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Chapter 5

1. Summary

Drinking is a fundamental part ofthe osmoregulatory strategy for teleosts occupying a
hyper-osmotic environment and the ability to effectively absorb fluid across the intestine is
necessary to prevent dehydration and maintain hydromineral balance Fluid absorption has
previously been characterised as almost exclusively dependent on NaCl cotransport.
However, not only can intestinal HCOs™ secretion drive fluid absorption directly (via C1/
HCOs™ exchange) but also indirectly by precipitating Ca**, and to a lesser extent Mg, to
their respective carbonates thereby renoving the osmotic influence of these ions and
enhancing the osmotic gradient for fluid absorption, thus representing a novel mechanism
of water transport. The present study set out to further test this hypothesis and attemptto
elucidate the role of carbonate precipitation in fluid absorption and Ca’* homeostasis by
perfusing the European flounder intestine in vivo with salines containing various
concentrations of Ca**, 10 mM (Control),40 mM and 90 mM, to exaggerate HCO5’
secretion and precipitaion. The rate of CaCO; precipitation increased more than 4-fold
with only a modest increase in fluid absorption at 40 mM compared with the control
treatment. However, at 90 mM Ca®*, not only was the rate of precipitation even higher, but
fluid absorption increased significantly (by more than 50 %), representing a dramatic
increase in fluid transport. Despite the vastly higher rates of precipitation in the 40 mM and
90 mM treatments this did not lead to concomitant reductions in rectal fluid osmoldity
which were expected in orderto drive this increased waterabsorption. However, since only
the bulk fluid osmolality was measured it was impossible to detect the localised osmotic
gradients that would be created by CaCOs precipitation within the mucus layer. In spite of
this, the increase in fluid transport was independent of the net Na* flux thus negating a role
for NaCl cotransport, but was ingead dependent on net CI absorption. Analysis of the ion
flux data revealed a missing cation, identified as H', based on strong correlations with the
independent measurements of intestinal HCO; secretion and excretion of acidic
equivalents to the external seawater Not only did this analysis corroborate H" as the
missing cation, but suggested that HCO;™ secretion was produced from the endogenous
hydration of CO,, even under hyper-stimulated conditions, and predicted that the fluid
absorbed in associaion with HCOs™ secretion and precipitation would be hypo-osmotic to

the perfusion saline thus accounting for the significant 18 mOsmkg™ reduction in
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Chapter 5

osmolality of the blood plasma. Based on this analysis, a model has been proposed
explaining how CO, moves between various compartments ofthe intestine, linking HCO5’
production, secretion and CaCO; formation with fluid absorption. The present work
therefore provides additional and convincing evidence for the participation of HCO5
production, secretion and CaCO; precipitation in a novel mechanism of water transport by
the marine teleost intestine, along with discussion of the role for carbonate precipitaion in

systemic Ca** homeostasis.

2. Introduction

The ability of the intestine to absorb fluid is essential for all vertebrates, vital to
replenishing losses of water and electrolytes during routine physiological processes such as
digestion and also coping with extreme, dehydrating environments such as seawater. For
marine teleosts, drinking is a key part of their strategy for replacing lost water and the
intestine must thereforebe capable of effectively absorbing fluid from imbibed seawater.
Since the influential work of Homer Smith (1930) fluid transport by the intestine of marine
fish has been associated with Na" and CI, and some of the earliest in vitro and in vivo
experiments on this tissue have shown that fluid can move in the absence of, or even
against an osmotic gradient, linked to the energy-dependent absorption of NaCl (House and
Green, 1965; Skadhauge, 1969).

2.1 A historical perspective on fluid transport

From previous studies of the isolated mammalian intestine, Curran and Solomon (1957)
had first proposed that water absorption was passive, following the active transport of
solutes (Na" and CT') from the lumen. In addition, absorption was also found to take place
against a transepithelial osmotic gradient (Parsons and Wingate, 1961a), and the absorbed
fluid was characteristically iso-osmotic to the bathing medium (Curran, 1960). These
observations all led up to the pulication of a simple three compartment, double membrane
model by Curran and MaclIntosh (1962). This system proposed a hyper-osmotic, intra-
epithelial compartment arising from active solute transport across the outer membrane,

which would passively draw water into this compartment, and following a consequent rise
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in hydrostatic pressure, force the absorbed fluid out across a second inner membrane. The
identity of this intra-epithelial compartment was suggested by Whitlock and Wheeler
(1964) as being analogous to the lateral inter-cellular space (LIS). These ideas were
subsequently expanded and refinedby Diamond and Bossert (1967) to producetheir
“standing gradient hypothesis” of solute-linked water transport. This described active
solute transport into the LIS which establishes a localised region of hyperosmolarity next
to the tight junction drawing in water from adjacent cells and creating a standing osmotic
gradient along the LIS, with the increased hydrostatic pressure forcing the fluid out across
the basement membrane.

While many of the assumptions and predictions made by this model which include the
clustering of solute pumps (Na'-K"-ATPase) at the tight junction end of the LIS, the
relatively low hydraulic permeability of the lateral membranes and the possibility of ‘leaky’
tight junctions, are now considered unnecessary orincorrect (reviewed by Schultz, 1998;
Spring 1998; 1999), the basic features of this model still form the dominant viewpoint of
how water is absorbed across epithelia like the intestine. Even though developments in
molecular and cell biology have significantly enhanced our understanding of water
transport, the most prominent being the dscovery of transmembrane water channels,
known as aquaporirs (Preston et al., 1992; Agre et al., 2002), there still remain questions
and controversies underlying the specific mechanismsand pathways of water transport
(Spring, 1999; Schultz, 2001; Reuss and Hirst, 2002; Spring, 2002; Chapter 1, Section 3.3).
Despite this the vast majority of physologists accept that the driving force for fluid

transport are localised osmotic gradients across the cell membrane, where the movement of
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Chapter 5

Figure 5.1: A simple illustration of solute-coupled fluid absorption across an epithelia,

where solutes (red arrows) from the lumen will enter the cell across the apical membrane

(e.g. via NaCl co-transport) and moveacross the basolateral membrane into the lateral

inter-cellular space (LIS) creating aregion of localised hyper-osmolarity. Water (blue

arrows) follows passively along the osmotic gradient through either transmembrane

pathways (or potentially across the tight junction) and iso-osmotic fluid exits at the base of

the LIS (Modified from Randall et al., 1997).

