et al., 1998; 

Randall et al., 1989; Wood et al., 1995). Indeed, many species in their early life stages express 

OUC enzymes, producing urea and minimizing ammonia accumulation within the embryo, but 

lose this ureagenic pathway as development proceeds (Braun et al., 2009; Chadwick and Wright, 

1999; Dépêche et al., 1979; Terjesen et al., 2002; Zimmer et al., 2017). Moreover, in the marine 

plainfin midshipman (Porichthys notatus, an ammoniotelic relative of the ureotelic gulf 

toadfish), Bucking et al. (2013b) presented evidence for a model in which ammonia is 

transported from the intestinal lumen into the enterocytes, where it is detoxified by conversion to 

urea via the OUC, and then transported back into the lumen for use by ureolytic bacteria or later 

excretion via the anus. However, in typical adult ammoniotelic teleosts such as freshwater 

rainbow trout, little is known about the capacity of the intestinal cells to produce and/or transport 

urea. Interestingly, Karlsson et al. (2006) showed a significant increase in urea concentration in 

the HPV and dorsal aorta (DA) after feeding, implying a possible production and/or transport of 

urea by the intestinal cells. Additionally, Kajimura et al. (2004) provided indirect evidence for 

urea production by the intestine and excretion by the anus in trout. Thus, in this study, we used a 

similar in vitro gut sac approach to that employed by Bucking et al. (2013b) and Rubino et al., 
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(2014) to test whether the intestinal cells of rainbow trout are able to synthesize and transport 

urea.  

With the gut sac preparation, we can test the production and direction of transport (to 

lumen or blood side) of the nitrogenous wastes in response to experimental treatments. If the 

intestinal cells have the ability to produce urea, we hypothesized that feeding would not only 

increase ammonia, but also urea production and flux rates. We also tested for two key enzymes 

involved in urea production (Anderson et al., 2002; Bucking et al., 2013a; Julsrud et al., 1998; 

Kajimura et al., 2006; Lindley et al., 1999). In the OUC of mammals and amphibians, carbamoyl 

phosphate synthetase (CPS) I catalyzes the ATP-dependent synthesis of carbamoyl phosphate 

from ammonia substrate. However, in most teleosts, CPS III prefers glutamine as the nitrogen-

donating substrate (reviewed by Anderson, 1995). Arginase is also involved in the OUC, 

converting L-arginine to L-ornithine, producing urea directly in the process. If the intestinal cells 

have the ability to produce urea via the OUC, we hypothesized that there would be an increase in 

CPS III and arginase activities after feeding. Furthermore, the gut sac preparation allows us to 

examine the in vitro response of loading the lumen with potential substrates for urea production 

such as glutamine and ammonia. As glutamine is thought to be the immediate nitrogen-donating 

substrate for the OUC in fish (Anderson, 1995), we hypothesized that a luminal glutamine supply 

would increase both ammonia and urea production and flux rates as the intestinal cells break 

down the amino acid and/or feed it into the OUC. In addition, if the intestinal cells have the 

ability to detoxify high luminal ammonia, we hypothesized that they would convert the surplus 

ammonia to urea and thus increase urea production and flux rates.  



105 

 

5.3 Material and methods 

5.3.1 Experimental animals 

Freshwater rainbow trout (150-250 g) were obtained from Humber Springs Trout 

Hatchery, Ontario, Canada. Upon arrival, the trout were acclimated for 1-2 months to laboratory 

conditions in running, dechlorinated Hamilton tap-water with constant aeration (moderately hard 

water from Lake Ontario: [Na+] = 0.6 mequiv L-1,  [Cl-] = 1.8 mequiv L-1,  [Ca2+] = 0.8 mequiv 

L-1, [Mg2+] = 0.3 mequiv L-1, [K+] = 0.05 mequiv L-1; titration alkalinity 2.1 mequiv L-1, pH 

~8.0; hardness ~140 mg L-1 as CaCO3 equivalents; temperature 12.5–15 ˚C, water flow rate = 30 

mL s-1, background ammonia concentration ≤ 10 µmol L-1). The trout were kept in aerated 500-

liter tanks with approximately 30 fish per tank. Scheduled feedings occurred three times per 

week (Martin Profishent Aquaculture Nutrition, Tavistock, ON, Canada; crude protein 45 %, 

crude fat 9 %, crude fiber 3.5 %). Ration size was 3 % of body mass, which provided satiation. 

Experiments on fed fish occurred exactly 24 hours following a meal and fasted experiments 

occurred 7 days following the last meal. Animal handling was in compliance with an approved 

McMaster Animal Care Committee Animal Utilization Protocol 12-12-45. 

 

5.3.2 In vitro gut sac experiments and calculations 

Gut sac experiments were performed to quantify the changes in urea-N and ammonia 

fluxes (Js and Jm), as well as tissue ammonia and urea-N loads, based on the influence of the 

feeding state and varying composition of mucosal solutions used. Trout were euthanized using 

0.07 g L-1 MS-222 (Syndel Laboratories, Parksville, British Columbia, Canada), neutralized with 

NaOH. The intestine was removed, thoroughly rinsed with Cortland’s saline (in mM: NaCl 124, 

KCl 5.1, CaCl2 1.6, MgSO4 0.9, NaHCO3 11.9, NaH2PO4 3, glucose 5.5, pH = 7.4), then 
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sectioned into the anterior, mid, and posterior regions. Each of these sections was tied off at one 

end with a 2-0 silk thread while the other end had a flared polyethylene tube (Intramedic Clay-

Adams PE 60; Becton-Dickinson and Company, Sparks, MD, USA) inserted and held securely 

with another silk thread. Saline, which had been pre-equilibrated with a 99.7 % O2: 0.3 % CO2 

gas mix, was then injected into the gut sac through the open polyethylene tube using a syringe 

(termed mucosal saline hereafter). In the control group, the gut sacs were loaded with regular 

Cortland’s saline. In the high luminal glutamine treatment, the sacs were loaded with Cortland’s 

saline containing 2 mM of L-glutamine (Sigma-Aldrich, St. Louis, MO, USA) and in the high 

luminal ammonia group with Cortland’s saline containing 2 mM of NH4Cl (Fisher Scientific, 

Toronto, ON, Canada). The saline was infused and then withdrawn multiple times for thorough 

mixing. On the final filling, the saline was injected until the intestinal section became taut, and 

the remainder of the saline was collected as the initial mucosal sample. The PE tube was then 

sealed, and the sac was thoroughly blotted dried, then weighed to 0.0001 g accuracy for initial 

weight (Wi). It was then inserted into a centrifuge tube that contained regular Cortland’s saline 

(termed serosal saline hereafter). Anterior intestine preparations were placed in a 50-mL 

centrifuge tubes while both mid and posterior intestine sacs were placed in 15-mL centrifuge 

tubes. The amount of serosal saline needed to fully immerse the preparations varied, and was 

exactly recorded, and an initial serosal sample was taken.   

During a 2-hour flux period, the saline was bubbled with 99.7 % O2: 0.3 % CO2 gas mix 

to mimic physiological PCO2 and to maximize O2 supply in the preparation. Then, the gut sacs 

were removed, thoroughly blotted dry, and weighed again (Wf). Their internal contents were 

collected as the final mucosal sample. Finally, the drained gut sac was thoroughly blotted again 

and weighed to yield the empty weight (We) of the preparation. In the equations below, the final 
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mucosal volume (Vmf) was calculated as Wf – We, and the initial mucosal volume (Vmi) as Wi – 

We. The saline left in the centrifuge tubes was collected as the final serosal sample. The 

intestinal sections were traced onto 0.5-mm graph paper, which allowed each of their surface 

areas to be determined; a technique first outlined by Grosell and Jensen (1999). All samples, 

including the initial ones and the gut sac tissue itself, were frozen in liquid N2, then stored at -80 

ºC for later analysis of ammonia and urea-N concentrations. The following parameters were 

calculated.  

 

Serosal urea (Jsurea-N) flux rate  

Jsurea−N = [(Tsureaf−Tsureai) × Vs]
SA × t

×  2      Equation 1 

where Jsurea-N is in µmol-N cm-2 h-1, Tsureaf and Tsureai are the final and initial urea concentrations 

(µmol L-1) in the serosal saline, Vs is the volume of serosal solution (L), SA is intestinal surface 

area (cm2), and t is time (h). Note that Equations 1 and 2 are multiplied by 2 due to the presence 

of two nitrogen in urea. All Jsurea-N fluxes were positive, into the serosal saline. 

 

Mucosal urea (Jmurea-N) flux rate 

Jmurea−N = [(Tmureai × Vmi) –(Tmureaf × Vmf)]
SA × t

×  2   Equation 2 

where Jmurea-N is in µmol-N cm-2 h-1, Tmureaf and Tmureai are final and initial urea concentrations 

(µmol L-1) in the mucosal saline, Vmi and Vmf are initial and final volumes of mucosal saline 

(L). Positive Jmurea-N fluxes were out of the mucosal saline; negative Jmurea-N fluxes were into the 

mucosal saline. 
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Serosal ammonia (Jsamm) flux rate 

Jsamm = [(Tsammf−Tsammi) × Vs]
SA × t

     Equation 3 

where Jsamm is in µmol cm-2 h-1, Tsammf and Tsammi are the final and initial ammonia 

concentrations (µmol L-1) in the serosal saline, Vs is the volume of serosal solution (L), SA is 

intestinal surface area (cm2), and t is time (h). All Jsamm fluxes were positive, into the serosal 

saline. 

 

Mucosal ammonia (Jmamm) flux rate 

Jmamm = [(Tmammi × Vmi) –(Tmammf × Vmf)]
SA × t

    Equation 4 

where Jmamm is in µmol cm-2 h-1, where Tmammf and Tmammi are final and initial ammonia 

concentrations (µmol L-1) in the mucosal saline, Vmi and Vmf are initial and final volumes of 

mucosal saline (L). Positive Jmamm fluxes were out of the mucosal saline; negative Jmamm fluxes 

were into the mucosal saline. 

 

Total tissue urea & ammonia production rates (Jturea & Jtamm) 

Jt = Js − Jm         Equation 5 

Jt (µmol cm-2 h-1) represents the net rate of endogenous production of ammonia or urea-N by the 

intestinal tissue itself. 

 

Total tissue urea & ammonia (Turea & Tamm) 

T = [urea−N or ammonia in tissue]
weight of tissue

     Equation 6 

T (µmol g-1) represents the concentration of urea-N or ammonia found in the tissue itself. 
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5.3.3 Analytical methods 

Mucosal samples were deproteinized using ice-cold 20 % perchloric acid (PCA) before 

the ammonia assay was run to prevent potential protein interference with the assay, then spun at 

13,000 rpm for 1 minute. After the supernatant was collected, samples were pH-neutralized using 

1 mM KOH. Flash-frozen intestinal tissues were ground into fine powder using a liquid N2-

cooled mortar and pestle, then deproteinized using a solution of 8 % PCA and 1 mM 

ethylenediaminetetraacetic acid (EDTA), followed by pH neutralization using 1 mM KOH. 

Serosal samples showed no protein interference with the ammonia assay, thus were not 

deproteinized. The ammonia assay was performed via a commercial kit (Raichem Cliniqa™; 

glutamate dehydrogenase method) and read at 340 nm. The urea assay employed the colorimetric 

method of Rahmatullah and Boyde (1980) and was read at 525 nm.  

 

5.3.4 Enzymatic analysis 

Intestine tissue was taken from randomly selected trout that had been subjected to either 

fasted or fed pre-treatment, prior to euthanization as described above. The intestine was 

sectioned, cleaned and immediately flash frozen in liquid N2. In some intestinal sections, the 

muscle layer was separated from the epithelial layer using a glass slide. This was done to further 

analyze enzymatic activity within these different constituents.  

 OUC enzyme CPS III activity was measured using a CPS assay similar to that employed 

by Bucking et al. (2013b) at 412 nm. The reaction involved in this assay proceeds in the forward 

direction. The reaction mixture contained 20 mM ATP, 25 mM MgCl2, 25 mM N-acetyl 

glutamate (AGA), 2 mM dithiothreitol, 5 mM ornithine, 20 mM glutamine, 25 mM 
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phospho(enol)pyruvate, and 50 mM Hepes, pH 8.0. 20 mM glutamine was used to determine the 

activity of CPS III or CPS II while 1.7 mM UTP was used to inhibit CPS II. Arginase enzyme 

activity was analyzed using an arginase assay similar to that employed by Felskie et al. (1998). 

This reaction also proceeds in the forward direction. The reaction mixture contained 250 mM 

arginine, 1 mM MnCl2, and 50 mM Hepes, pH 8.0. The enzyme was activated with mixture that 

contained 5 mM MnCl2 in 50 mM Hepes. Activity units of all enzymes were quantified as the 

micromolar appearance of reaction product in the measured solution per minute (U g-1 tissue).  

 

5.3.5 Statistical analysis 

All graphs were made and statistical analyses were performed using Graphpad Prism 

software (version 7.0a). Data have been expressed as means ± SEM (N = number of fish). Two-

way ANOVA and post hoc Tukey’s multiple comparison tests were performed on the control 

group to look at the effect of feeding and the intestinal sections on flux rates, tissue urea or 

ammonia concentrations, and total tissue urea or ammonia levels, as well as on the CPS III and 

arginase activities. Comparisons between controls and either glutamine or ammonia treatment on 

all other flux rates, Jturea/amm or Turea/amm were conducted using two-way ANOVA with intestinal 

section as the other factor, and post hoc Dunnett’s multiple comparison tests. A significance 

level of p < 0.05 were used in all tests. 

 

5.4 Results 

5.4.1 Effects of feeding on urea and ammonia handling 

In general, for both urea-N and ammonia, serosal flux rates (positive = appearance in the 

serosal fluid) were many fold higher on an absolute basis than mucosal flux rates (negative = 
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appearance in the mucosal fluid) (Table 5.1). There were significant overall effects of feeding on 

Jsurea-N (p < 0.0001), Jturea-N (p = 0.0015), Jsamm (p < 0.0001), Jmamm (p = 0.0034), Jtamm (p < 

0.0001), and Tamm (p = 0.0063; Table 5.1). In all cases these effects were stimulatory, resulting in 

more positive serosal and total fluxes, more negative mucosal fluxes, and greater tissue contents. 

Feeding did not have a significant overall effect on Jmurea-N (p = 0.79) and Turea-N (p = 0.17) 

(Table 5.1). Specifically, feeding significantly increased Jsurea-N only in the anterior intestine (p = 

0.0055), but there were no differences of Jturea-N between groups in each individual section, 

despite the significant overall difference. However, fed fish had more positive Jsamm in all 

intestinal sections (p < 0.05), and more negative Jmamm (p = 0.0065) and greater Tamm (p = 

0.0210) in the posterior intestine than fasted fish. There were also significant effects of intestinal 

sections on Jsurea-N (p < 0.0001), Jsamm (p < 0.0001), both of which tended to be greater in the 

anterior section, and on Jmamm (p = 0.0008), and Tamm (p = 0.0460), both of which tended to be 

greater in the more posterior sections. There was no significant interaction between feeding and 

intestinal sections for any of the measurements (p > 0.05).  