2.2 The mechanism of intestinal fluid transport in teleosts

The ideas behind the solute-coupling model shown in Figure 5.1, and the involvement of
Na'-coupled transport (i.e. apical NaCl cotransport), were largely the product of original
experimental observations on mammalian epithelia such as the gall bladder (Diamond,
1964; Whitlock and Wheeler, 1964), small intestine (Curran and Solomon, 1957; Curran,
1960; Parsons and Wingate, 1961b) and renal proximal tubule (Green and Giebisch, 1984).
By comparison, the mechanism of fluid transport is not considered to be exceptionally
different in the marine teleost intestine that receives large amounts of Na" and CI' from
imbibed seawater (House and Green, 1965; Skadhauge, 1969; 1974), and in terms of hypo-
osmoregulation has been characterised as almost exclusively absorbing NaCl (Loretz,
1995; Karnaky, 1998), accommodating the characteristics of the solute-linked water

transport model discussed above.
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However, drinking seawater presents the gastrointestinal tract with the unique challenge of
not only dealing with high concentrations of Na" and CI;, but also coping with large
amounts of divalent ions (Ca®*, Mg*" and SO4%) that are also present. The bicarbonate-rich,
alkaline nature of the intestinal fluids (pH 8-9) created by HCOs secretion are quite
different from mammals (~pH 7.4)and are a prominent feature of teleosts occupying a
hyper-osmotic environment (Wilson, 1999; Grosell, 2006), and to some extent for all fish
that drink seawater (Taylor and Grosell, 2006b). Despite observations of alkaline intestinal
fluids and precipitated calcium carbonate (CaCOs) from as far back as the work of Smith
(1930), who incidentally wrote that they were of “no significance”, it is only in the past
two decades that there has been considerable insight made into the novel, functimal

aspects of HCOs™ secretion and CaCOs precipitation.

2.3 The role of intestinal HCO;™ secretion and precipitation in fluid transport

For almost all species examinedso far the secretion of HCOs™ is mediated by apical CI
/HCOs exchange (Ando and Subramanyam, 1990; Grosell and Jensen, 1999; Grosell et al.,
2001; Wilson et al., 2002; Grosell et al., 2005; Kurita ef al., 2008), produced largely
endogenously from the hydration of CO, within the epithelia (Wilson et al., 1996; Wilson
and Grosell, 2003; Grosell et al., 2005; Grosell and Genz,2006; Present study). In addition
to the protons (H") yielded from the hydration of CO,, the exchange of HCOs™ for CI will
result in a net gain of osmolytes by the cell (since the osmotic pressure exerted by CO; is
negligible), and therefore makes a direct contribution to solute-linked water absorption,
supplementary to NaCl cotransport, as demonstrated for the European flounder (Grosell et
al., 2005).

Compared to Na* and CI, the divalent ions (Ca**, Mg*" and SOs*) are poorly absorbed
along the intestine, and as a consequence of solute-linked water transport they become
increasingly concentrated. However, the alkaline nature of the intestinal fluids support the
production of carbonate precipitates which were found to be richin Ca** (and to a lesser
extent Mg™"). Having eliminated specific roles in relaton to feeding and acid-base
regulation, it was suggested their formation wasinvolved in the process of osmoregulation
by preventing the build-up of these ions which would otherwise accumulate with adverse
effects on the osmotic gradient for fluid absorption (Humbert ez al., 1986; Walsh et al.,
1991; Wilson et al., 1996).
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A simple theoretical treatment, based on the concentrations of ions entering and leaving the
gut, showed that by secreting HCO;™ and removing Ca?* as CaCOs, the ion content of the
intestinal fluid could be reduced by approximately 70 mM,thus offering a considerable
osmotic advantage in termsof promoting fluid absorption (Wilson et al., 2002). In addition
to the direct role of CI/HCOs exchange in fluid absorption by the teleost intestine (Grosell
et al., 2005), it was hypothesised that the production of carbonate preciptates would also
have an indirect role in facilitating water absorption (Wilson et al., 2002). What makes this
idea unique in terms of the accepted understanding of fluid transport is that it does not rely
on net solute absorption, followed by osmotically obliged water in the same direction, but
rather the precipitation of CaCO; creates the osmotic gradient forwater absorption by
reducing the osmolality of the fluid within the intestine, therefore representing anovel
mechanism of water transport in vertebrate epithelia (Wilson et al., 2002).

Wilson et al. (2002) proceeded to put these observations to the test, presenting the first
evidence linking HCOs™ secretion, carbonate precipitaion and osmoregulaton after
perfusing the intestine of the European flounderin vivo with saline containing 20 mM Ca*",
to deliberately stimulate HCO; secretion and preciptation, and collecting the expelled
fluid and precipitates. Overall, HCOs production and secretion was increased by 57 %
(compared to a control perfusion saline containing 5 mM Ca*"). Almost all the additional
15 mM Ca* could be accounted foras CaCOs and was associated with a significant
reduction in the osmolality of the gut fluid as predicted, and interestingly, a reduction in
blood plasma osmolality. However, after 72 hours of perfusion there was only a small 4 %
increase in water absorption which was not significantly different from the control.

The proposal of a novel mechanism of water transport is an intnguing possibility but there
still remains only indirect evidence in support of this hypothesis. Using the same perfusion
technique as Wilson et al. (2002), the present study set out to exaggerate the process of
precipitation even further by perfusing the intestine with higher concentrations of Ca*", 40
mM and 90 mM, along with 10 mM Ca*" as a control, in an attemptto try and resolve the
effects of CaCOs production on fluid transport. These Ca** concentrations would be
equivalent to the amount being received by the intestine if the fish weredrinking normal
(10 mM Ca*"), double (20 mM Ca?") and triple (30 mM Ca*") strength seawaterand this
was being matched by a proportional increase in drinking rate (i.e. 20 x 2 =40 mM, and 30
x 3 =90 mM).
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2.4 The role of CaCO; precipitation in Ca** homeostasis

The chemistry of Ca* is unique among the elements, possessing a set of chemical and
physical properties which enable the ion to irteract with a multitude of organic and
inorganic molecules, thus conferring a diverse set of functions within the body (Williams,
1970; Jaiswal, 2001). Like many vertebrates, the pool of Ca** within teleosts is dominated
by the skeleton where it is a key structural component ofbone, as well as otoliths and teeth,
with substantial deposits also found in the skin and scales (Fleming, 1973; Simkiss, 1973).
The smallest fraction (approximately 1-3%) of total body Ca*" is found as an exchangeable
pool within the intra- and extracellular fluids, actively participating in a broad range of
crucial functions including muscle contraction, neurotransmission, enzyme and hormone
secretion as well asinitiating and co-ordinating numerous cellular processes (Flening et
al., 1973; Rubin, 1982). The ubiquitous nature of this ion therefore requires an effective
homeostatic system since any disturbances are liable to compromise key functions (Brown
et al., 1995).

Seawater contains approximately 10 mM Ca** and with concentrations in the blood and
extracellular fluids typically maintained at 2-3 mM, marine teleosts living in and drinking
the surrounding water are constantly faced with an influx of Ca*" into the body. The normal
pathway for Ca*" excretion in freshwaterfish is via the kidneys (Karnaky, 1998; Marshall
and Grosell, 2006), but marine teleosts, faced with the challenge of water conservation in
dehydrating environment have a very low rate of urine production relative to drinking rates.
The urinary bladder provides the opportunity to absorb additional fluid to reduce overall
water losses the end result being an infrequent release of small volumes of concentrated
urine (Chapter 1, Section 2.2.5).

The demonstration by Nearing et al. (2002) that a calcium-sensing receptor (CaR)
modulates fluid re-absorption by the bladder to avoid the potertial precipitation of divalent
ions further illustrates the limited capacity of the renal system to operate as a pathway for
Ca®" excretion. As the primary sites of contact with the surrounding seawater the gills and
intestine must thereforebe very effective at regulating the entry of Ca®" into the body. In
terms of this homeostasis the precipitation of CaCO; helps to limit the availability of Ca*
for absorption where it has been shown to remove between 40-60 % of imbibed Ca”,

which increases proporfonally with up to 25 mM Ca*" entering the intestine (Shehadeh and
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Gordon, 1969; Wilson ef al., 2002; Wilson and Grosell, 2003).Although flounder have
been shown to tolerate up to an additional 70 mM Ca** in surrounding seawater (Wilson
and Grosell, 2003), there was no accompanying description of the fate of intestinal Ca*" in
these particular animals. With plans to perfuse theintestine with up to 90 mM Ca®* in an
attempt to determinethe role of CaCO;s precipitation in water transpott, it would also be
interesting to further examine its additional role in systemic Ca** homeostasis, and how the
intestine, and indeed the animal as a whole copes with sustained exposure to high

concentrations of intestinal Ca*".

3. Materials and Methods

3.1 Experimental animals

European flounder, Platichthys flesus (mean body mass 465 £31 g, n = 23) were obtained
from local fishermen in Flookburgh, Cumbria, U.K. and transportted to the School of
Biosciences, University of Exeter where they were held in marine aquarium facilities in
150 litre tanks of flowing, aerated, artificial seawater made with commercial marine salts
(Tropic Marin), as part of a recirculating seawater system maintained at 33.8 0.2 ppt and
12.5+0.3 °C, under a 12 hour light: dark photoperiod. At least 7 days were allowed for the
fish to acclimate after arriving in the aquarium. Food was typically withheld for at least 72
hours prior to experimentatpn, otherwise the fish were maintained on a diet of fresh

ragworm (Nereis virens) fed once per week.

3.2 In vivo surgical procedures

To prepare for surgery each fish was anaesthetised in seawater containing 150 mg 1" of
tricaine methansulfanate (MS-222, Pharmaq Ltd.), buffered with 300 mg I' NaHCO;,
before being placed on a custom-made wet table. To maintain anaesthesia during surgery
the gills were constantly irrigated with aerated seawater containing 95 mg I'' buffered
tricaine methansulfanate pumped into the mouth (Plate 5.1A). Three separate procedures

were subsequently performed in the following order:

3.2.1 Cannulation of the caudal blood vessel
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Implanting a catheter into the caudal blood vessel enabled blood sampling at regular
intervals during the course of a perfusion in order to assess ion and acid-baseparameters.
The catheter was made from a 25 cm length of polyethylene (PE) tubing (ID = 0.58 mm,
OD = 0.96 mm) filled with Cortland saline (Wolf, 1963), adjusted to pH 7.8 with NaOH
and containing 50 i.u. ml" sodium heparin (Monoparin, Wockhardt UK Ltd.). After gently
scraping the scales froma small area close to the tail, a 2 cm incision was made through the
skin and muscle parallel to the lateral line to reveal the caudal vessels running side by side
beneath the vertebral spines (Plate 5.1B). The catheter was then inserted randomly into
either the artery or vein. To help secure the catheter, a grommet was made from a short, 2
cm length of PE tubing (ID = 1.19 mm, OD = 1.70 mm) which was slid down the outside
of the catheter and fixed in place with a drop of cyanoacrylateadhesive. After treating the
area with a prophylactic antibiotic the incision was then closed around the grommet using a
basic running stitch (Plate 5.1C). Following successful cannulation of the caudal blood
vessel, a small blood sample was taken fram each fish and centrifuged (MSE
Microcentaur) at 11,600 x g for 3 min, and plasma osmolality measured by vapour pressure
osmometer (Wescor Vapro 5520). The osmotic pressure of the perfusion saline was then

adjusted (if necessary) with deionised water to match that of the blood plasma.
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Plate 5.1: A) A flounder under anaesthesia on the wet table the gils being irrigated via the

mouth. The black square indicates the location of the blood catheter, and the dashed line
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the approximate site of the incision. B) After making the incision next to the lateral line the
wound is held open to reveal the blood vessels (arrow) running alongside the vertebrae. C)

A close-up of the implanted blood catheter being held securely in position by the erommet

after the wound had been closed.

3.2.2 Fitting the intestinal perfusion and stomach drain catheters

In addition to the intestinal catheter, a stomach drain catheter was also fitted since the fish
was going to continue drinking during these experiments and it was important tha this
imbibed fluid was able to drain away Both the stomach and intestinal catheters were cut
from PE tubing (ID=1.19, OD = 1.70) to lengths of 8-10 cm and heat-flared at one end. A
small 2 cm long incision was made in the upper area of the abdominal cavity perpendicular
to the lateral line and jug behind the pectoral fin. The junction between the stomach and
intestine was located andexposed through the incision (Plate 5.2A). A second, smaller
incision was made in the stomach wall behind the pyloric sphincter, through which the
flared end of the stomach drain catheter was gently pushed into the stomach and directed
towards the oesophagus. The intestinal catheter was inserted via the same incision, but in
the opposite direction, through the pyloric sphincter and into the anterior intestine. Taking
care to avoid damaging oroccluding any blood vessels, both catheters were held firmly in
place by double silk ligatures tied around the stomach wall and the pylonic sphincter for the
stomach drain and intestinal perfusion catheter respectively (Plate 5.2B). The stomach and
intestine were carefully pushed back into the abdominal cavity and the incision closed
around the catheters with a basic running stitch after treating the area with prophylactic
antibiotic (Plate 5.2C). The intestine was then flushed with 50 ml of relevant perfusion
saline through the intestinal catheter, while gently massaging the abdomen, to thoroughly

rinse out the existing gut fluid and any precipitates before attaching the rectal catheter.

3.2.3 Fitting the rectal catheter
The final procedure was to fit a catheter bag to collect all the fluid and precipitates expelled
from the rectum. This was made using a condom, where the open end was tied tightly

around a 1 cm length of ridged, cone-shaped plastic tubing (ranging fromID = 4
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Plate 5.2: A) The stomach (S) and anterior intestine (Al), separated by the pyloiic sphincter

(PS). exposed through an incision made in the abdominal cavity as observed looking

toward the head end of the fish. The site of the second. smallerincision into the stomach

wall is marked by an arrow. A white medical tissue acts as a barrier protecting the wound

from coming into contact with seawater exiting the operculum. Note the vestigial pyloric
caecae (PC) of the anterior intestine. B) The stomach drain (SDC) and intestinal perfusion

catheters (IPC) inserted into the stomach and intestine, respectively, vig an incision in the

stomach wall. C) After carefully replacing the catheterised portions of the gastrointestinal
tract back into the abdominal cavity the incsion was closed.

mm, OD =7 mm; ID =6 mm, OD =8 mm or ID =7 mm, OD = 10 mm, depending on the
size of the fish). A small nick was made in the closed end of the condom and a 3-way
stopcock (Vygon) tied into place allowing excess rectal fluid to be drained should the
catheter become over-full during the course of a perfusion (Plate5.3A). The catheter was
fitted by inserting the ridged plastic tubing into the anus which was held in place by a purse
string ligature sewn into the skin around the anal opening (Plate 5.3B). To help keep the
catheter in place and prevent it fromworking loose it was attached to the analfin by a
ligature around one am of the 3-way stopcock (Plate 5.3C). To minimise the risk of
infection the incisions made for implanting the blood and intestinal catheters were treated
with a topical prophylactic antibiotic solution, containing oxytetracycline (Sigma)
dissolved in Cortland saline, before closure of the wound. All sutures and ligatures used

wax-coated, braided silk suture thread (Pearsalls, US 2/0).

3.3 Saline composition and experimental design

The perfusion salines used in the present study were modified from Wilson et al. (2002)
and designed to test the influence of Ca*" on HCOs secretion and preciptation rates in vivo,
as well as the simultaneous effects of these processes on intestinal fluid absorption and
osmoregulation. Fish were allocated to one of three treatment groups (shown in Table 5.1),
which consisted of a control saline containing 10 mM Ca**, similar to the concentration
entering the anterior irtestine while drinking normal seawatet. To enhance CaCO;

precipitation, the second group were perfused with 40 mM Ca*" and the third with
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Plate 5.3: A) The rectal catheterbag showing the ridged section of plastic tubing that forms
the opening which is inserted into the anus and. at the opposing end a 3-way stopcock

allowing the catheter to be drained. if necessary. B) The purse string ligature sewn around

the anal opening ready to secure the catheter in place. C) The fitted rectal catheter.