 

5.4.2 CPS III and arginase enzyme activity levels after feeding 

Feeding had a significant overall effect on the muscle CPS III activity, but not the 

epithelial scraping CPS III activity (Table 5.2; p = 0.031 and 0.20 respectively). The anterior 

intestine, specifically, had a significant decrease in CPS III activity in the muscle (p = 0.0251) 

and epithelial scraping (p = 0.0209) after feeding. There was no significant overall effect of 

intestinal section on either the muscle or epithelial scraping CPS III activity (p = 0.23 and 0.15 

respectively). In contrast, feeding had a significant overall effect on arginase activity in the 

epithelial scrapings, but not in the muscle (Table 5.3; p = 0.005 and 0.74 respectively). In fed 



112 

 

fish, the arginase activity was significantly lower in the muscle of posterior intestine (p = 

0.0105), but higher in the epithelial scraping of mid intestine (p < 0.0001). There was also a 

significant overall effect of intestinal section on the arginase activity in both muscle and 

epithelial scrapings (p = 0.0002 and 0.0013 respectively). There were significant interactions 

between feeding and intestinal sections in both muscle and epithelial scraping on CPS III activity 

(Table 5.2; p = 0.0016 and 0.0105 respectively) and arginase activity (Table 5.3; p = 0.0007 and 

0.0003 respectively).  

 

5.4.3 High luminal glutamine treatment  

In general, there were minimal effects of high luminal glutamine on intestinal urea-N 

handling. There was no significant overall effect of high luminal glutamine on either serosal or 

mucosal urea-N flux rates in either fasted or fed fish (Figure 5.1; all p = 0.32-0.66). In both 

fasted and fed fish, there were also no overall effects of treatment on Jturea-N (Figure 5.2; p = 0.31 

and 0.62 respectively) and Turea-N (Figure 5.3; p = 0.66 and 0.06 respectively). When compared 

between treatment and control groups within intestinal sections, the glutamine treatment 

significantly increased Jsurea-N in the anterior intestine of fed fish only (Figure 5.1B; p = 0.0105), 

which translated to higher Jturea-N in the same anterior intestine (Figure 5.2B; p = 0.0275). 

However, in contrast to urea-N handling, ammonia handling was substantially altered by 

high glutamine in both fasted and fed fish. High glutamine had a significant overall effect (p = 

0.0111) to increase Jsamm in fasted fish (Figure 5.4A) with a significantly higher Jsamm in the 

anterior intestine only (Figure 5.4A; p = 0.0262). There were no significant effects of glutamine 

on Jsamm in fed fish (Figure 5.4B; p = 0.31). There were also significant overall effects of 

glutamine on Jmamm in both treatments (Figures 5.4 C&D; p = 0.0159 in fasted fish and p = 
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0.0198 in fed fish). However, these effects were different between fasted fish where Jmamm 

became more negative (Figure 5.4C), and fed fish where Jmamm became less negative (Figure 

5.4D). The more negative Jmamm in the posterior intestine of fasted fish was significant (Figure 

5.4C; p = 0.0456), but none of the section-specific differences in Jmamm of fed fish were 

significant (Figure 5.4D). As a result, there were also significant effects on Jtamm (Figure 5.5; p = 

0.0012 in fasted fish and p = 0.0245 in fed fish), where Jtamm became greater in fasted fish 

(Figure 5.5A; significant in all three intestinal sections, p < 0.05), but lower in fed fish, with no 

significant section-specific differences in the latter (Figure 5.5B). There was also a significant 

overall effect of glutamine elevating Tamm in fasted fish (Figure 5.6A; p = 0.0060), which was 

not seen in the fed fish (Figure 5.6B; p = 0.96). There was no significant interaction between 

treatment and intestinal sections for any of the measurements (p > 0.05) except for Jsurea-N in fed 

fish (p = 0.045).  

 

5.4.4 High luminal ammonia treatment  

High luminal ammonia had minimal or negative effects on urea-N fluxes and production 

in both fasted and fed fish. There was a significant overall inhibitory effect of treatment on Jsurea-

N in fed fish (Figure 5.1B; p = 0.0007), but no effect on Jsurea-N in fasted fish (Figure 5.1A; p = 

0.09). In fed fish, ammonia treatment significantly decreased Jsurea-N in mid and posterior 

intestines (Figure 5.1B; p = 0.0404 and 0.0314 respectively). There was no effect of high 

ammonia on Jmurea-N in either fasted or fed fish (Figures 5.1 C&D; p = 0.59 and 0.83 

respectively). Thus, there were also no significant effects of treatment on Jturea-N in fasted fish 

(Figure 5.2A; p = 0.22), but a significant overall inhibitory effect on Jturea-N in the fed fish (p = 

0.0067), which was significant in the posterior intestine (Figure 5.2B; p = 0.0257). In both fasted 
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and fed fish, the high luminal ammonia treatment also had a significant overall inhibitory effect 

on urea-N content, Turea-N (Figures 5.3 A&B p =0.0007 and <0.0001 respectively). With the 

exception of the anterior intestine of fasted fish (Figure 5.3A; p = 0.33), these inhibitory effects 

on Turea-N were significant in all intestinal sections in both fasted and fed fish (Figures 5.3 A&B; 

p = 0.0004-0.03). 

There were also marked effects of high luminal ammonia on ammonia fluxes and 

ammonia production rates. However, while there were no significant overall effects of high 

ammonia on Jsamm in either fasted or fed fish (Figures 5.4 A&B; p = 0.19 and 0.99 respectively), 

the treatment had contrasting effects depending on the intestinal sections. It increased anterior 

intestine Jsamm in both fasted and fed fish (Figures 5.4 A&B; p = 0.0008 and 0.0004 

respectively), but decreased Jsamm in the mid intestine of fed fish (Figure 5.4B; p = 0.0339). The 

high luminal ammonia treatment had a significant overall effect on Jmamm in both fasted and fed 

fish (Figures 5.4 C&D; p = 0.0067 and p < 0.0001 respectively), converting the normally 

negative flux rates (appearance in the lumen) to positive values (removal from the lumen), at 

least in the anterior and mid intestine, and reducing the negative values in the posterior intestine. 

These effects on Jmamm were significant in all three individual sections of fed fish (Figure 5.4D; 

p = 0.0009, 0.0198, and 0.0022 respectively). There was a significant interaction between 

treatment and intestinal sections on Jsamm in both fasted and fed fish (p < 0.0001). The net results 

were no significant overall effects of high ammonia on Jtamm of fasted fish (Figure 5.5A; p = 

0.17) but an overall reduction of Jtamm in fed fish (Figure 5.5B; p = 0.0010), which was 

significant in the mid and posterior intestine (Figure 5.5B; p = 0.0017 and 0.0018 respectively). 

There was also a significant interaction between treatment and intestinal sections in both fasted 

and fed fish (p = 0.0014 and 0.0104 respectively). High ammonia increased Tamm overall in 
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fasted fish (Figure 5.6A; p = 0.0060) but had no effect on Tamm of fed fish (Figure 5.6B; p = 

0.96). 

5.5 Discussion 

5.5.1 Overview 

Our first hypothesis, that feeding would increase not only ammonia, but also urea 

production and flux rates in these trout gut preparations, was confirmed. While the finding on 

ammonia is confirmatory of previous trout studies (Rubino et al., 2014; Rubino et al., 2019), the 

urea result is novel, and in accord with the findings of Bucking et al. (2013b) on similar in vitro 

preparations of the plainfin midshipman. With respect to our second hypothesis, that the 

activities of both CPS III and arginase activities would increase if the OUC were involved in this 

urea production, our data do not provide support for OUC involvement, because CPS III activity 

did not increase with feeding. However, the observed increase in arginase activity suggests that 

an alternate pathway, direct arginolysis, may have contributed to elevated urea production. Our 

third hypothesis, that luminal glutamine supply would increase the production and flux rates of 

both ammonia and urea, was supported in part by observations of elevated ammonia production 

and transport in preparations from fasted fish, but not from fed fish. This indicates an ability of 

the intestinal tissue to deaminate glutamine, and perhaps use it as an oxidative fuel, similar to the 

observations of Bucking et al. (2013b). However, with the exception of the anterior intestine of 

fed trout, there was no evidence of increased urea production or flux resulting from the presence 

of glutamine, again arguing against the presence of a functional OUC in the intestine. Our final 

hypothesis, that elevated luminal ammonia supply would result in elevated urea production and 

flux rates, reflecting a detoxification mechanism, was not supported. There were negligible or 
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negative effects on urea-N fluxes and production in both fasted and fed fish, but indirect 

evidence of ammonia detoxification by another pathway. 

 

5.5.2 The effect of feeding 

This study provides further evidence (c.f. Rubino et al., 2019, 2014) that the intestinal 

cells of rainbow trout break down dietary amino acids, because feeding increased overall Jsamm, 

Jmamm, Jtamm, and Tamm (Table 5.1), in the absence of the original chyme. Most of this increased 

intestinal production was transported to the serosal side (Table 5.1; Rubino et al., 2019, 2014), 

explaining the greatly elevated blood ammonia levels measured in the HPV of trout after feeding 

(Karlsson et al., 2006). A novel finding of our study was that there were also overall significant 

increases in Jturea-N and Jsurea-N in the intestine of fed fish (Table 5.1). Again, as the original 

chyme was not present, this supports the idea that urea can be synthesized in some way from 

dietary amino acids by the intestinal tissues after feeding, then subsequently transferred to the 

blood, draining to the HPV, as also evidenced by Karlsson et al. (2006). Although Kajimura et 

al. (2004) provided indirect evidence (by anal suturing) that rectal excretion of both ammonia 

(especially) and urea increased after feeding in trout, only the increased ammonia flux to the 

lumen (Jmamm) was significant in the present study, occurring mainly in the posterior intestine 

(Table 5.1). Nevertheless, the intestinal cells of ammoniotelic freshwater rainbow trout clearly 

have the ability to not only transport urea in a directional fashion, but also likely produce it after 

feeding. This agrees with previous whole animal studies on rainbow trout that showed an 

increase in urea excretion rate depending on the diet (Alsop and Wood, 1997; Kajimura et al., 

2004; Kaushik et al., 1983). Similarly, isolated GIT tissues of plainfin midshipman significantly 

increased production and transport of urea across both mucosal and serosal surfaces following a 
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meal (Bucking et al., 2013a). In this particular species, the urea secreted into the GIT lumen 

appeared to be both excreted out in the feces and used by ureolytic GIT bacteria, with possible 

recycling of ammonia (Bucking et al., 2013a). Both ammonia (Rh glycoproteins) and urea 

transporters (UT) have been identified in the GIT of the plainfin midshipman, and the UT is 

upregulated after feeding (Bucking et al. 2013a, b). In trout intestine, Rhbg expression increases 

after feeding (Bucking and Wood, 2012), but as yet there is no information on the presence of 

UT. 

 

5.5.3 CPS III and arginase enzyme activity levels after feeding 

In association with the increased Jturea-N and Jsurea-N discussed above, we hypothesized 

that the intestinal cells would increase CPS III and arginase activity after feeding. However, 

feeding had minimal or negative overall effect on CPS III activity in either epithelial scrapings or 

muscle (Table 5.2). Previous studies also found below detectable or low levels of CPS III 

activity in adult rainbow trout intestine (Bucking et al., 2013a; Korte et al., 1997; Wright et al., 

1995) and in the intestine of other adult teleosts (Felskie et al., 1998; Kong et al., 1998). This 

contrasts with the plainfin midshipman where intestinal CPS III activity increased greatly after 

feeding (Bucking et al., 2013a). Rainbow trout, similar to other teleosts, have relatively higher 

CPS and other OUC enzyme activities during embryogenesis to prevent possible ammonia 

toxicity, that is then reduced at about 70 days post fertilization (Korte et al., 1997; Wright et al., 

1995; reviewed by Zimmer et al., 2017). Therefore, the low enzymatic activities we found may 

not have physiological importance for urea production, but rather simply represent the products 

of low-level gene expression left over from embryonic life.  
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On the other hand, arginase activity increased significantly after feeding, specifically in 

the mid intestine epithelial scraping (Table 5.3). In contrast to CPS III, arginase activity 

increases slowly during post-fertilization development of rainbow trout (Wright et al., 1995). 

This is similar to a previous finding on adult Atlantic cod (Gadus morhua) with undetectable 

level of CPS III but the presence of arginase in its intestine (Chadwick and Wright, 1999). 

Unlike CPS III that is exclusively involved with the OUC pathway, arginase is also involved in 

arginolysis, metabolizing dietary arginine directly to urea. This may explain the increase in urea 

production and transport after feeding. Another mechanism that may have contributed to 

intestinal urea production is uricolysis, by the conversion of uric acid to urea (reviewed by 

Anderson, 2001; Cvancara, 1969; Goldstein and Forster, 1965). This pathway should be 

investigated in future studies. 

 

5.5.4 High luminal glutamine treatment 

Glutamine can be metabolized to α-ketoglutarate as an energy source for immediate 

energy production by the citric acid cycle (or for carbon storage), releasing ammonia, or the 

amino group can be transferred by transamination to form other amino acids. It can also feed into 

the OUC pathway by CPS III, producing urea to be excreted. We predicted that the surplus 

supply of glutamine in the lumen would increase both ammonia and urea-N production and flux 

rates as the intestinal cells break down the amino acid. We found an increase in ammonia flux 

rates and production in intestinal preparations from fasted trout, but not fed trout (Figures 5.4, 

5.5 and 5.6), suggesting that glutamine is deaminated and metabolized as an energy source in 

fasted fish, whereas in fed fish there may be alternate fuels available from the chyme. This 

response pattern differs from that of the plainfin midshipman where high mucosal glutamine 
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stimulated ammonia production in intestinal preparations from both fasted and fed fish (Bucking 

et al., 2013a).  

There were minimal changes in urea-N handling in response to elevated mucosal 

glutamine (Figures 5.1, 5.2 and 5.3). This is in accord with the low and generally unresponsive 

CPS III activity we found (Table 5.2), further suggesting that the intestine does not use the OUC 

to make urea. However, at present we should not dismiss the significant stimulations of Jsurea-N 

and Jturea-N in the anterior intestine of fed trout only (Figures 5.1B and 5.2B) which occurred in 

parallel to significantly decreased CPS III activity in this tissue (Table 5.2); a puzzling result. 

Another puzzling result was reported by Bucking et al. (2013b) in the plainfin midshipman, 

which is thought to have an intestinal OUC. Plainfin midshipman intestinal preparations 

exhibited decreased urea production in response to high glutamine in the lumen (Bucking et al., 

2013a). The authors speculated that ammonia was the substrate for the OUC in this species, and 

that the excess glutamine was interfering with the ammonia transport across mitochondrial 

matrix, thereby reducing the substrate available for the OUC.  

 

5.5.5 High luminal ammonia treatment 

The suggestion of Bucking et al. (2013b) that ammonia rather than glutamine could be 

the preferred substrate for the intestinal OUC of the plainfin midshipman is a rare but not an 

unprecedented phenomenon in fish, having been documented in the ureotelic Magadi tilapia 

(Lindley et al., 1999). Magadi tilapia increases urea excretion rate when exposed to high external 

ammonia (Wood et al., 1989; Wood et al., 2013). Ureogenic largemouth bass (Micropterus 

salmoides) also increase urea excretion in high ammonia water (Kong et al., 1998). To evaluate 

this suggestion in the rainbow trout intestine, we loaded high ammonia into the lumen to 
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investigate whether the rainbow trout has the ability to detoxify ammonia to less toxic urea. The 

treatment had significant effects on ammonia handling and production (Figures 5.4, 5.5 and 5.6), 

somewhat parallel to earlier studies with lower levels (1 mM) of ammonia loading (Rubino et al., 

2014; Rubino et al., 2019). At this higher level (2 mM), there were no significant overall effects 

of high ammonia on Jtamm of fasted fish (Figure 5.5A) but an overall reduction of Jtamm occurred 

in fed fish, prominent in the mid and posterior intestine (Figure 5.5B). This suggests that 

ammonia detoxification was induced. However, there were minimal effects on urea-N handling 

in both fasted and fed fish (Figures 5.1, 5.2 and 5.3). Since the adult rainbow trout does not 

appear to use the OUC, the formation of urea may not be the primary mechanism for the 

detoxification of ammonia. In fact, there were some inhibitory effects on both the flux rates and 

production of urea. Presumably, this is because the primary mechanism for detoxification of 

ammonia in the intestine of the rainbow trout is by synthesis of glutamine, via the enzyme 

glutamine synthetase (GS), with potential transamination to other amino acids. We found the 

most marked changes in the posterior intestine and correspondingly, the GS enzyme activity is 

reported to be highest in this section in the trout (Mommsen et al., 2003a; Rubino et al., 2014). 

Although we have not demonstrated that the trout intestine was making glutamine specifically, 

glutamine in general acts as an ammonia storage molecule which can be used as energy 

immediately or later on (reviewed by Anderson, 2001).  

Interestingly, in vitro preparations of the intestine of the plainfin midshipman also did not 

exhibit changes in urea production with high mucosal ammonia, possibly because an in vivo 

signal is needed to regulate the OUC enzymes (Bucking et al., 2013a). There are a few pieces of 

evidence suggesting that the intestinal bacteria community (microbiome) influences ammonia 

handling in some fish species. Ammonia appearance in the gut of plainfin midshipman was 
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greatly reduced with antibiotic treatment (Bucking et al., 2013a). Similarly, in the ureotelic 

dogfish shark, inhibition of bacterial urease decreased ammonia appearance in the mucosal 

chyme of the intestine (Wood et al., 2019). Intestinal bacteria and the activity of ammonia 

detoxifying enzymes were correlated in the herbivorous fish (Campostoma anomalum), but not 

in the carnivorous fish (Etheostoma caeruleum; Turner and Bucking, 2019). It is still unclear 

whether the rainbow trout also carries an intestinal bacteria community that is capable of 

detoxifying ammonia or glutamine, or converting urea to ammonia, but we assume that a lot of 

the flora was flushed out during our gut sac preparations. We used relatively high concentrations 

of ammonia and glutamine in short flux periods, which likely would have minimized the 

influence of any residual microbial activity. Clearly, there is a need for better mechanistic 

understanding of N-handling by the GIT in fish, including the contributions of the microbiome.   
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Table 5.1 Comparison of serosal (Jsurea-N) and mucosal (Jmurea-N) urea-N flux rates, total tissue 

urea-N production rate (Jturea-N), tissue urea-N concentration (Turea-N), ammonia flux rates (Jsamm 

& Jmamm), total tissue ammonia production rate (Jtamm), and tissue ammonia (Tamm) of fasted and 

fed fish. Single dagger (†) in the first column indicates a significant overall effect of intestinal 

section and double dagger (‡) in the second column indicates a significant overall effect of 

feeding (p < 0.05, two-way ANOVA). Letters represent significant difference among GIT 

sections in each row, using small letters for fasted fish and capital letters for fed fish (p < 0.05). 

Asterisk (*) represents significant differences between fasted and fed fish within the same 

intestinal section (p < 0.05). Values are means ± SEM (N = 5). 

  Anterior intestine Mid intestine Posterior intestine 

Jsurea-N  
(µmol urea-N cm-2 h-1) † 

Fasted  0.086 ± 0.019a 0.020 ± 0.002b 0.051 ± 0.006ab 
Fed ‡ 0.171 ± 0.027A* 0.077 ± 0.010B 0.083 ± 0.010B 

Jmurea-N  
(µmol urea-N cm-2 h-1) 

Fasted  -0.019 ± 0.006 -0.006 ± 0.003 -0.029 ± 0.008 
Fed -0.009 ± 0.007 -0.009 ± 0.003 -0.046 ± 0.034 

Jturea-N  
(µmol urea-N cm-2 h-1) 

Fasted 0.104 ± 0.020 0.026 ± 0.003 0.079 ± 0.010 
Fed ‡ 0.180 ± 0.028 0.086 ± 0.011 0.129 ± 0.035 

Turea-N  
(µmol urea-N g-1 tissue) 

Fasted 0.22 ± 0.02 0.29 ± 0.05 0.37 ± 0.02 
Fed 0.33 ± 0.02 0.27 ± 0.03 0.41 ± 0.05 

Jsamm  
(µmol ammonia cm-2 h-1) † 

Fasted 0.305 ± 0.034a 0.136 ± 0.014b 0.112 ± 0.018b 
Fed ‡ 0.595 ± 0.038A* 0.387 ± 0.052B* 0.292 ± 0.038B* 

Jmamm  
(µmol ammonia cm-2 h-1) † 

Fasted -0.041 ± 0.010 -0.039 ± 0.014 -0.094 ± 0.018 
Fed ‡ -0.071 ± 0.033A -0.088 ± 0.024A -0.287 ± 0.070B* 

Tamm  
(µmol ammonia g-1 tissue) † 

Fasted 2.19 ± 0.18 2.61 ± 0.49 2.45 ± 0.27 
Fed ‡ 2.56 ± 0.07A 3.18 ± 0.15AB 4.39 ± 0.75B* 

Jtamm  
(µmol ammonia cm-2 h-1) 

Fasted 0.346 ± 0.035 0.174 ± 0.020 0.206 ± 0.026 
Fed ‡ 0.666 ± 0.050* 0.475 ± 0.058 0.579 ± 0.079* 
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Table 5.2 CPS III activity (nmol min-1 g-1 tissue) of the anterior, mid, and posterior muscle and 

epithelial scrapings of fasted and fed fish. There were no significant overall effects of intestinal 

section, but double dagger (‡) in the second column indicates a significant overall effect of 

feeding; there were also significant interactive effects in both muscle and epithelial scrapings (p 

< 0.05, two-way ANOVA). Asterisk (*) represents significant difference of fed muscle or 

epithelial scraping in comparison to fasted muscle or epithelial scraping (p < 0.05). Values are 

means ± SEM (N = 5). 

  Anterior intestine Mid intestine Posterior intestine 

Muscle CPS III activity  
(nmol min-1 g-1 tissue) 

Fasted 0.529 ± 0.152 0.111 ± 0.059 0.546 ± 0.102 

Fed ‡ 0.112 ± 0.019* 0.358 ± 0.080 0.230 ± 0.035 

Epithelial scraping 
CPS III activity  
(nmol min-1 g-1 tissue)  

Fasted 0.355 ± 0.101 0.093 ± 0.037 0.091 ± 0.033 

Fed 0.074 ± 0.027* 0.149 ± 0.073 0.130 ± 0.027 
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Table 5.3 Arginase activity (µmol min-1 g-1 tissue) of the anterior, mid, and posterior muscle and 

epithelial scrapings of fasted and fed fish. Single dagger (†) in the first column indicates a 

significant overall effect of intestinal section and double dagger (‡) in the second column 

indicates a significant overall effect of feeding; there were also significant interactive effects in 

both muscle and epithelial scrapings (p < 0.05, two-way ANOVA). Asterisk (*) represents 

significant difference of fed muscle or epithelial scraping in comparison to fasted muscle or 

epithelial scraping (p < 0.05). Values are means ± SEM (N = 5). 

  Anterior intestine Mid intestine Posterior intestine 

Muscle arginase activity  
(µmol min-1 g-1 tissue) † 

Fasted 0.417 ± 0.103 1.680 ± 0.349 2.397 ± 0.365 

Fed 0.873 ± 0.275 2.558 ± 0.380 0.821 ± 0.190* 

Epithelial scraping 
arginase activity  
(µmol min-1 g-1 tissue) † 

Fasted 0.807 ± 0.212 0.821 ± 0.214 1.234 ± 0.247 

Fed ‡ 0.840 ± 0.247 3.175 ± 0.380* 1.035 ± 0.380 
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Figure 5.1 Serosal (A&B; Jsurea-N) and mucosal (C&D; Jmurea-N) urea-N flux rates (µmol cm-2 h-

1) of the anterior, mid, and posterior intestines of fasted (A&C; white bars) and fed (B&D; filled 

bars) fish in the presence of either control saline (no pattern), high glutamine (dotted pattern), or 

high ammonia (diagonal pattern) in the lumen. Asterisk (*) represents significant difference 

between high glutamine or high ammonia treated group relative to control group (p < 0.05). 

Values are means ± SEM (N = 5). 

 



126 

 

 

Figure 5.2 Total tissue urea-N production rates (Jturea: μmol cm-2 h-1) of the anterior, mid, and 

posterior intestine of (A) fasted and (B) fed fish in the presence of either control saline (no 

pattern), high glutamine (dotted pattern), or high ammonia (diagonal pattern) in the lumen. 

Values are calculated from Figure 5.1 data. Asterisk (*) represents significant difference between 

high glutamine or high ammonia treated group relative to control group (p < 0.05). Values are 

means ± SEM (N = 5). 
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Figure 5.3 Total tissue urea-N concentration (Turea, μmol g-1 tissue) of the anterior, mid and 

posterior intestines of (A) fasted and (B) fed fish in the presence of either control saline (no 

pattern), high glutamine (dotted pattern), or high ammonia (diagonal pattern) in the lumen. 

Asterisk (*) represents significant difference between high glutamine or high ammonia treated 

group relative to control group (p < 0.05). Values are means ± SEM (N = 5). 
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Figure 5.4 Serosal (A&B; Jsamm) and mucosal (C&D; Jmamm) ammonia flux rates (μmol cm-2 h-

1) of the anterior, mid, and posterior intestines of fasted (A&C; white bars) and fed (B&D; filled 

bars) fish in the presence of either control saline (no pattern), high glutamine (dotted pattern), or 

high ammonia (diagonal pattern) in the lumen. Asterisk (*) represents significant difference 

between high glutamine or high ammonia treated group relative to control group (p < 0.05). 

Values are means ± SEM (N = 5). 
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Figure 5.5 Total tissue ammonia production rates (Jtamm: μmol cm-2 h-1) of the anterior, mid, and 

posterior intestine of (A) fasted and (B) fed fish in the presence of either control saline (no 

pattern), high glutamine (dotted pattern), or high ammonia (diagonal pattern) in the lumen. 

Values are calculated from Figure 5.4 data. Asterisk (*) represents significant difference between 

high glutamine or high ammonia treated group relative to control group (p < 0.05). Values are 

means ± SEM (N = 5). 
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Figure 5.6 Total tissue ammonia concentration (Tamm, μmol g-1 tissue) of the anterior, mid and 

posterior intestines of (A) fasted and (B) fed fish in the presence of either control saline (no 

pattern), high glutamine (dotted pattern), or high ammonia (diagonal pattern) in the lumen. 

Asterisk (*) represents significant difference between high glutamine or high ammonia treated 

group relative to control group (p < 0.05). Values are means ± SEM (N = 5). 
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Chapter 6: Potential NH3 transport across GIT epithelia and ammonia 

transport in the stomach 

6.1 Summary 

Although the gastrointestinal tract (GIT) is an important site for nitrogen metabolism in 

teleosts, the mechanisms of ammonia absorption and transport remain to be elucidated. Both 

protein catabolism in the lumen and the metabolism of the GIT tissues produce ammonia which, 

in part, enters the portal blood through the anterior region of the GIT. The present study 

examined the possible roles of different GIT sections of rainbow trout (Oncorhynchus mykiss) in 

transporting ammonia in its unionized gas form - NH3 - by changing the PNH3 gradient across 

GIT epithelia using in vitro gut sac preparations. We also surveyed mRNA expression patterns of 

three of the identified Rh proteins (Rhbg, Rhcg1, Rhcg2) as potential NH3 transporters and 

NKCC as a potential ammonium ion (NH4+) transporter along the GIT of rainbow trout. We 

found that ammonia absorption is not dependent on the PNH3 gradient despite expression of 

Rhbg and Rhcg2 in the intestinal tissues, and Rhcg2 in the stomach. We detected no expression 

of Rhbg in the stomach and no expression of Rhcg1 in all GIT tissues. There was also a lack of 

correlation between ammonia transport and [NH4+] gradient despite NKCC expression in all GIT 

tissues. Regardless of PNH3 gradients, the stomach showed the greatest absorption and net tissue 

consumption. Overall, our findings suggest nitrogen metabolism zonation of GIT, with stomach 

serving as an important site for the absorption, handling and transport of ammonia that is 

independent of PNH3 gradient. 
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6.2 Introduction 

Following feeding in fish, it is now evident that total ammonia levels (Tamm = NH3 and 

NH4+) increase in the systemic blood plasma (Kaushik and de Oliva Teles, 1985; Bucking and 

Wood, 2008) as well is in the blood plasma of the hepatic portal vein (HPV) (Karlsson et al., 

2006, Chapter 4), likely as a result of ammonia production and absorption across the 

gastrointestinal tract (GIT) epithelia (Bakke et al., 2011; Rubino et al., 2014). Ammonia is 

produced during protein catabolism in the GIT, thus Tamm in the chyme is high (Bucking and 

Wood, 2012; Rubino et al., 2014; Jung et al., 2022; Chapter 3). Ammonia is also produced by the 

metabolism of the GIT tissue itself (Rubino et al., 2014). In in vitro preparations, intestinal 

tissues taken from fed rainbow trout (Oncorhynchus mykiss) display increases in both ammonia 

absorption rates and endogenous tissue ammonia production rates relative to tissues from fasted 

fish (Rubino et al., 2014; Jung et al., 2021; Chapter 5). Furthermore, Tamm levels in HPV blood 

are greater after feeding than in the arterial blood (Karlsson et al., 2006, Chapter 4), supporting 

the hypothesis that the postprandial increases in HPV Tamm originate from the GIT tissues. 

However, the specific sections of the GIT responsible, and the specific mechanisms involved, 

remain unknown and are the focus of this study.   

Chyme Tamm concentration can reach over 20-fold greater than the arterial plasma 

Tamm level 48 h following feeding (Chapter 4) and likely even higher at earlier stages of 

digestion. If equilibrated with the bloodstream, such high ammonia levels would be toxic to fish 

(Liew et al., 2013; Tsui et al., 2009; Wicks and Randall, 2002a). Recent evidence shows that 

ammonia does not enter the blood of the subintestinal vein that drains the posterior intestine 

(Chapter 4), but rather enters somewhere in the anterior region of the GIT, increasing the HPV 

Tamm (Karlsson et al., 2006; Chapter 4). In solution, ammonia is present in two forms: an 
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unionized gas (ammonia; NH3) and a protonated cation (ammonium ion; NH4+). NH4+ has been 

shown to move across intestinal epithelia via transporters energized by basolateral Na+, K+ 

ATPase (NKA) such as the Na+, K+, 2Cl- co-transporter (NKCC) and K+ channels (Rubino et al., 

2019). In contrast, the potential transport of NH3 across the GIT epithelia has not been 

investigated. 

While NH3 was originally considered to be highly permeable through biological 

membranes (Randall and Tsui, 2002), more recent findings suggest that it requires a transporter 

to move across membranes, possibly through Rhesus (Rh) glycoproteins (Wright and Wood, 

2012). Fish express at least four glycosylated Rh isoforms: Rhag, Rhbg, and Rhcg1 and Rhcg2 

(Bucking et al., 2013b; Huang and Peng, 2005; Hung et al., 2007; Nawata et al., 2007) that are 

homologous to the Amt/Mep proteins identified as ammonia transporters in bacteria, plants and 

yeasts (Khademi et al., 2004; McDonald and Ward, 2016; Weiner, 2006). When expressed in a 

model translation system (Xenopus oocytes), all four of these Rh proteins from rainbow trout 

have been shown to facilitate the diffusion of NH3 (Nawata et al., 2010). In the GIT of rainbow 

trout, the basolateral isoform Rhbg is expressed along the entire GIT including the stomach 

(Bucking and Wood, 2012; Nawata et al., 2007). Rhcg, which is usually apical in location, has 

not been found in the intestine of rainbow trout (Nawata et al., 2007), but is expressed in both the 

stomach and in the intestine of mammals (Handlogten et al., 2005; Weiner, 2006). Therefore, it 

is unclear whether the postprandial increase in HPV Tamm is a result of NH3 transport and 

whether the Rh proteins are expressed on both apical and basolateral membranes throughout the 

GIT. 