90 mM Ca*, thus approximating the amount of Ca*" received by the intedine if the fish
were occupying double and triple strength seawater, respectively, where drinking rates
would have also increased in direct proporion. In order to preserve the Cl' concentration
between these salines when manipulating Ca**, MgCl, was exchanged for CaCl,. To
prevent the spontaneous precipitation of CaSO; in the presence of such high Ca**

concentrations, SOs* was reduced to 10 mM. Also, each saline was deliberately HCO;™ free
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and unbuffered, therefore the appearance of any HCO;™ and precipitates could have only

originated from the activity of the perfused intestine.

Table 5.1: The inorganic salts used in the composition of the in vivo perfusion salines
employed by the present study. The concentration of each component salt isgiven in mmol

I"'. Theoretical osmolarty (mOsm 1) was calculated based on the osmotic coefficient of
each salt (Robinson and Stokes, 1965).

Salt Perfusion treatment
Control 40 mM Ca>* 90 mM Ca**

NaCl 50.0 50.0 50.0
KCl1 5.0 5.0 5.0
MgCl,.6H,O 80.0 50.0 -
CaCl,.6H,O 10.0 40.0 90.0
MgS0..7H,0O 10.0 10.0 10.0
Osmolarity 353 350 346

3.4 Intestinal perfusion

Once surgery was complete the fish was placed in an individual flux chamber (7 litre
capacity) with a continuous supply of aerated seawater in order to recover from the
anaesthesia. During this recovery period the intestinal catheter was connected to a
peristaltic pump (Minipuls 3, Gilson) and perfusion comnenced with one of the three
salines listed in Table 5.1 containing different concentrations of Ca*. The intestine of each
fish was continuously perfused for 72 hours at a mean perfusion rate of 5.04 +0.24 mlkg™
h' (n = 23), approximately two and ahalf times the normaldrinking rate of flounder, cited
as 2.02 £0.36 ml kg' h'' (Wilson et al., 2002), thus ensuring an adequate supply of fluid to
the intestine. The duration of each perfusion was 72 hours,this permitted sufficient time for
precipitates to accumulate since this process was likely to be relatively slow at the
temperatures employed here (11-12 °C). The volumes perfused were determined by the

difference in weight to the nearest0.1 mg (Mettler AE163).
3.5 Sampling and analytical techniques

Blood samples (~800 pl) were taken at 24,48 and 72 hours usng a gas-tight 1 ml Hamilton

syringe and processed immediately. Plasma was isolated from approximately 500 pl of
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blood by centrifuging (11,600 x g for 3 min) and was subsequently stored on ice. The
remaining 300 pl was used to measure whole blood pH with Cameron E301 glass electrode
with an E351 reference electrode connected to an Alpha 600 ion meter. This system was
enclosed in a water jacket and maintained at the experimental water tempemnture (12.5+0.3
°C). Once pH had been measured this blood was returned to the animalalong with 500 pl
of Cortland saline (adjusted to pH 7.8 with NaOH), to replace the volume taken and filling
the blood catheter with heparinised Cortland saline to reduce the risk of clot formation.
After 72 hours the experiment was terminatedby stopping the intestinal perfusion pump
and administering an overdose of anaesthetic (250 mg 1" buffered MS-222) into the flux
chamber. The perfusion catheterwas then detached from the peristaltic pump and a ligature
tied around the top of the rectalcatheter before removing the fish fromthe chamber. The
abdominal cavity was opened andanother ligature tied around the base ofthe rectum to
prevent the accidental los of any contents. The intestine was carefully dissected out and
the contents decanted into 50 ml centrifuge tubes. Similarly, the rectal catheter was
removed and its cortents collected. Any residual precipitates were obtained by rinsing the
intestine.

The contents of the intestine and rectal catheter were centrifuged at 5,000 x g for 4 min at 4
°C (Mistral 3000, MSE Scientific Instruments) separating the precipitaes from the fluid,
the latter being decanted irto pre-weighed tubes and subsequently weighed to determine
the volume of fluid retrieved. Measurements of osmolality (Wescor Vapro 5520), CI
(Corning chloride analyser 925) andtotal CO, (Mettler Toledo 965D carbondioxide
analyser) were made on all samples. The cations Na*, K, Ca>* and Mg** were also
measured following appropriate dilution and addition of 1 % LaCls (as 10 % w/v solution)
for the divalent ions using a PYE Unicam SP9 Atomic absorption spectrophotometer. The
pH of the intestinal and rectal fluids were measured using an Accumet combined
microelectrode connected to a Hanna HI8314 membrane pH meter.

The precipitates from the intestine and rectal catheter of each fish were pooled together,
and rinsed three times in deionised water, re-centrifuging each time, before they were
finally sonicated (Vibra-Cell, Sonics and Materiads Inc.) in 20 ml of ultrapure water
(Maxima Ultrapure Water, ELGA), measured by glass pipette. The content of bicarbonate
equivalents (HCOs + 2CO5%) in the precipitates was determined by thedouble titration
method (described previously by Wilson et al. (2002) and Wilson and Grosell (2003)).
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Briefly, each sample was gassed with 100 % N, and the initial pH recorded before the
addition of 1 N HCI. Continuous gassing ensured that all the HCQ™ and COs* were
liberated from the sample as CO, as it was acidified to pH 3.89. Once the pH had stabilised
at 3.89 the volume of HCl added wasrecorded before the addition of 0.02 N NaOH
returning the sample to its original starting pH. The difference in the number of moles of
HCl and NaOH used to acidify and then returnto the initial pH was considered equivalent
to the number of moles of HCO;™ equivalents (HCOs™ + 2CO;*) present in the sample.An
auto-titrator (TIM 845 titration manager with an SAC80 automated samplechanger,
Radiometer) was used for all double titrations, employing the same combination pH
electrode (Red Rod Combined pH electrode, pHC2401-8, Radiometer), in conjunction with
the same burettes (ABU52, Radiometer) delivering controlled amounts of acid and base.
All pH readings (to wthin £0.002 pH units) and volumes of acid and baseadded (to the
nearest pl) were logged on apersonal computer using Titramaster 85 software (version
3.1). To determine the amounts of Ca** and Mg** contained within the precipitates, the
titrated sample was re-acidified to below pH 4 by adding a known volume of 0.02 N HCl
(approximately equivdent to the volume of 0.02 N NaOH added during the double

titration) and a 1 ml aliquot taken for subsequent dilution and cation analyds using AAS.

3.6 Calculations

For the determination of bicarbonate equivalents (HCOs” and 2C0Os%) in the intestinal and
rectal fluids, the HCOs™ concentration was initially calculated from a similar re-
arrangement of the Henderson-Hasselbach equation presented in Chapter 4 (Section 3.4)
but substituting pK,, for a second dissociation constant, pKy (9.46) which describes the
HCO;/CO;* reaction (1). This value is similar to the published pKy value of 9.52 for ¥4
seawater at the same temperature (Walton Smith, 1974), but was obtained empirically by
Wilson et al. (2002) using the rectal fluids of the flounder anddirectly comparing the
results of the double titration method with calculations based on measurements of TCO,

and pH using the rectal fluids of the flounder

[HCOs] = [TCO,] /(1 + 10¥1-949) (1)

As mentioned previously, the total CO, content (mM) of a sample typically comprises:
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[TCO,] = [molecular COy] + [HCO;] + [COs*] 2

The soluble and gaseous CO, fractions in the sample are represented by [molecular CO,].
At the pH of the intestinal and rectal fluids the contribution of molecular CO, to the
measurement of TCO; in these samples is very small and typically less than 10° M (Grosell
et al., 2005), therefore in the present study the carbonate (COs*) fraction was subsequently
calculated following rearrangement of equation 2 (3a), along with total bicarbonate

equivalents (3b):

[CO32'] =[TCO;] — [HCOsT] (3a)

Total HCO5 equivalents = [HCOs] + 2[COs™] (3b)

The overall net secretion rate of total bicarbonate equivalents (HCO; + 2CO;*) by the

intestine was calculated as:

Jhcos. = [HCO3 Eq.]n: + [HCO3 Eq]RF + [HCO{ Eq.]PpT / (M X t) (4)

Where, [HCOs™ Eq.]ir, [HCOs Eq.]Jrr and [HCO;™ EqJeer represent the total concentration of
bicarbonate equivalents measured in the intestinal fluid, rectal fluid and precipitates,

respectively (mEq), M is the mass of the fish (kg), t is the perfusion time period (h) and

Jucos. the net secretion rateof bicarbonate equivalents (UEq kg' h™).

3.7 Data presentation and statistical analysis

The data are presented as mean +SE. All data expressed asa proportion were arcsine
transformed prior to analysis and significant differences between treatments tested for by
one-way ANOVA using a General Linear Modelling (GLM) procedure. Post-hoc, pair-wise
comparisons were made using Bonferroni simultaneous tests. For data failing to meet the
assumptions of approximate normality and equality of variance, the non-parametric

Kruskal-Wallis test was performed with post-hoc comparisons made using Dunns
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procedure. The results of all tests were accepted as significant at P<0.05. Statistical

analysis was carried out using Minitab v13.1 and graphs drawn using SigmaPlot v9.0.

4. Results

4.1 Bicarbonate production and excretion

Increasing the concentration of Ca* perfusing the intestine produced a sustained elevation
in the total amount of HCOs™ equivalents excreted and dramatically altered the rate of
precipitate formation. At 40 mM there was a significant 31 % increase in total HCOy’
secretion accompaniedby a more than 4-fold rise in the amount excreted as precipitates.
When Ca®" was increased to 90 mM almost all (98 %)of the HCO;™ produced was
incorporated into precipitates, at approximately twice the rate of the previous 40 mM Ca*
treatment and almost 8 times higher than the contrd (Figure 5.2).

The acid-base characteristics of the voided rectal fluid from flounder that underwent
perfusion with high Ca** were quite different compared with the control treatment. Rectal
fluid pH under control conditions was alkaline and rich in HCOs™ equivalents. Increasing
the concentration of Ca?" in the perfusion saline up to 40 mM reduced pH by 0.35units and
measured TCO, by almost 50 %. At 90 mM there was little alkalinisation of the rectal fluid
with a pH of 7.41 and only small amounts ofdissolved HCOs™ equivalents present (Table
5.2).
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Figure 5.2: The mean (+SE) net production and excretion of bicarbonate (HCQ: + COs*)

equivalents (uEq kg' h™") by the intestine of the flounder perfusedwith salines containing

varying concentrations of calcium, 10 mM (Control),.40 mM and 90 mM over a total of 3

days. The open bars represent the total amount of bicarbonate equivalents (intestinal fluid +

rectal fluid + precipitates) produced and shaded bars show the amount incorporated irto

precipitates only. Means labelled with different letters indicates a significant difference (P

<0.05), n = 8. 7 and 8 for the control, 40 mM and 90 mM treatments. respectively.

Table 5.2: The mean (£SE) values for measurements of pH, TCO, (mM) and calculated

HCOs equivalents (mEq) measured in rectal fluid samples from the flounder following

perfusion of the integine with salines containing varying concentrations of calcium, 10
mM (Control), 40 mM and 90 mM for 3 days. Means labelled with different letters indicate
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a significant difference (P <0.05),n = 8, 7 and 8 for the control, 40 mMand 90 mM

treatments, respectively.