The overall goals of this study were to survey mRNA expression patterns of three of the 

identified Rh proteins (Rhbg, Rhcg1, Rhcg2) in all four sections of the GIT tissues (stomach, 
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anterior, mid, and posterior intestine) in freshwater rainbow trout, and to investigate the potential 

for NH3 transport in each of the sections by changing the PNH3 gradient across GIT epithelia 

using in vitro gut sac preparations. The latter was achieved by using selected buffers to “clamp” 

the mucosal pH at different values, thereby changing PNH3 at constant mucosal Tamm. 

Specifically, we hypothesized that increases in PNH3 gradient across the intestinal epithelia of 

gut sacs would be positively correlated with increased mucosal ammonia flux rate (Jmamm) as a 

result of increased NH3 movement via Rh proteins serving as possible transcellular transporters. 

Accordingly, we also hypothesized that Rh proteins would be expressed throughout different 

sections of the GIT for NH3 absorption. In particular, we predicted that these proteins would be 

more highly expressed in the anterior regions of the GIT, thus facilitating greater Jmamm in this 

region, in parallel with recent findings (Chatper 4). Moreover, the stomach in particular has been 

shown to be involved in absorbing dietary cations such as Na+ and K+ in trout (Bucking and 

Wood, 2006). Therefore, we hypothesized that regardless of the PNH3 gradient, the stomach 

would be an important absorptive site for ammonia in the form of NH4+. We hypothesized that in 

addition to the Rh proteins, NKCC would be expressed in the stomach and throughout the 

intestine (the latter has already been shown by Rubino et al., 2019) in order to transport NH4+ 

ions, thereby contributing to the increased postprandial Tamm.  

 

6.3 Material and methods 

6.3.1 Experimental animals 

Rainbow trout (300-570 g) were obtained from Little Cedar Falls Hatchery (Nanaimo, 

BC, Canada) and transferred to the University of British Columbia (UBC) where they were held 

for several months prior to experiments. Fish were held at 9 ˚C in flowing dechlorinated 
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Vancouver tap water (Na+ = 0.09, Cl- = 0.10, Ca2+ = 0.10, Mg2+ = 0.011, K+ = 0.004 mM, 

hardness as CaCO3 = 3.3 mg L-1, pH = 7.0). During this time, animals were fed to satiation every 

other day with commercial trout pellet food (BioTrout 4.0 mm, Bio-OregonTM, Long-view, WA, 

USA). All experiments were approved by the UBC Animal Care Committee (AUP A18-0271) 

and conformed to national regulations of the Canada Council for Animal Care. 

 

6.3.2 Gut sac experiments and calculations 

Gut sac preparations were used to measure the changes in the mucosal and serosal fluxes 

of total ammonia (Jmamm and Jsamm respectively) based on the influence of the PNH3 gradient 

across the GIT epithelium. Gut sacs were made according to the protocol of Rubino et al. (2014). 

Animals were fed within 24 h prior to experimentation and euthanized by an overdose of 

buffered MS-222 (0.07 g L-1). The GIT was removed and sectioned into the stomach, anterior, 

mid, and posterior regions. The contents of each GIT section (referred to as chyme hereafter) 

were removed and centrifuged (13 000 g, 60s) and the supernatant pH was measured. The pH 

values of all chyme supernatant, mucosal and saline samples were measured using a micro-

combination probe (MI-414; 6cm beveled tip; Microelectrodes Inc., Bedford, NH, USA) 

calibrated with precision buffers (Fisher Scientific and Radiometer-Copenhagen, Copenhagen, 

Denmark). All salines used for the experiment were pre-equilibrated with a 99 % O2: 1 % CO2 

gas mix, then pH was measured.  

The lumens of GIT sections were then thoroughly rinsed with Cortland’s saline (in mM: 

NaCl 124, KCl 5.1, CaCl2 1.6, MgSO4 0.9, NaHCO3 11.9, NaH2PO4 3, pH = 7.4) to remove any 

leftover chyme. Each of the GIT sections was tied off at one end with a 2-0 silk thread while the 

other end had a flared polyethylene tube (PE 60; Clay-Adams, Sparks, MD, USA) inserted and 
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held securely with another silk thread. In all pH treatment groups, the gut sacs were filled with 

gas-equilibrated Cortland’s saline with 1 mM of ammonium hydroxide (Sigma-Aldrich, St. 

Louis, MO, USA) and 50 mM of appropriate buffer (Sigma-Aldrich) through the open 

polyethylene tube using a syringe (termed mucosal saline hereafter). For pH 4 stomach gut sacs, 

50 mM of formic acid was mixed into the mucosal saline. For pH 7 and 8 gut sacs, 50 mM of 

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer was used. For pH 9 gut 

sacs, 25 mM of CHES (N-Cyclohexyl-2-aminoethanesulfonic acid) and 25 mM of AMPD (2-

amino-2-methyl-1,3,-propanediol) buffers (total of 50 mM) were used. The saline was infused 

and then withdrawn multiple times for thorough mixing with a 1-mL syringe to ensure the 

remaining saline in the syringe was the same as the mucosal saline in the gut sacs. The saline 

was injected until the gut sacs became taut, and the remainder 0.3-0.5 mL of the saline was 

collected as the initial mucosal sample and pH was measured. The PE tube was then sealed, and 

the sac was thoroughly blotted dried, then weighed for initial weight (Wi).  

The gut sacs were then placed in either 30-mL glass bottles or 100-mL glass beakers 

depending on the size, and bubbled with 99 % O2: 1 % CO2 gas mix throughout the flux period 

with PE50 tubing. All glass bottles and beakers were kept semi-submerged in 9 ˚C flow through 

tank. The opening of the bottles and beakers were sealed around the gas tubing with caps or 

parafilm to minimize evaporation. For all pH treatment groups, the serosal saline had 50 mM of 

HEPES buffer (pH 7.8). The amount of serosal saline needed to fully immerse the preparations 

varied and was exactly recorded. After about 30 sec of placement of gut sacs, 5-mL of initial 

serosal sample was taken (termed serosal saline hereafter) and pH was measured. Based on 

preliminary experiments that checked the efficacy of mucosal pH-stating with the various 

buffers, it proved necessary to limit the experiments to relatively short flux periods. Therefore, to 
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minimize pH shifts, fluxes in mucosal pH 4 stomach gut sacs were measured for 15 min, and all 

other pH treatment groups for 30 min.  

At the end of the flux period, the gut sacs were blotted dry, and weighed again (final gut 

sac weight; Wf). Then, the internal contents of the gut sacs were collected (final mucosal saline), 

measured for pH, and the whole gut sac including the luminal side were thoroughly blotted dry 

again and weighed (empty weight of the preparation; We). The final mucosal volume (Vmf) was 

calculated as Wf – We, and the initial mucosal volume (Vmi) as Wi – We. The serosal saline was 

collected as the final serosal sample and measured for pH. The gut sac tissues were cut open and 

traced onto 0.5-mm graph paper to determine the surface areas. All samples were frozen in liquid 

N2, then stored at -80 ºC for later analysis of total ammonia concentrations. Then the following 

parameters were calculated.  

 

Serosal ammonia (Jsamm) flux rate 

Jsamm = [(Tsammf−Tsammi) × Vs]
SA × t

     Equation 1 

where Jsamm is in µmol cm-2 h-1, Tsammf and Tsammi are the final and initial ammonia 

concentrations (µmol L-1) in the serosal saline, Vs is the volume of serosal solution (L), SA is 

intestinal surface area (cm2), and t is time (h). Positive Jsamm fluxes were into the serosal saline; 

negative Jsamm fluxes were out of the serosal saline. 

 

Mucosal ammonia (Jmamm) flux rate 

Jmamm = [(Tmammi × Vmi) –(Tmammf × Vmf)]
SA × t

    Equation 2 
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where Jmamm is in µmol cm-2 h-1, where Tmammf and Tmammi are final and initial ammonia 

concentrations (µmol L-1) in the mucosal saline, Vmi and Vmf are initial and final volumes of 

mucosal saline (L). Positive Jmamm fluxes were out of the mucosal saline; negative Jmamm fluxes 

were into the mucosal saline. 

 

Total tissue ammonia production rates (Jtamm) 

Jtamm = Jsamm − Jmamm       Equation 3 

Jt (µmol cm-2 h-1) represents the net rate of endogenous production of ammonia by the gastric or 

intestinal tissue itself. Positive Jtamm values represent net production and negative Jtamm values 

represent net consumption of ammonia by the tissue. 

 

Partial pressure of ammonia (PNH3) and concentration of ammonium ions ([NH4+]) 

[NH3] = Tamm × anti log(pH−pK′)
1+anti log(pH−pK′)

     Equation 4 

PNH3 = [NH3]
αNH3

        Equation 5 

NH4
+ =  Tamm − [NH3]       Equation 6 

The PNH3 (μmm Hg) was calculated from total ammonia and pH measurements using pK’ and 

𝛼𝛼NH3 constants from Cameron and Heisler (1983). The initial PNH3 gradient was calculated 

using measured Tamm and pH measured from both mucosal and serosal saline collected before 

the flux period. 
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6.3.3 Ammonia analytical methods 

Mucosal samples were deproteinized using ice-cold 20 % perchloric acid (PCA) then pH-

neutralized using 1 mM KOH before the ammonia assay was run to prevent potential protein 

interference with the assay. Quantification of ammonia in the deproteinized mucosal salines and 

chyme samples were performed with a commercial kit (Raichem Cliniqa™; glutamate 

dehydrogenase method; 340 nm). It proved unnecessary to deproteinize the serosal samples, and 

these were analyzed using a colorimetric assay (Verdouw et al., 1978).  

 

6.3.4 Rh proteins and NKCC mRNA expression 

Expression of rhesus glycoprotein types b (Rhbg) and c (Rhcg1 and Rhcg2) and NKCC 

genes in GIT tissues of fed rainbow trout were investigated. Animals were fed within 48 h prior 

to tissue sampling and euthanized by an overdose of buffered MS-222 (0.07 g L-1). The stomach, 

anterior, mid, and posterior intestine tissue samples were collected in 5 volumes of RNAlater 

(ThermoFisher, AM7021, Waltham, MA, USA) and kept overnight at 4 ˚C before storage at -80 

˚C until use.  

Tissues were homogenized using a Bullet Blender Storm 24 bead beater (Next Advance, 

Troy, NY, USA) with Precellys ceramic (zirconium oxide) beads (Bertin Corp., Rockville, MD, 

USA). mRNA was extracted according to the recommended protocol using Qiagen RNeasy mini 

kit (Qiagen, 74106, Germantown, MD, USA). Total RNA was quantified and assessed for purity 

using a Nanodrop 2000 (ThermoFisher, EN0521, Waltham, MA, USA). Samples were treated 

with DNase 1 (ThermoFisher, EN0521, Waltham, MA, USA) and cDNA was synthesized from 

0.5 ng total RNA using RevertAid Reverse Transcriptase (ThermoFisher, EP0441, Waltham, 

MA, USA) and random hexamer primers (ThermoFisher, SO142, Waltham, MA, USA). Before 
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use in the qPCR reaction, cDNA was diluted 5 times in molecular water (ThermoFisher, 

BP28191, Waltham, MD, USA). 

Quantitative real-time PCR (qPCR) was performed using 2X Maxima SYBR Green/ROX 

qPCR Master Mix (ThermoFisher, K0221, Waltham, MA, USA) on the CFX96™ real-time 

system qPCR machine (Bio-Rad) and primers listed in Table 1. Primer specificity was confirmed 

via gel electrophoresis in preliminary experiments on pooled gill samples. The qPCR protocol 

consisted of 40 cycles of 15 s at 95 ˚C for denaturation and 1 min at 60 ˚C for annealing. Melt-

curve analysis confirmed production of single amplicon product in all cases. β-actin expression 

did not vary between tissues and was used for normalization. To ensure residual genomic DNA 

was not amplified, control samples were included in which no reverse transcriptase was added 

during cDNA synthesis. Reactions were set up in a final volume of 12.5 μL using 1 μL of cDNA 

template, 6.25 μL 2X SYBR Green Master Mix and final forward and reverse primer 

concentration of 200 mM for Rhbg and Rhcg2, and 400 mM for Rhcg1, NKCC, and β-actin. 

Expression was standardized to β-actin using the Pfaffl method (Pfaffl, 2001) and results are 

displayed as relative expression throughout. Standard curves generated by serial dilution of 

pooled rainbow trout gill cDNA were used to calculate amplification efficiencies.  

 

6.3.5 Statistical analysis 

The stomach gut sac Jmamm, Jsamm and Jtamm values were compared among all four pH 

treatment groups (4, 7, 8 and 9) using one-way ANOVA. Comparisons among gut sac pH 

treatments (7, 8 and 9; excluding pH 4 stomach gut sac) and GIT sections for initial PNH3 

gradient, Jmamm, and Jtamm were conducted using two-way ANOVA and post hoc Tukey’s 

multiple comparison tests. In both Jmamm and Jtamm, there were no overall sectional effects in the 
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intestine gut sacs. When a two-way ANOVA was conducted with all the sections included – 

stomach and intestine – there was a significant effect of section in both Jmamm and Jtamm. The 

difference between stomach and intestine Jmamm or Jtamm was confirmed again using one-way 

ANOVA with pooled stomach gut sacs and pooled gut sacs of each of the intestinal sections. 

Pearson’s correlation analysis was conducted to examine the correlation between Jmamm or Jtamm 

and gut sac PNH3 or [NH4+] gradients. All data were tested for normality and homogeneity of 

variance. In cases where these assumptions were not met, values were appropriately transformed, 

and the statistical analysis was repeated. The mRNA expressions were checked for outliers using 

Grubb’s outlier test and for normality using the Shapiro-Wilk normality test. Comparison of 

expression levels between GIT sections were done on Ln transformed data using one-way 

ANOVA with post hoc Tukey’s multiple comparison tests. A significance level of p < 0.05 was 

used in all tests. Data have been expressed as means ± SEM (N = number of fish). 

 

6.4 Results 

In chyme collected from voluntarily fed rainbow trout, we found the stomach to have the 

lowest pH and PNH3, yet highest Tamm (Table 6.2). In the intestinal chyme, pH was similar in 

all sections, but both PNH3 and Tamm were the lowest in the anterior intestine. Indeed, Tamm in 

the anterior intestine was less than 20 % of the concentration in the stomach. Thereafter, PNH3 

and Tamm values gradually increased towards the posterior intestine.  

We were able to successfully modify the PNH3 gradient across the GIT epithelia in vitro 

by manipulating the mucosal pH (Figure 6.1). There was a significant overall effect of pH 

treatment on PNH3 gradient in the intestine gut sacs (p < 0.0001), but no effect of GIT section (p 

= 0.16) and no significant interaction (p = 0.44). In all three intestinal sections, the PNH3 
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gradient was significantly higher at mucosal pH 9, than at pH 7 or 8. In stomach gut sacs, there 

was a significant overall effect of pH treatment (p < 0.0001), but a significant difference was 

observed only between pHs 4, 7, 8 vs pH 9. Although pH 4, 7 and 8 treatment groups were not 

significantly different, there was a clear stepwise increase in PNH3 gradient with increasing pH. 