Perfusion treatment
10 mM Ca** 40 mM Ca** 90 mM Ca*
(Control)
pH 8.57 (£0.03)*  8.22 (+0.11)° 7.41 (£0.11)°
TCO, (mM) 61.2 (x4.7) 34.5 (£6.2) 6.6 (£1.3¥

[HCOs +2C0s*] (mEql!) 684 (£5.6) 373 (27.3) 6.6 (1.3

4.2 Rectal fluid osmolality

Despite the vast differences in HCOs™ secretion and preciptation rates betweenall three
treatments the resultant osmotic pressure of rectal fluids collected from fish undergoing the
90 mM treatment was rather variable and fell by an average of only 4 mOsmkg™. The
reduction in osmolality of the rectal fluid (relative to perfusate)was more than twice as
much (8-10 mOsmkg™) in the control and 40 mM treatments. Despite this there were no
significant differences between rectal fluid and perfusate osmolality within each treatment

(assessed by pairedt-tests), or rectal fluid osmolality between treatments (Figure 5.3).

4.3 Fluid transport

Over 3 days the propottion of fluid absorbed by the intestine had increasedby 11 %
between the control and 40 mM treatments (from47.2 +3.5 % to 58.5 +2.1 %) but was not
found to be significantly different. When the intestine was perfused with 90 mM Ca** fluid
absorption increased even further reaching an average of 73 %, and although this was not
significantly different from the 40 mM treatment it represented a very significant (P

<0.001) increase in relation to the control treatment (Figure 5.4). The values for fluid
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Figure 5.3: The mean (+SE) osmolality (mOsm kg!) of the perfusate entering the intestine

and the voided rectal fluid of the flounder following perfusion with varying concentrations

of calcium, 10 mM (control), 40 mM and 90 mM for 3 days. The open and shaded bars

represent the osmotic pressure of the perfusate (prior to entering the intestine) and rectal

fluid, respectively (n = 8. 7 and 8 for the control, 40 mM and 90 mM treatments,

respectively).

absorption were considered reliable as the mean rate of intestinal perfusion was consistent
across treatments (4.91 +0.36,4.67 £0.21 and 5.50 £0.57 mlkg" h' for control, 40 mM
and 90 mM perfusion salines, respectively). This was further indicated after finding that
fluid absorption by the intestine was independent of perfusion rate for each treatment
(Control, R =0.143,P =0.735; 40 mM Ca*, R =-0.041,P=0.931 and 90 mM Ca*", R =
0.011, P=10.980).
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Figure 5.4: The mean (£SE) proportion of fluid absorbed by the flounder intestine

following perfusion with varying concentratons of calcium, 10 mM (Control). 40 mM. 90

mM for 3 days (n =8, 7 and 8 for the control, 40 mM and 90 mM treatments, respectively.

4.4 Fate of the divalent cations (Ca** and Mg*")

The rate at which Ca&* was incorporated into carbonate precipitates correlated well with the
amount perfused into the intestine. While the amountrecovered in the rectaland intestinal
fluid was low for both the control and 40 mM treatment, it was much higher at 90 mM
Ca®". When the recoveries from these respective compartments (fluid + precipitates) are
stacked together as in Figure 5.5A, they show that across treatments therewas also an
increasing amount of Ca®" unaccounted for (i.e. not showing up in either the fluid or

precipitates).
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Figure 5.5: The mean (£SE) amounts of calcium (panel A) and magnesium (panel B) (Uumol

ke h'!) presented to, and recovered from the intestine and rectal catheters ofthe flounder

following perfusion of the intestine with varying concentrations of calcium, 10 mM

(Control), 40 mM and 90 mM for 3 days. The asterisks (**) representa significant

difference from the two corresponding treatments (P <0.001) and means labelled with

different letters indicate a significant difference (P <0.05), n =8, 7 and 8 for the control, 40

mM and 90 mM treatments. respectively.

The rate of Mg** being perfused into the intestine varied inversely with Ca**, since in the
design of the perfusion saline Mg** was substituted to permit increases in Ca**
concentration (in the form of their respective chlorde salts) while maintaining Cl" and
osmolality (Figure 5.5B). In relation to Ca** the majority of Mg** remained within the
intestinal fluid, and very little was incorporated into the precipitates although this did vary
significantly between treatments and preciptates recovered from fish undergoing the 40
mM treatment contained 45 and 79 % more Mg** than the control or 90 mM treatments,

respectively.

4.5 Blood chemistry

Compared with corresponding samples taken on Day 1, by the final day of perfusion (Day
3) the osmotic pressure of the plasma for fish receiving the 40 mMand 90 mM treatments
was almost identical, although it had fallen by anaverage of 12 mOsm kg™ in the former
treatment and only 6 mOsm kg in the latter. In contrast, for fish undergoing the control
treatment plasma osmolality steadily rose over the 3 day perfusion period by anaverage of
9 mOsm kg™ Surprisingly, the measured pH and TCO, of plasma during perfusion with 90
mM Ca*" remained extremely stable, in comparison with individuals from other treatments
where there appeared a tendency for pH to rise. In terms, of ion balance there was no
evidence of disruption, particularly Ca*" which was tightly regulated by fish fromall
treatments (Table 5.3).
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Table 5.3: A summary of'the various acid-base and osmoregulafory parameters measured on whole blood (pH) and plasma (Osmolality,

TCO,. Na', CI. K*, Ca*" and Mg

as part of the daily blood sampling routine duri

erfusion of the flounder intestine with salines

containing varying concentratons of calcium, 10 mM (Control),40 mM and 90 mM over a 3 day period. Values represent mean (+SE).