The PNH3 gradient in the pH 9 treatment group was particularly high, reaching 4000-5500 μmm 

Hg. In the chyme collected, the PNH3 values in the various sections of the intestine were 125-

420 μmm Hg (Table 6.2). These are similar to the pH 7 and 8 treatment group PNH3 gradients: 

102-302 μmm Hg and 484-605 μmm Hg respectively. For the stomach gut sacs, the pH 4 

treatment best represented the in vivo PNH3 gradient as it was the closest to the stomach chyme 

PNH3, (-7.4 and 0.2 μmm Hg respectively).  

There was a significant overall effect of pH treatment (p = 0.0031) on mucosal ammonia 

flux rates (Jmamm) in the intestinal gut sacs (Figure 6.2), but no effect of intestinal section (p = 

0.71) and no significant interaction (p = 0.99). Within individual intestinal sections, however, 

there were no significant differences among pH treatment groups. Serosal flux rates (Jsamm) were 

generally low and highly variable (Table 6.3). There were no significant treatment, section, or 

interaction effects. 

Similarly, within the intestinal sections, there was an overall effect of pH treatment (p = 

0.0007) but no effect of section (p = 0.68) on endogenous ammonia production rates (Jtamm) and 

no interaction (p = 0.98) (Figure 6.3). In stomach gut sacs, there was no overall effect of pH 

treatment for both Jmamm (p = 0.29) and Jtamm (p = 0.28). When all GIT sections were considered, 

excluding pH 4 stomach gut sacs, there was a significant overall effect of section for both Jmamm 

and Jtamm (p = 0.0002 and < 0.0001 respectively). The significant difference between the stomach 

and the intestine was confirmed by comparing pooled stomach values versus pooled values for 
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each of the intestinal sections (p < 0.0001 for both Jmamm and Jtamm), as indicated with asterisks 

in Figures 6.2 & 6.3.  

The sectional difference was only observed in the pH 8 treatment group for both Jmamm 

and Jtamm (Figures 6.2 & 6.3; indicated with letters). All Jmamm values were positive (out of the 

mucosal saline) and all Jtamm values were negative (net consumption of ammonia by the tissue), 

except for the pH 8 intestinal gut sacs where Jmamm was negative (into the mucosal saline) and 

Jtamm was positive (net production). Thus, the pH 8 intestine gut sac Jmamm and Jtamm values were 

significantly different from those of the pH 8 stomach.  

Overall, there were no significant correlations between Jmamm and PNH3 or [NH4+] 

gradients (Figure 6.4; Table 6.4). When both GIT section-specific and pooled Jmamm were 

compared to either PNH3 or [NH4+] gradients, all correlation coefficient values were low, 

between -0.42–0.38 (Table 6.4). Surprisingly, the only significant correlation was a negative one 

(r = -0.250, p = 0.043), rather than the expected positive relationship, for the pooled analysis of 

Jmamm versus the [NH4+] gradient. 

The relative mRNA expressions of Rhbg, Rhcg1, Rhcg2 and NKCC were investigated in 

all sections of the GIT. There was no detectable expression of Rhbg mRNA in the stomach, but it 

was expressed in all three sections of the intestine (Figure 6.5). Rhcg1 mRNA was not detected 

in any of the GIT sections (data not shown), but Rhcg2 mRNA was expressed in the stomach and 

all three sections of the intestine (Figure 6.6). The NKCC mRNA was also expressed in the 

stomach and all three sections of the intestine (Figure 6.7). For all of these genes, expression 

levels were variable within sections, although less so for NKCC, and there were no significant 

differences among sections.  
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6.5 Discussion 

6.5.1 Overview 

Here, we investigated the potential PNH3-dependent NH3 transport in all sections of the 

GIT in freshwater rainbow trout in vitro, and surveyed the section-specific mRNA expression of 

Rh proteins as possible NH3 transporters and NKCC as a possible NH4+ transporter. We found 

that ammonia absorption rate is not dependent on PNH3 gradient across the GIT epithelia. 

However, the GIT does express Rh proteins in a section-specific manner, whereas NKCC is 

expressed throughout the GIT. Importantly, we found the stomach to be a significant site for 

ammonia absorption regardless of the PNH3 gradient.  

 

6.5.2 Lack of correlation between PNH3 and ammonia flux rate 

The pH treatment had an overall effect on mucosal ammonia flux rate (Jmamm) and 

endogenous ammonia production rates (Jtamm) (Figures 6.2 & 6.3), but in contrast to our 

hypothesis, there were no significant individual differences between pH treatment groups within 

the intestine sections. The pH 8 treatment in particular, which closely mimics the mucosal pH in 

vivo (Table 6.2) showed an opposite trend to other pH groups: net tissue production of ammonia, 

moving into the mucosal saline. This fits well with the progressive rise in chyme Tamm levels 

seen in vivo moving from the anterior to posterior intestine (Table 6.2). However, it is somewhat 

contradictory to previous findings where fed intestinal tissues were shown to have increased 

ammonia production rates that were followed by an increased efflux rate to the serosal solution 

(Rubino et al., 2014; Jung et al., 2021; Chapter 5). However, these studies measured the serosal 

flux rates over a much longer time period (2 h) than in the present study (0.5 h). Due to the 

limitations of buffering, we were only able to measure ammonia transport over this short flux 
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time, which provided good resolution for mucosal flux rates, where the volume is only a few ml 

but not for serosal flux rates where the volume is up to 80 ml. This probably explains the 

observed variability in Jsamm values (Table 6.3). In addition, recent evidence shows that bacteria 

inhabiting the lumen are involved in ammonia detoxification (Turner and Bucking, 2019). In the 

mucosal pH 8 treatment, which represents the most physiologically realistic pH condition (Table 

6.2), enterocytes may be transporting ammonia apically to the bacteria in the lumen for a support 

in ammonia detoxification. 

Contrary to our initial hypothesis, we found no correlation between Jmamm and the PNH3 

gradient, either in individual GIT sections or overall (Figure 6.4A; Table 6.4). Perhaps this low 

permeability to NH3 serves to prevent large influx of ammonia into the bloodstream as NH3 is a 

neurotoxin at high concentrations (Chew et al., 2005). Similarly in mammals, it has been 

reported that several cell types in the GIT and urinary tracts have low permeability to NH3 

possibly to prevent high luminal ammonia from entering the vascular system (reviewed by 

Marcaggi and Coles, 2001). Rather than an energy-expensive investment in detoxification of the 

absorbed ammonia, a selectively permeable membrane is likely favourable in mitigating 

potentially lethal increases in plasma ammonia. In fact, the GIT of the weather loach (Misgurnus 

anguillicaudatus) under terrestrial conditions can serve as an ammonia excretion site when the 

fish cannot rely on its skin to volatilize ammonia (Tsui et al., 2002). 

 

6.5.3 Expression of ammonia transport proteins in the intestine 

Despite ammonia transport occurring independent of the PNH3 gradient, both Rhbg 

(Figure 6.5) and Rhcg2 (Figure 6.6) were expressed at the mRNA level in the intestine, whereas 

Rhcg1 expression was undetectable. This expression pattern is consistent with findings in 
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mammals (Handlogten et al., 2005), but only to some degree with a previous study on rainbow 

trout where only Rhbg and neither Rhcg1 or Rhcg2 were expressed in the intestine (Nawata et 

al., 2007). The animals investigated in Nawata et al. (2007) were fasted for 7 days whereas the 

fish in our study were fed within 48 h prior to sampling, suggesting Rhcg2 upregulation may 

occur in response to feeding. In the intestines of both fasted ureotelic toadfish and ammoniotelic 

plainfin midshipman, Rhbg, Rhcg1 and Rhcg2 were all present as detected by 

immunohistochemistry (Bucking et al., 2013b), suggesting species-specific expression of Rh 

isoforms. The differences in expression of Rh isoforms among previous studies and the present 

study suggest that the regulation of these proteins likely depends on feeding condition and 

species, which will be an interesting area for future research. 

The Rh proteins are known to be involved in PNH3 gradient-dependent NH3 movement 

across fish gills (reviewed by Weihrauch et al., 2009; Wright and Wood, 2009, 2012) and in 

excreting ammonia through the skin in mangrove killifish (Hung et al., 2007). However, the 

functional role of Rh proteins in the fish GIT yet remains uncertain. Although the majority of 

evidence suggests an ammonia transport function of the Rh proteins both in mammals (Weiner 

and Hamm, 2007) and fish (Nawata et al., 2010) or possibly an ammonia-sensing function 

(Weiner, 2006), some studies suggest that they may not be involved in ammonia transport at all 

(Chambrey et al., 2005; Chambrey et al., 2006). In addition, fish possess more copies of Rh 

genes compared to mammals (Huang and Peng, 2005), and only some of them were studied here. 

Future investigations should examine the expression of a wider range of Rh genes as a function 

of feeding regime.  

This study also found a lack of correlation between Jmamm and the [NH4+] gradient 

(Figure 6.4B) despite consistent expression of NKCC in all sections of the GIT (Figure 6.7). 
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NKCC, along with K+ channels, have been identified as possible pathways for the absorptive 

transport of NH4+ in the intestine of rainbow trout (Rubino et al., 2019). In the mammalian GIT, 

it is speculated that the NKCC is involved in secretion rather than absorption to prevent 

ammonia levels from rising too high in the portal bloodstream (Worrell et al., 2008). The 

situation is unknown in fish, but some ammonia is absorbed into the portal bloodstream 

(Karlsson et al., 2006) and recent findings suggest that this occurs in the anterior region of the 

GIT, including the stomach (Chapter 4). Note in Table 6.2, the large “disappearance” of 

ammonia from the chyme between the stomach and the anterior intestine. 

Finally, it should be noted that conclusions about the lack of correlation between Jmamm 

and [NH4+] gradient should be taken with caution. The analysis done in this study is an 

oversimplification of the system, as only the chemical gradient was calculated, whereas the 

electrochemical gradient, taking into account the transepithelial potential as well as the NH4+ 

concentration difference, is the true driving force for diffusion of NH4+ (Wood and Nawata, 

2011). Additionally, if transporters (e.g. NKCC) are involved, they may be regulated and 

therefore not respond in a simple manner to changes in the chemical gradient. In fact, although 

significant (p = 0.043), the low and negative correlation coefficient (r = -0.250) observed 

between Jmamm values of all GIT sections in comparison to the simultaneous [NH4+] gradients 

(Table 6.4) indicates that a more thorough investigation is required. 

 

6.5.4 Ammonia handling by the stomach 

Perhaps the most interesting observation of this study was the role of the stomach in 

absorbing ammonia, regardless of the pH, and regardless of the PNH3 gradient. There was no 

overall effect of intestinal section on the Jmamm and Jtamm, but the stomach gut sacs in all pH 
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treatment groups showed the highest Jmamm (Figure 6.2) and the most negative Jtamm values – i.e. 

net consumption of ammonia (Figure 6.3). This fits well with the large decline in chyme Tamm 

between the stomach and the anterior intestine (Table 6.2). Our results agree with our initial 

hypothesis of the pronounced role of the stomach in absorbing and transporting ammonia. This 

functional zonation of the GIT also agrees with the recent in vivo findings where, after feeding, 

no change in Tamm was observed in the subintestinal vein draining the posterior intestine, but an 

increase was observed in the HPV (Chapter 4).  

However, our prediction that Rh proteins would be more expressed in the anterior region 

of the GIT was not supported, as there were no significant differences between GIT sections. We 

found expression of Rhcg2 in the stomach, but not Rhbg, the latter in contrast to findings by 

Bucking and Wood (2012) on rainbow trout. The Rhbg expression in the stomach could have 

been downregulated by the time of sampling of this study (approximately 48 h postprandial) as 

solid chyme is moved down to the intestine by 8 h postprandial (Bucking and Wood, 2009). 

However, the positive expression of Rhcg2 in the intestine compared to 7-day fasted rainbow 

trout (Nawata et al., 2007) implies fish in this study were undergoing postprandial changes 

within the sampling time. Additionally, these Rh proteins may not be exclusively localized to 

either apical or basolateral membranes in mammals (reviewed by Weiner and Hamm, 2007), thus 

Rhbg could also be expressed on the apical membrane. In fact, Rhbg that is expressed in the 

basolateral membrane of the villi in plainfin midshipman (Porichthys notatus), is not expressed 

in the villi but in other tissue layers in gulf toadfish (Opsanus beta) (Bucking et al., 2013b), 

suggesting species-dependent localization of Rh isoforms. Nonetheless, the expression of Rhcg2 

as well as NKCC as a possible NH4+ transporter (Figure 6.7) in the stomach support the 

hypothesis that stomach could be a site of ammonia absorption. 
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A basic mechanism to avoid ammonia toxicity, is “ammonia trapping” into glutamine by 

glutamine synthetase (GS) (Hakvoort et al., 2017). This can also start the process of synthesis of 

other amino acids by transamination. A distinct distribution pattern of GS activity has been 

observed in the fish GIT: it is highest in the stomach and posterior region of the intestine of 

different fish species including the rainbow trout (Anderson et al., 2002; Mommsen et al., 

2003a). Following feeding, GS activity increases only in the posterior intestine of rainbow trout 

(Bucking and Wood, 2012). In mammals, higher GS activity is found in the stomach yet very 

low activity occurs in the small intestine (James et al., 1998; Remesar et al., 1985). Interestingly, 

in the sleeper fish (Bostrichthys sinensis), exposure to ammonia increased GS activity, GS 

protein and mRNA levels in all tissues including intestine except the stomach (Anderson et al., 

2002). GS expression in rodent stomach is controlled by different mechanisms than in the 

intestine (Lie-Venema et al., 1998). However, this may not be the case in fish (Mommsen et al., 

2003a) equipped with more complex GS subunits (Murray et al., 2003).  

In addition to GS, other metabolic enzymes such as glutamate dehydrogenase (GDH) also 

display distinct zonation in the GIT tissues (Mommsen et al., 2003b). GDH, an enzyme that can 

also fix ammonia to make glutamate, increases in activity in the anterior intestine after feeding in 

rainbow trout (Rubino et al., 2014). The same was observed in marble goby (Oxyeleotris 

marmorata), where feeding increased both GS and GDH activities in the intestine tissues 

followed by increased in glutamate content (Tng et al., 2008). Interestingly, intestine tissue 

ammonia did not increase following feeding, and the authors calculated approximately 70 % of 

the ingested nitrogen was converted to glutamate to avoid postprandial ammonia toxicity and 

retained for somatic growth, and the rest was excreted to the environment (Tng et al., 2008). The 

situation is not clear for the stomach, but there is higher activity of GDH in the intestine than the 
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stomach (Mommsen et al., 2003b). Additionally, fed rainbow trout intestine tissues are found to 

have the capacity to produce urea likely via direct arginolysis (Jung et al., 2021; Chapter 5). 

Whether the stomach tissues are also able to produce urea is unknown, but urea level in the HPV 

plasma increases following feeding (Karlsson et al., 2006). These data along with the current 

findings indicate that different sections of the GIT have distinct roles in ammonia handling and 

transport, with the stomach specifically serving as an important site for ammonia absorption for 

the synthesis of glutamine, glutamate, and possibly other amino acids or urea, and transporting 

some ammonia to the portal blood to be processed by the liver, gill and other tissues. 

 

6.5.5 Conclusion 

 Here we have provided an in vitro investigation of ammonia transport capacity and 

further describe patterns of Rhbg, Rhcg1, Rhcg2 and NKCC transporter mRNA expression along 

the GIT of rainbow trout. We found that the absorption of ammonia is not dependent on the 

PNH3 or [NH4+] gradient, although the latter in particular requires further investigation. Our 

findings suggest that an in-depth investigation of other isoforms of Rh proteins and the 

functional zonation of the GIT in absorbing ammonia, exporting it the portal bloodstream, and 

metabolizing it to amino acids, would be an exciting future research project. 
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Table 6.1 Primers used for qPCR 

Gene Accession 
no.; Reference Forward sequence (5’-3’) Reverse sequence (5’-3’) 

Rhbg  EF051114;  
Nawata et al., 
2007 

CGACAACGACTTTTACTACCGC GACGAAGCCCTGCATGAGAG 

Rhcg1  EF051115;  
Nawata et al., 
2007 

CATCCTCAGCCTCATACATGC TGAATGACAGACGGAGCCAATC 

Rhcg2  AY619986.1;  
Eom et al., 
2020 

GGTAGTCTGCTTCGTCTGGC TCATGGGCCTTGGTCTCTAC 

NKCC  DQ864492; 
Rubino et al., 
2019 

AACTTTGTGGATCCGAGTGG TATCAGCTTGTCCCCCAGAG 
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Table 6.2 pH, total ammonia (Tamm; mM), and calculated PNH3 (μmm Hg) of chyme collected 

from different GIT sections. Letters that differ indicate statistically significant differences among 

sections. Values are means ± SEM (N = 16-19). 

 Stomach Anterior intestine Mid intestine Posterior 

intestine 

pH 3.7 ± 0.1 a 7.9 ± 0.1 b 8.0 ± 0.1 b 8.0 ± 0.1 b 
Tamm (mM) 3.5 ± 0.2 a 0.6 ± 0.1 b 0.8 ± 0.2 b 1.1 ± 0.2 b 
Chyme PNH3 
(μmm Hg) 

0.2 ± 0.1 a 125 ± 21 b 235 ± 48 b 420 ± 99 b 



153 

 

Table 6.3 Serosal ammonia flux rates (Jsamm; μmol cm-2 h-1) of gut sacs loaded with pH-

controlled mucosal saline containing 1 mM of NH4OH. Values are means ± SEM (N = 5-7). 

There were no significant treatment, section, or interaction effects. 

 Stomach Anterior intestine Mid intestine Posterior 

intestine 

pH 4 0.008 ± 0.028 - - - 
pH 7 0.028 ± 0.015 0.002 ± 0.007 0.053 ± 0.049 0.007 ± 0.025 
pH 8 0.016 ± 0.023 0.024 ± 0.027 0.089 ± 0.057 0.027 ± 0.041 
pH 9 0.005 ± 0.002 0.018 ± 0.011 -0.002 ± 0.006 0.001 ± 0.003 
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Table 6.4 Pearson’s correlation coefficient (r), p values, and the number of XY pairs between 

Jmamm and PNH3 or [NH4+] gradient for each of the GIT sections and all sections combined 

tested in Figure 6.4.  

Comparison Stomach Anterior 
intestine 

Mid 
intestine 

Posterior 
intestine 

GIT 
sections 

combined 

Jmamm vs PNH3 
gradient 

r 0.378 0.076 0.240 0.123 0.026 
p 0.183 0.779 0.371 0.704 0.840 
Number of 
XY pairs 

14 16 16 12 58 

Jm vs [NH4+] 
gradient 

r -0.210 -0.229 -0.408 -0.422 -0.250 
p 0.472 0.394 0.117 0.151 0.043 
Number of 
XY pairs 

14 16 16 13 59 
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Figure 6.1 Initial PNH3 gradient (μmm Hg) across the epithelia of gut sacs loaded with pH-

controlled mucosal saline containing 1 mM of NH4OH. Values are means ± SEM (N = 4-7). 

Letters that differ indicate statistically significant differences among pH treatment groups within 

each GIT section. 
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Figure 6.2 Mucosal ammonia flux rates (Jmamm; μmol cm-2 h-1) of gut sacs loaded with pH-

controlled mucosal saline containing 1 mM of NH4OH. Values are means ± SEM (N = 4-7). 

Positive values indicate net absorption from the lumen, negative values indicate net secretion 

into the lumen. There were no differences among pH treatment groups in the stomach gut sacs. 

There was no overall sectional effect on Jmamm in the intestine gut sacs, but a significant effect 

was observed when stomach gut sacs were included. An asterisk indicates the stomach value 

differs significantly from all of the intestine gut sacs. Letters that differ indicate statistically 

significant differences among GIT sections within the same pH treatment group.  
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Figure 6.3 Total endogenous ammonia production rates (Jtamm; μmol cm-2 h-1) of gut sacs loaded 

with pH- controlled mucosal saline containing 1 mM of NH4OH. Values are means ± SEM (N = 

4-7). Positive values indicate net production, negative values indicate net consumption. There 

were no differences among pH treatment groups in the stomach gut sacs. There was no overall 

sectional effect on Jtamm in the intestine gut sacs, but a significant effect was observed when 

stomach gut sacs were included. An asterisk indicates the stomach value differs significantly 

from all of the intestine gut sacs. Letters that differ indicate significant differences among GIT 

sections within the same pH treatment group.  
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Figure 6.4 Mucosal ammonia flux rates (Jmamm; μmol cm-2 h-1) plotted against (A) PNH3 

gradient (μmm Hg) or (B) [NH4+] gradient (mM). PNH3 and NH4+ gradients were calculated 

using measured Tamm and pH. The Jmamm values were reported in Figure 6.2. Values are means 

± SEM (N = 58-59). For all data, there was no significant correlation between Jamm and either 

PNH3 or [NH4+] gradients (statistical details reported in Table 6.4). 
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Figure 6.5 Relative (posterior intestine = 1) mRNA expression of Rhbg (normalized to β-actin) 

in different GIT sections in rainbow trout. Bars indicate means ± SEM (N = 5-6). There were no 

significant differences among GIT sections. 
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Figure 6.6 Relative (posterior intestine = 1) mRNA expression of Rhcg2 (normalized to β-actin) 

in different GIT sections in rainbow trout. Bars indicate means ± SEM (N = 5-6). There were no 

significant differences among GIT sections. 
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Figure 6.7 Relative (posterior intestine = 1) mRNA expression of NKCC1 (normalized to β-

actin) in different GIT sections in rainbow trout. Bars indicate means ± SEM (N = 5-6). There 

were no significant differences among GIT sections.
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Chapter 7: General discussion and conclusions 

The overarching goal of my thesis was to expand our knowledge about the physiology of 

the three respiratory gases in the gastrointestinal tract (GIT) and their potential for equilibration 

with the vascular system supplying and draining the GIT in teleost fish, and associated changes 

with feeding and osmoregulatory roles. My thesis has shown that both FW rainbow trout 

(Chapters 3, 4, 5 & 6) and SW English sole (Chapters 2 & 3) have nearly anoxic, hypercapnic 

and high ammonia environments in the GIT lumen in both fasting and fed conditions, and that 

the GIT epithelia largely regulates the diffusion of these three respiratory gases into the vascular 

system. The thesis also gives insight into the nitrogenous product handling and transport of the 

intestinal tissues and the previously overlooked function of the stomach in transporting 

ammonia. In this general discussion, I have integrated the major findings from my thesis, 

described how my research extends the current knowledge on GIT gas exchange and provided 

some considerations for future research. 

 

7.1 Critique of methods 

While each technique used in this thesis contributed significantly to the understanding of 

GIT gas exchange and function in fish, there are challenges and limitations associated with each. 

I have discussed these in more detail in each Chapter, but here I have summarized all in brief.  

The in situ measurements of luminal and blood parameters used in Chapters 2 and 3 

involved working with fish that were artificially ventilated under anaesthesia, which likely would 

have had some influence on the blood gases (Guo et al., 1995; Iwama et al., 1989). The direct 

insertion of micro-optodes may have interfered with the blood flow, which is implied by the 
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variability in the SIV PCO2 data in both species in Chapters 2 and 3, and confirmed by in vivo 

measurements in Chapter 4.  

In Chapter 2, the difference between the traditionally used calculated PCO2 and the new 

directly measured PCO2 was addressed. However, due to the limited number of PCO2 micro-

optodes available, and their susceptibility to damage by high luminal PCO2 levels, calculated 

luminal PCO2 values based on measurements of chyme pH and TCO2 were used in Chapter 3. 

Although quantitative luminal PCO2 values obtained by this method should be interpreted with 

caution, species comparisons, which were the focus of the Chapter, are valid regardless since in 

both species PCO2 values were obtained using the same technique. Furthermore, the insignificant 

difference between the species was confirmed by comparing the directly measured luminal PCO2 

of rainbow trout in both fasting and fed states to previous direct measurements from the literature 

(Wood and Eom, 2019). 

 Chapter 4 addressed these limitations of in situ techniques by sampling blood from 

indwelling catheters in a non-anesthetised rainbow trout. However, this technique involves fairly 

invasive surgeries that have been shown to have an effect on blood parameters such as pH, TCO2 

and [HCO3-] (Eliason et al., 2007). The majority of such post-surgery stress effects are 

ameliorated within 1-2 days (Eliason et al., 2007), but the fish used in this thesis were fitted with 

2 indwelling blood vessel catheters (DA and SIV) as well as a feeding tube that can exert 

additional stress. Nonetheless, these surgeries are necessary in sampling blood with the least 

disturbance so as to obtain the most physiologically reliable parameters, and therefore have been 

used in other GIT vascular studies (e.g. Cooper et al., 2014; Karlsson et al., 2006b) . 

 In Chapters 5 and 6, in vitro gut sac preparations were used to further explore some of the 

interesting findings from the previous Chapters. As discussed by Wood and Bucking (2010), gut 
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sacs are widely used in GIT work in fish (i.e. Rubino et al., 2014, 2019; Wood et al., 2019; 

Goodrich et al., 2020), providing relatively simple experimental preparations that allow efficient 

testing of a number of different treatments such as glutamine, ammonia and pH-adjusted mucosal 

saline loadings that were used in this thesis. It was also an advantageous technique to use in my 

thesis to explore possible section-specific differences in nitrogen handling and transport. 

However, one of the disadvantages of gut sacs is that they are not perfused with blood. In vitro 

preparations lack the hormonal, neural, chemical, and mechanical signals present in vivo, along 

with other endogenous components of the GIT such as chyme and microbiome. Other traditional 

in vitro preparations such as Ussing chambers (Ussing, 1949) suffer from many of the same 

shortfalls as gut sacs. The typical gas levels used for gut sacs (99.7 or 99 % O2: 0.3 or 1 % CO2) 

are also quite different from in vivo situations. Indeed, findings from Chapters 2, 3 and 4 

illustrated that both the mucosal and serosal PO2 are significantly lower in vivo, especially the 

lumen PO2, than in the in vitro preparation. Furthermore, the lack of correlation between [NH4+] 

gradient and ammonia transport in Chapter 6 needs to be followed up with electrophysiological 

studies to understand the mechanisms of NH4+ transport (Loretz, 1995). Despite these 

shortcomings, the technique has produced a lot of new findings in this thesis that can lead to 

many new future research areas.  

 

7.2 Anoxic, hypercapnic and high ammonia environment in the lumen in both FW and 

SW species, in both fasting and fed states  

Prior to my studies, no comprehensive investigation into the gas profiles in the GIT 

lumen of teleost fish had been performed. Without this knowledge, it was impossible to decipher 

gas exchange across the GIT epithelia. Thus, Chapters 2 and 3 laid the groundwork with direct 
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insertion of PO2 and PCO2 micro-optodes into the lumen for more accurate measurements, in 

combination with in situ sampling of the chyme for ammonia and calculated PCO2 levels in 

rainbow trout and English sole.  

Prior to this thesis, there was no knowledge of the PO2 profile of the lumen in fish. The 

lumen of the mammalian GIT remains virtually anoxic (Bettinger, 2015; Kalantar-Zadeh et al., 

2019; Kurbel et al., 2006), due to the respiration of inhabiting microbes (Espey, 2013) and the 

oxidative chemistry of the GIT fluids (Friedman et al., 2018). Using PO2 micro-optodes in situ, I 

discovered for the first time that both fish species also have comparable nearly anoxic lumens (< 

1 mm Hg), a level which remains undisturbed regardless of feeding. Whether mechanisms 

similar to those of mammals cause the low PO2 in teleosts remains to be investigated. 

Despite the osmoregulatory function of the GIT in SW teleosts (Grosell, 2011; Guffey et 

al., 2011; Wood et al., 2010), the SW English sole had comparable and high calculated luminal 

PCO2 levels to the FW rainbow trout (stomach: 112-115 mm Hg; intestine: 20-38 mm Hg in both 

species). A recent fabrication of a needle-type fibre-optic PCO2 micro-optode, similar in size to 

the PO2 micro-optode, allowed a direct measurement of the luminal PCO2 in situ in English sole. 

The directly measured PCO2 in the lumen was ~14 mm Hg in the stomach and ~17 mm Hg in the 

intestine in fasted animals (Chapter 2). Feeding increased the levels to ~49 and ~47-50 mm Hg 

respectively. These are similar to direct measurements of 7-13 mm Hg in fasted and 20-41 mm 

Hg in fed rainbow trout by Wood and Eom (2019). Overall, my results indicate no significant 

differences in luminal PCO2 between the two species regardless of feeding status, and similar to 

the rainbow trout results in Wood and Eom (2019), feeding elevates the luminal PCO2 in English 

sole. 
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The third respiratory gas for fish, ammonia (Randall and Ip, 2006), has previously been 

measured to be high in the chyme owing to protein catabolism (Bucking and Wood, 2012; 

Rubino et al., 2014). However, the stomach has generally been overlooked in ammonia handling 

abilities and thus there appear to be no previous measurements of stomach chyme ammonia 

concentrations in teleost fish. In my thesis, I measured the luminal Tamm in the chyme collected 

from the entire GIT including the stomach of both species. The stomach was found to have high 

Tamm (2179-3709 μM), but very low PNH3 (0.1-5.5 μmm Hg) in both species (Chapter 3). The 

latter reflected the low gastric pHs (3.6-4.7) in both species. There were some species differences 

where rainbow trout had lower intestinal Tamm than English sole (415-1096 vs 2639-3061 μM 

respectively), yet stomach Tamm was significantly higher (2179 vs 3709 μM respectively) in the 

rainbow trout. However, due to the constraint of different feeding habits, these two species were 

given different feeds in differing amounts. This may have had an effect on the results. 

Altogether, results from Chapters 2 and 3 revealed the lumen of both species to be 

virtually anoxic, hypercapnic and high in ammonia. Feeding exacerbated the luminal PCO2 and 

Tamm, reaching levels that, if present in water, would be considered toxic (Ou et al., 2015; 

Randall and Tsui, 2002; Solbé and Shurben, 1989). However, no changes in luminal PO2 levels 

associated with feeding were observed. An interesting yet challenging issue emerging from these 

two chapters was the extent of equilibration of respiratory gases between the lumen and the 

vascular system. Data collected by means of direct insertion of the micro-optodes into the SIV 

were variable, possibly due to an interference with the blood flow and anaesthesia. In addition, 

obtaining enough blood samples from the SIV for ammonia analysis was not feasible due to low 

blood pressure in anaesthetized fish. Thus, in Chapter 4, I investigated whether the luminal PO2, 

PCO2 and ammonia were reflected in the blood draining the GIT in vivo, as discussed below. 
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7.3 GIT epithelial barrier: lack of equilibration of PO2, PCO2, and ammonia between the 

lumen and the bloodstream in FW rainbow trout 

The few previous measurements of venous blood PCO2 draining from the GIT are low 

(Cooper et al., 2014; Eliason et al., 2007) and variable (Wood and Eom, 2019). Similarly, the 

findings in Chapters 2 and 3 were also variable and inconclusive as to whether the extreme 

luminal PO2 and PCO2 are equilibrating with the blood draining the GIT. However, plasma 

Tamm of blood sampled from the HPV increased in response to feeding in rainbow trout 

(Karlsson et al., 2006), which suggested a postprandial ammonia absorption from the lumen. In 

Chapter 4, I further investigated the potential equilibration of PO2, PCO2 and ammonia between 

the lumen and the vascular system of rainbow trout, and the possible functional zonation of GIT 

sections in ammonia absorption. This was accomplished by sampling blood from indwelling 

catheters in the DA and SIV near the posterior intestine in a non-anaesthetized rainbow trout 

throughout the 48-h digestion period. Additionally, both SIV and HPV blood were sampled 

from anaesthetized fish following voluntary feeding in order to analyze plasma Tamm. Overall, 

the SIV remained undisturbed with limited equilibration of PO2, PCO2 and ammonia between 

the lumen and the blood (Figure 7.1), but there was evidence of ammonia transport possibly 

occurring in the anterior region of the GIT as HPV Tamm increased following feeding. 

While fish underwent an alkaline tide after feeding, there was no indication of 

compensatory hypoventilatory CO2 retention seen in air breathing vertebrates (reviewed by 

Wang et al., 2001). Instead, feeding stimulated an increase in PaO2 within the first 4 h of a meal. 

This fits with recent measurements of increased ventilatory water flow after feeding in rainbow 

trout (J. Eom and C.M. Wood, unpublished results). It is now evident that fish compensate the 
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postprandial metabolic base load by excreting HCO3- via branchial Cl-/HCO3- exchange 

mechanisms (Bucking and Wood, 2008; Tresguerres et al., 2007; Wood et al., 2005; Wood et al., 

2007) and to a lesser extent via the kidney (Bucking et al., 2010). Importantly, the SIV PvO2 was 

significantly higher than the luminal PO2 and did not change following feeding, indicating a lack 

of equilibration. In humans, systemic hypoxemia can downregulate many of the GIT transporters 

(Ward et al., 2014), hindering its functions in assimilation and absorption. The multifunctional 

GIT of fish (Grosell et al., 2011) also possesses many of the same transporters as in the human 

GIT, and so may be maintaining its bloodstream PO2 to avoid such challenges. Thus, 

mechanisms appear to be present to prevent hypoxia such as increases in blood flow rate. Indeed, 

to meet the postprandial increase in GIT O2 requirement, blood flow is increased and 

redistributed to the GIT (Axelsson and Fritsche, 1991; Axelsson et al., 1989; Axelsson et al., 

2000; Eliason et al., 2008; Thorarensen and Farrell, 2006). 

Similarly, the high luminal PCO2 was also not reflected in the SIV even during digestion. 

In mammals, some of the luminal CO2 is absorbed to the blood, breathed out (Ghoos et al., 

1993), removed by microbes, and/or released as flatulence (Lacy et al., 2011; Ohashi et al., 

2007; Oliphant and Allen-Vercoe, 2019). To large extent, the luminal epithelia in higher 

vertebrates appear to have limited permeability allowing only a small percentage of other 

diffusible gases such as H2, He and CH4 to diffuse from the lumen into the villus blood (Bond et 

al., 1977). As a result, feeding resulted in no change in arterial PCO2 in humans (Mensink et al., 

2006) and no difference between arterial and venous PCO2 in chickens (Gallus gallus 

domesticus; Wideman et al., 2003).   

Moreover, mammals possess a countercurrent arrangement of the capillary bed in the 

intestinal villi and in the ruminant stomach (see Section 1.4.1), that may possibly function to 
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recirculate and trap the CO2. While the rainbow trout do not have intestinal villi (see Appendix), 

they have larger epithelial folds that are more prominent in the posterior intestine (Harder, 1975; 

Kapoor et al., 1975). Through casting of the vasculature followed by imaging by scanning 

electron microscopy (SEM) and both single and multi-photon microscopy of the rainbow trout 

posterior intestine, I found evidence for capillaries possibly arranged in a countercurrent 

exchange fashion within the intestinal folds (see Appendix). If true, the luminal PCO2 could 

diffuse into and recirculate within the intestinal fold, thereby possibly helping with oxygen 

unloading to the enterocytes via the Bohr and Root effects (Cooper et al., 2014; Nikinmaa, 

2006; Rummer and Brauner, 2015). Thus, it will be of great interest to further investigate the 

vascular anatomy of the GIT in the future studies. 

 The postprandial ammonia increase was not observed in the SIV but interestingly, there 

was a postprandial increase in HPV Tamm in agreement with previous findings (Karlsson et al., 

2006). The implication of this finding is that there is zonation of the GIT, whereby the luminal 

ammonia is likely absorbed in the anterior region of the GIT such as the stomach, pyloric caeca 

and anterior intestine. The mechanism of ammonia absorption across the stomach epithelia is of 

interest as it would be moving against a large PNH3 gradient in vivo. Indeed, results of Chapters 

5 and 6 indicate GIT zonation of ammonia handling and an important role for the stomach in 

absorbing ammonia despite the unfavourable PNH3 gradient, as discussed below. 

 In summary, I found minimal equilibration of the three respiratory gases across the GIT 

epithelia even after feeding in rainbow trout, reflected in large differences between the lumen 

and the SIV plasma gas tensions (Figure 7.1). Preventing the extreme extracorporeal 

environment of the GIT from equilibrating with the vascular system would be favourable in 

maintaining homeostasis in the rainbow trout. This may also be the case in English sole where 
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similar variability of SIV PCO2 was observed in Chapter 3 using the same micro-optode 

technique as in rainbow trout, thus in vivo blood sampling of English sole will be of interest in 

future studies. 

 

7.4 GIT zonation in handling of nitrogenous products: ammonia and urea  

 In Chapters 3 and 4, the high luminal Tamm in fed rainbow trout was not reflected in its 

SIV plasma, but a postprandial increase in plasma Tamm was observed in the HPV. To 

investigate the handling and transport of postprandial nitrogenous products - ammonia and urea - 

by different sections of the GIT, Chapters 5 and 6 employed in vitro gut sac preparations and 

molecular analyses of channels and transporters involved in the process. Specifically, the gut 

sacs of fasted or fed rainbow trout were loaded with either glutamine or ammonia in the mucosal 

saline (Chapter 5) and at different pHs to manipulate the PNH3 gradients (Chapter 6). Enzymes 

involved in the synthesis of urea and transporters involved in moving either NH4+ or NH3 were 

studied in different GIT sections. In this section, I will further discuss the main findings 

regarding zonation of the GIT in handling and transporting ammonia and urea, and the 

importance of stomach in the process. 

As an ammoniotelic teleost, the rainbow trout excrete ammonia as their primary 

nitrogenous waste (Anderson, 2001; Randall and Wright, 1987; Wright and Wood, 2009), yet an 

increase in HPV plasma urea level was seen following feeding in Karlsson et al. (2006). The 

capacity of the intestinal cells of rainbow trout to handle and transport urea was largely 

unknown, and thus was of interest in Chapter 5. I found that after feeding, intestinal tissues 

produce urea, likely via direct arginolysis. This was accompanied by an increased serosal urea 

flux rate, but surplus glutamine and ammonia in the mucosal saline were not converted to urea. 
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No notable difference was observed among the intestinal sections in urea handling. Although it is 

not known whether rainbow trout have urea transporters (UT) in the intestine, another 

ammoniotelic teleost, the plainfin midshipman (Porichthys notatus) was found to have UT 

localized in the intestine (Bucking et al., 2013b).  

Similar to the situation with urea, fed intestinal tissues had greater ammonia production 

and transport rates relative to fasted intestinal tissues of rainbow trout. Notably, the fed anterior 

intestinal tissue exhibited higher serosal and mucosal ammonia flux rates, and lower tissue 

ammonia concentrations relative to the posterior intestinal tissue. These results indicate a 

zonation of the intestine where the anterior intestine has greater ability to transport ammonia 

from the mucosal to the serosal saline. In Chapter 6, this ammonia transport was supported by 

the demonstration that at the mRNA level, both NKCC as a possible NH4+ transporter, and Rhbg 

and Rhcg2 proteins as possible NH3 transporters, were expressed in the fed rainbow trout 

intestine. The expression levels in all GIT sections were similar, not supporting the intestinal 

zonation. However, the effect of feeding on the regulation of these transporters was not 

investigated in this thesis. In other studies, feeding stimulated an upregulation of Rhbg in the 

posterior intestine, and NKCC in the anterior and posterior intestines (Bucking and Wood, 2012; 

Rubino et al., 2019).  

Furthermore, the ammonia transport was not dependent on the PNH3 gradient across the 

intestinal epithelia (Chapter 6). Perhaps this agrees with the relatively low PCO2 in the SIV. As 

discussed in Chapter 1 (Section 1.6), diffusion of NH3 across the gill in fish is accompanied by 

simultaneous CO2 excretion as it allows “ammonia trapping,” which does not seem to be the case 

in the GIT. Thus, the higher ammonia transport to the vascular system of the anterior intestine 
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likely involves more complex mechanisms. Future studies should include examining the 

upregulation of NH4+ and/or NH3 transporter expression levels. 

To date, there has been a focus on the intestine as a site of ammonia handling and 

transport. In this thesis, I have reported for the first time that Tamm is very high in the stomach 

chyme, which disappears in the intestine. The stomach has often been considered mainly as a site 

for the mechanical and chemical breakdown of meals rather than an assimilation site, though it is 

known to play a major role in the absorption of Na+ and K+ ions from the diet in the rainbow 

trout (Bucking and Wood, 2006). In Chapter 6, I found that the stomach is an important site for 

ammonia absorption, similar to dietary Na+ and K+ ions. As ammonia transport throughout the 

GIT sections is independent of the PNH3 gradient, this implies that ammonia is absorbed as NH4+ 

across the gastric epithelia. This could explain why Tamm in the SIV remains low after feeding, 

but becomes elevated in the HPV that additionally drains blood from the stomach (Chapter 4). 

Prior to this thesis, there was little information on possible ammonia absorptive pathways in the 

teleost stomach. I found mRNA expression levels of Rhcg2 and NKCC similar to those in the 

intestine, but no expression of Rhbg could be detected in the stomach. However, there are some 

inconsistencies among previous studies and this thesis regarding the expression of both Rhbg and 

Rhcg2 in the GIT of rainbow trout, possibly due to differences in feeding condition (Bucking and 

Wood, 2012; Nawata et al., 2007; Chapter 6), thus further research is needed. Nevertheless, the 

current possibilities for ammonia absorption pathways are incorporated into the conceptual 

model shown in Figure 7.2. 

 As discussed in more detail in Chapter 6, other previous studies found a distinct zonation 

in two key ammonia-fixing enzymes: GS and GDH (Figure 7.2). In brief, all intestinal tissues 

have similar GS activity, which increases with feeding in the posterior intestine (Bucking and 
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Wood, 2012; Mommsen et al., 2003a). The anterior intestine has the highest GDH activity, and 

this increases in response to feeding (Mommsen et al., 2003b; Rubino et al., 2015). Comparably, 

the stomach has similar GS activity but significantly lower GDH activity than the intestinal 

tissues (Mommsen et al., 2003b; Mommsen et al., 2003a). There seems to be some disagreement 

on postprandial upregulation of GS activity between studies (Bucking and Wood, 2012; Rubino 

et al., 2014). The authors speculated that these differences are of environmental and/or genetic 

origins that need to be addressed further in the future. Postprandial responses in enzyme activity 

appear to be completely unknown in the stomach. The presence of GS and GDH enzymes, 

however, indicate that the stomach tissues are also capable of fixing ammonia to glutamate or 

glutamine. 

In summary, the findings in Chapters 5 and 6 indicate that the rainbow trout intestine has 

some capacity to produce urea, that there is a functional zonation of the GIT in ammonia 

handling and transport, and that ammonia absorption appears to be independent of the PNH3 

gradient. Concurrent with the in vivo findings in Chapter 4, postprandial ammonia absorption 

seems to occur in the anterior intestine and the stomach, to be used for amino acid synthesis or 

for circulatory transport to the liver, gills and/or other tissues for further processing.  

 

7.5 Perspectives for future research 

While my thesis discovered new information about the physiology of the GIT in rainbow 

trout and English sole, it also has raised many additional questions and interesting future 

research directions that I have noted in the individual chapters. Here, I have highlighted several 

of particular interest.  
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First, having established that the GIT lumen in fish is nearly anoxic, similar to that of 

mammals, a more elaborate study on the PO2 profile of both the lumen and the blood draining 

the GIT should be considered. If enterocyte transporters in fish are vulnerable to hypoxemia as in 

mammals (Ward et al., 2014), they would require a mechanism in order to avoid such challenges. 

My initial trials on the vasculature of the intestinal folds (see Appendix) shed insight into a 

possible countercurrent exchanger that could potentially be used to enhance O2 delivery to the 

enterocytes, while preventing equilibration of high GIT lumen CO2 and ammonia levels with the 

blood draining the intestine. Information on whether CO2 and moreover, NH3, are able to 

recirculate in the fish intestinal vasculature is currently lacking. To the best of my knowledge, no 

study to date has looked at the effect of ammonia on Hb-O2 dynamics in fish. Future 

investigations on whether such an arrangement exists throughout the GIT, including the stomach, 

and whether CO2 and/or ammonia can enhance O2 delivery would give us better insight into the 

aerobic metabolism of the GIT.  

Moreover, the mammalian luminal PO2 profile is complex with a steep PO2 gradient 

allowing different anaerobic microbes to thrive (Espey, 2013). Whether similar PO2 

microenvironments exist in the fish lumen would be of interest. In relation, the GIT microbes are 

one of the largest contributors for not only the GIT PO2, but for many of the other gases. 

Microbiome is the key player acting between the gut-brain-axis in humans (i.e. Kalantar-Zadeh 

et al., 2019; Rogers et al., 2016; Sharon et al., 2016) and it is also important in fish (Banerjee and 

Ray, 2017; de Bruijn et al., 2018; López Nadal et al., 2020; Nayak, 2010; Vargas-Albores et al., 

2021). Moreover, ammonia-fixing enzymes are found in intestinal bacteria in some fish species 

(Andersson and Roger, 2003; Müller et al., 2006; Turner and Bucking, 2019), indicating the 

importance of the microbiome in handling ammonia as well. Thus, the potential contribution of 
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microbes to all of the luminal gases including the three respiratory gases examined in this thesis 

would be an interesting topic to pursue. 

 Lastly, further elaboration of my in vitro work on the GIT zonation in the handling and 

transport of nitrogenous wastes would be very informative. This could include additional qPCR 

work on postprandial ammonia transporter expression at the mRNA level, as well as protein 

expression and immunohistochemical localization of transporters before and at various times 

after feeding. Comparison of the blood draining the intestine and stomach with in vivo non-

occlusive catheters inserted into the SIV in the upper anterior intestine and HPV would allow 

sectional differentiation of the relative ammonia transport. This should be feasible using much 

larger animals. Moreover, possible GIT zonation in the handling and transport of O2 and CO2 is a 

completely unexplored field. In addition, a comparative study between FW versus SW species on 

the GIT zonation in the three respiratory gases would be an interesting future study as similar 

GIT intestinal zonation for osmoregulatory functions such as water absorption, HCO3- secretion 

and NKA activities also exist in SW teleosts (Alves et al., 2019; Carvalho et al., 2012; Guffey et 

al., 2011). The intestinal folds are more prominent, if not exclusive, to the posterior intestine (see 

Appendix). Thus, the proposed countercurrent exchanger may be more prominent in the posterior 

intestine. These potential research areas will provide interesting routes for future research in 

further advancing our understanding the physiology of the GIT in fish. 
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Figure 7.1 Combined figure representing luminal (intestine) and SIV PO2, PCO2 and PNH3 48 h 

following feeding in FW rainbow trout based upon the findings of this thesis. The relative 

magnitude of differences between the luminal and SIV values are indicated on the respective 

panels. 
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Figure 7.2 Model diagram of the PO2, PCO2, Tamm (NH4+ and NH3), and PNH3 profiles within the FW rainbow trout GIT lumen and the 

vascular system. The size of the O2, CO2, Tamm, and NH3 symbols indicate relative partial pressure (PO2, PCO2, PNH3) or concentrations 

(Tamm). Arrow indicates the increases in partial pressure, concentration or enzymatic activity after feeding. Data extrapolated from other 

studies are indicated with gray symbols: HKA (Bucking and Wood, 2012); postprandial upregulation of Rhbg1 (Bucking and Wood, 2012); 

postprandial upregulation of NKCC (Rubino et al., 2019); K+ channels (Loretz, 1995; Movileanu et al., 1998); NKA (Gjevre and Naess, 1996); 

postprandial [urea] (Karlsson et al., 2006); postprandial GS and GDH activities (Bucking and Wood, 2012; Mommsen et al., 2003a; Mommsen 

et al., 2003b; Rubino et al., 2015). 
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Appendix 

A.1  Intestinal Vasculature Potential Countercurrent Exchanger 

Observation of the rainbow trout GIT confirmed a lack of intestinal villi, but the presence 

of circular folds that were regionally confined to the posterior intestine (Harder, 1975; Kapoor et 

al., 1975). Thus, this thesis focused on the posterior intestinal fold vasculature to investigate 

whether a potential countercurrent exchanger exists in fish, similar to that of mammals (Bernier-

Latmani and Petrova, 2016). Corrosion casting (Giuvǎrǎşteanu, 2007; Rogers et al., 2014) and a 

fluorescent dye technique (Ricard et al., 2009) were used on various sizes of rainbow trout and 

adult English sole. Then, either scanning electron microscopy (SEM) or confocal microscopy 

(single and two-photon) was employed to image the samples. Each approach yielded useful 

information, but also had its limitations, which will be discussed in the following sections.  

Through a combination of these different techniques, I found that the serosal intestinal 

layer of the rainbow trout was lined with interconnected blood vessels (Figures S.7 & S.8; 

asterisks). On the mucosal side, the circular folds facing into the lumen in the posterior intestine 

were supplied with a larger blood vessel running parallel along the fold (Figures S.4 & S.7) and 

smaller blood vessels branching off perpendicularly (Figures S.4 & S.5 & S.6). These blood 

vessels projected toward the lumen, reaching down to a width < 5 μm at the tip, then returning 

back down (Figures S.4 & S.5) to form a row of blood vessel loops along the intestinal fold. 

English sole had a similar arrangement of rows of blood vessels within the posterior intestinal 

folds, with a network of interconnected capillary beds at the tip facing the lumen (Figure S.3). 

The distance between the afferent and efferent blood vessels of a single loop in rainbow trout 

was greater (~50-100 μm) than those known in the villi of mammals (20-30 μm; Jodal and 

Lundgren, 1986; Shepherd and Kiel, 1992). However, the intestinal folds of rainbow trout seem 
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to resemble mammalian villi epithelia fused together, with capillary beds similarly projecting 

toward the lumen. I conclude that it is possible that countercurrent exchange occurs between the 

afferent and efferent branches of the loops in fish, but this hypothesis needs to be investigated.  

 

A.2  Casting and SEM 

The experiments were conducted at the appropriate salinity at either UBC for fed FW 

rainbow trout (300 g) or at BMSC for fed SW English sole (300-400 g). All other experimental 

protocols were identical between the species. The fish was initially anaesthetized in a high dose 

of NaOH-neutralized MS-222 (> 0.3 g L-1; Syndel Laboratories, Parksville, British Columbia, 

Canada), weighed and given a caudal injection of 1000 I.U. mL-1 heparin (Sigma-Aldrich, St. 

Louis, MO, USA) to prevent clotting. It was then placed on a surgery table and the gills were 

irrigated with 9 ˚C temperature-controlled anaesthetic water (~0.03 g L-1). A 3-cm sagittal 

incision was made in-between the pectoral fins and the heart was exposed. PE50 tubing filled 

with heparinized (50 I.U. mL-1) Cortland’s saline without glucose (Wolf, 1963; See Table S.1 for 

composition) was inserted into the bulbus arteriosus, pushed forward, and tightly secured with a 

2-0 silk thread. A small incision was made in the ventricle for drainage, and then slow perfusion 

with the heparinized Cortland’s saline was started, using a 100-mL syringe via hand injection. 

After perfusion with a volume of saline approximately 3-fold the blood volume that was 

estimated at 5% of body mass (Olson, 1992). Mercox casting solution (Ladd Research, Williston, 

USA) at approximately 2-fold the blood volume was then injected as quickly as possible.  

Following casting, the fish was kept in a warm water bath (~30-35 ˚C) for > 1 h for the 

casting solution to polymerize. The specimens were kept in a -20 ˚C freezer until maceration and 

microscopy. In rainbow trout, the fish was macerated as a whole animal in a strong basic solution 
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(30 % KOH), while in English sole, the intestine was carefully dissected out and tissues were 

macerated in the same strong basic solution. The casts were air-dried for > 24 h, then mounted 

on a metal platform with an adhesive tape to be sputter-coated with gold (Cressington 208HR 

High Resolution Sputter Coater) and observed at 15 kV in the SEM (Hitachi S-2600 SEM).  

Figure S.1 is a photo of the whole animal vascular system of a rainbow trout casted with 

Mercox, showing a particularly structured and well-vascularized stomach and posterior intestine 

relative to other GIT sections. The dorsal and ventral intestinal veins are shown along the 

posterior intestine running longitudinally (Figure S.1; arrows), connected by circular loops of 

blood vessels. Overall, the cast was similar to the vasculature described in Thorarensen et al. 

(1991). The other parts of the intestine seemed to be less vascularized, however the breakage of 

the casts during preparation may have resulted in some loss of structure.  

Figures S.2 & S.3 are SEM images of Mercox casts of rainbow trout and English sole 

posterior intestine respectively. Figure S.2 is a piece of the posterior intestinal cast taken from 

the whole animal cast of Figure S.1. In these samples, it was difficult to interpret the vascular 

structure facing the lumen of rainbow trout due to breakage of the casts (Figure S.2). English 

sole had rows of blood vessels projecting towards the lumen (Figure S.3) similar to those of 

rainbow trout observed using a different technique (Figure S.4). These blood vessels then formed 

interconnected capillary beds at the tip (Figure S.3). There were a few limitations with this 

approach. First, the brittle nature of Mercox caused breakage of the fine capillaries (< 20 μm) 

during maceration, making it difficult to obtain an intact cast to image. Secondly, precise 

morphometric measurements such as vessel diameters and intervascular distances were not 

achievable with SEM.  
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A.3  Microfil and single photon microscopy 

To address the issue of the brittle nature of Mercox, a silicon-based casting solution 

Microfil (MV-122 yellow; Flow Tek Inc, Colorado, USA) was used on adult rainbow trout at 

UBC. Fed rainbow trout (100-150 g) were anaesthetized in a high dose of NaOH-neutralized 

MS-222 (> 0.3 g L-1), weighed, transferred to the surgery table where the gills were irrigated 

with 9 ˚C temperature-controlled anaesthetic water (~0.03 g L-1) throughout the experiment. A 

catheter (PE50) filled with heparinized (50 I.U. mL-1) 0.9 % saline was inserted into the dorsal 

aorta (DA) by the method of Soivio et al. (1972). The fish was then injected via this catheter with 

1 mL of 1000 I.U. mL-1 heparin and 0.01 M of papaverine (vasodilator; Sigma-Aldrich, St. 

Louis, MO, USA). A small incision was made in the ventricle for drainage, and then the whole 

vasculature was perfused with a volume of heparinized (50 I.U. mL-1) 0.9 % saline equivalent to 

approximately 3-fold the blood volume via the DA catheter. This was done using a 100 mL-

syringe for hand injection. Initial attempts included use of peristaltic pumps, but proved to 

supply insufficient pressure to give an adequate blood clearance and Microfil filling. 

The Microfil casting solution was made with a modified ratio (30 g diluent, 10 g 

compound, 1 g of curing agent) to decrease viscosity and was injected through the DA catheter at 

a volume approximately equivalent to 2-fold the blood volume. The incision of the ventricle was 

sutured shut with silk thread and the DA catheter was tied in a knot to stop any solution from 

flowing out during polymerization. The specimen was transferred to a 4 ˚C fridge for at least 24 

h to polymerize. The whole GIT was taken out, immersed in increasing concentrations of ethanol 

for 24 h at each step (25, 50, 75, 95 and 100 %), then immersed in 100% methyl salicylate for 24 

h. The posterior intestinal folds were cut out under a stereoscope with small surgical scissors 

(Figure S.4). The images in Figure S.4 support the presence of blood vessel loops in circular 
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intestinal folds, as seen in Figure S.1, with better filling of the smaller blood vessels than 

Mercox. Each of the folds had branches of blood vessels projecting towards the lumen. 

Sections of the casts were imaged confocally using an Olympus FV1000 Confocal 

Microscope in z-stack series at 25X (Figures S.5 & S.6). As can be seen in Figures S.5 and S.6, 

an afferent blood vessel (~5–10 μm in width) projected towards the lumen, looped back down at 

the tip of the fold, and joined the major blood vessel lining the fold in the serosa. The distances 

between the afferent and efferent blood vessels of the loops were anywhere from ~50–100 μm. 

The capillaries at the tip of the fold were < 5 μm in width, just enough for erythrocytes to 

squeeze through (Witeska, 2013). Although this was the best combination of techniques that 

gave a better visualization of the vasculature, it also did not give a complete filling of the 

capillaries even with a reduced viscosity casting solution. 

 

A.4  Fluorescent dye and two-photon microscopy 

 Fed juvenile rainbow trout (20-25 g) were anaesthetized with NaOH-neutralized MS-222 

(0.1–0.2 g L-1) and weighed. A caudal injection of 50 μL of heparinized (1000 I.U. mL-1) 

rhodamine B-dextran (0.02 g mL-1; Sigma-Aldrich, St. Louis, MO, USA) was given with a 100 

μL Hamilton syringe. Fish were transferred back to the anaesthetic water for 10 min for the 

rhodamine to circulate in the vascular system. Another caudal injection of 100 μL of 0.1 mg mL-

1 atropine (Sigma-Aldrich, St. Louis, MO, USA) was given to immobilize the smooth muscle of 

the GIT and the fish was transferred to the anaesthetic water for 20 min. The fish was euthanized 

in an overdose of MS-222 (> 0.3 g L-1), the peritoneal cavity was revealed, and the rectum was 

tied with silk thread. Then, 100 μL of 0.002 g mL-1 fluorescein isothiocyanate (FITC; Sigma-

Aldrich, St. Louis, MO, USA) was injected into the lumen through the pyloric sphincter. The 
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posterior intestine was tied to make gut sacs (Figure S.7), and then imaged from the serosal 

surfaces confocally using an Olympus FV1000 Confocal Microscope in z-stack series at 25X 

(Figure S.8).  

These images, again, confirmed the larger blood vessels (~50–100 μm) lining the circular 

folds in the posterior intestine of rainbow trout (Figure S.7) that give rise to the vasculature seen 

in Figures S.4, S.5 & S.6. The serosal wall was also lined with smaller blood vessels (~10 μm; 

shown with asterisks in Figures S.7 & S.8). However, the two-photon microscopy did not give 

enough depth penetration from the serosa into the lumen to visualize the vasculature within the 

folds. 
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Figure S.1 Rainbow trout vasculature cast using Mercox. Only the posterior section of the intestine remains post maceration due to its 

more structured, highly vascularized circular intestinal folds. The dorsal and ventral intestinal veins are shown with arrows.  
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Figure S.2 Mercox cast of the rainbow trout posterior intestinal vasculature from Figure S.1 viewed under SEM. The length of the 

dotted line represents the relative scale on each image. The left image is a top down view from the lumen to the serosa, and the larger 

vessel at the top representing the ventral subintestinal vein. On the right image, the lumen is the top left corner and the serosa is the 

bottom right corner. A network of smaller blood vessels branch off from the ventral subintestinal vein and project toward the lumen. 

The majority of the smaller blood vessels were broken off during maceration, preventing visualization of the complete network 

orientation.
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Figure S.3 Mercox cast of the English sole posterior intestinal vasculature viewed under SEM. The length of the dotted line represents 

the relative scale on each image. The left image is a top down view from the lumen to the serosa, showing a network of blood vessels 

within the intestinal folds running horizontally. The centre and right images are magnified images of the blood vessels branching into 

the lumen (top left). The blood vessels are organized in a tree-like fashion with vessels branching straight into the lumen, forming a 

network of round, interconnected capillary beds at the tip. 
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Figure S.4 Microfil filled vasculature of rainbow trout posterior intestinal folds with tissue 

clearing viewed under stereoscope. The left photo is a sagittal sectioning of the posterior 

intestine, showing the circular intestinal folds running horizontally. The right photos are of a 

single intestinal fold dissected out from the left and laid flat with the left sides facing the lumen. 

Blood vessels branching towards the lumen from the larger blood vessel(s) of each fold are seen. 
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Figure S.5 Negative fluorescence of the Microfil filled vasculature in a single posterior intestinal 

fold of rainbow trout shown in Figure S.4 viewed under a single-photon microscope. Two 

images are of the same location with different colour channels. The left side is facing the lumen. 

Arrows on the second image show a vascular loop starting from the serosal side (right) to the 

lumen (left) then coming back to the serosal side The blood vessel is ~5-10 μm in width. 
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Figure S.6 Negative fluorescence of the Microfil filled vasculature in a single posterior intestinal 

fold of rainbow trout shown in Figure S.4 viewed under a single-photon microscope. The top left 

corner is facing the lumen. Arrows show a potential vascular loop starting from the serosal side 

(bottom right) to the lumen (top left) then coming back to the serosal side. The blood vessel at 

the tip is < 5 μm in width.  
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Figure S.7 Posterior intestine sac of juvenile rainbow trout injected with rhodamine in the 

vascular system and fluorescein filled lumen viewed under a stereoscope. The second photo is a 

magnification of the blood vessels. Blood vessels lining the circular folds are shown with black 

arrows. White asterisks (*) show smaller blood vessels lining the serosal wall. 

* 

* 
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Figure S.8 Two-photon microscopy images of the posterior intestinal sacs shown in Figure S.7. Starting from the left panel, 

approximately 180, 200 and 240 μm in depth from the serosa into the lumen. The blood vessels stained with rhodamine (red) and the 

lumen stained with fluorescein (green). The larger blood vessel (~50-100 μm) running vertically in the images is the circular fold 

blood vessel, also shown with black arrows in Figure S.7. White asterisk (*) indicates the smaller blood vessels (~10 μm) lining the 

serosal wall as shown in Figure S.7. Due to the limitation with the depth penetration, imaging beyond 240 μm from the serosa was 

difficult, thus the vascular network within the intestinal fold is not seen in these images.  

 

* * * 
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Table S.1 Ionic composition and pH of Cortland’s saline. Concentrations given in mM. 

NaCl 124 

KCl 5.1 

CaCl2 1.6 

MgSO4 0.9 

NaHCO3 11.9 

NaH2PO4 3 

Glucose 5.5 (C.2; C.4; C.5) or 0 (C.6; Appendix) 

pH 7.4 
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