For each day means labelled with different letters are significantly different (P <0.05).n = 8. 7 and 8 for the Control, 40 mM and 90 mM

treatments, respectively.

Osmolality pH TCO; Na* Cr K* Ca* Mg
(mOsm kg™ (mM) (mM) (mM) (mM) (mM) (mM)
Day 1
Control 326 (5.6) 7.88(0.03)  7.1(03y  161.7(3.6) 147.1(1.3) 3.0(0.1¥> 22(0.2F 0.6 (0.1)
40 mM 330 (2.9) 7.81(0.03) 5704 163.8(1.1) 1459(1.1) 2.7(0.1 2.8(0.1» 0.4(0.1)
90 mM 323 (2.9) 778(0.04) 6.7 (0.3% 161.7(2.6) 148.0(1.7) 3.4(02¢ 2.0(02F 0.6(0.2)
Day 2
Control  329(5.9)  7.92(0.02¢  7.0(0.4) 159.2(3.8) 146.1(1.6) 3.0(0.1y  2.0(0.2) 0.7 (0.1)
40 mM 323 (2.8) 7.81(0.03) 5.6 (0.4) 156.7(2.9) 145.0(1.3) 2.6(0.1  2.4(0.1) 0.4(0.1)
90 mM 324(6.8)  7.80(0.050  6.9(04) 158.6(3.0) 1455(1.6) 3.1(0.1y  1.9(0.1) 0.6(0.3)
Day 3
Control 335 (5.0y 7.94 (0.02) 5.8 (0.6) 159.6 (4.2) 148.4(3.3) 3.0(0.1* 2.0(0.1) 0.9(0.2)
40mM 318260  7.89(0.02F°  63(0.5)  160.7(2.4) 1443 (1.1) 2.6(0.1°  2.4(0.1) 0.4 (0.1)
90 mM 317 (5.0 7.81(0.03) 6.9 (0.7) 157.0(3.4) 146.8(2.2) 3.2(0.1¢ 1.9(0.1) 1.6(0.9)
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5. Discussion

The act of drinking by teleosts occupying a hyper-osmotic media such as seawater presents
the gastrointestinal tract with a unique challenge. Of particular interest for this study was
the role of HCO; secretion and precipitation by the intestine and consequences for fluid
absorption and divalent ion homeostass. Over the past two decades,various investigations
into the phenomena of intestinal HCO;™ secretion have ledto the suggestion that the
precipitation of CaCO; will reduce luminal osmotc pressure and create a favourable
osmotic gradient for additional fluid absorption (Humbert et al., 1986; Walsh et al., 1991;
Wilson et al., 1996). From a series of elegant in vivo perfusion experiments Wilson et al.
(2002) presented the first evidence for this novel mechanism of fluid transport. However,
they were unable to demonstratea significant increase in fluid absorption following
perfusion of the intestine with saline containing 20 mM Ca** used to stimulate HCO5
secretion and precipitation. The present study employed the same in vivo techniques but
applied even higher concentrations of Ca** (40 mM and 90 mM). In terms of stimulating
HCOs production and precipitation the results fit in well with, and corroborate, the prior
observations made by Wilson ef al. (2002). At 40 mM Ca** the amount of carbonate
precipitates increased morte than 4-fold (Figure 5.2), but fluid absorption was only
increased by a modest 11 % (Figure 5.4) compared with the control treatment. However, at
90 mM Ca*", not only was the rate of precipitation even higher, but fluid absorption had

increased significantly also, by ~50 % over the controlk.

5.1 The influence of luminal osmotic pressure

The hypothesis behind the role of precipitation in fluid transport is that the alkaline
conditions created by HCO; secretion will promote the precipitation of Ca**, and to a lesser
extent Mg*", to their respective carbonates. By removing the osmotic influence ofthese
ions this will effectively reduce the osmolality within the gut lumen consequently providing
an additional, osmotic driving force for fluid absorption (Wilson et al., 2002). It would
therefore be logical to assume that at higher rates of precipitation the osmotic pressure of
the rectal fluid would be lower. However, despite the vastly higher rates of precipitation in
the 40 mM and 90 mM treatments ths did not lead to concomitant reductians in rectal fluid

osmolality (Figure 5.2). The reason for this is not clear but may be due to the ion species
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left behind in the rectal fluid. In an attempt to avoid problems of spontaneous precipitation
of CaSOs, levels of SO4* in the perfusion salines were reduced to 10 mM (Table 5.1),
effectively being replaced by CI, in the form of CaCl, and MgCL. As a consequence, the
excreted rectal fluid was high in MgCl, for the control and 40 mM treatments, and a
combination of CaCl, and NaCl at 90 mM (Table 5.4). All of these chloride salts possess
relatively high osmotic coefficients (0.86, 0.89 and 0.93, respectively, Robinson and
Stokes, 1965), whereas the coefficient for MgSO,, which typically dominates in the

excreted rectal fluid, is much lower (0.58) and would terefore

Table 5.4: The ionic composition of the rectal fluid following intestinal perfusion with
varying concentrations of calcium, 10 mM (Control), 40 mM, 90 mM for 3 days (n=8. 7

and 8 for the control, 40 mM and 90 mM treatments, respectively). Values are given as

mean £SE and presented asmM or mEqg where appropriate and osmolality measured as

mOsm kg™'. Means labelled with different letters indicate a significant difference (P <0.05),

n =&, 7 and 8 for the control. 40 mM and 90 mM treatments. respectively.

Ion Perfusion treatment

Control 40 mM Ca>* 90 mM Ca**
Na* 16.9 £1.8* 19.0 £3.2% 62.8 £18.4°
Cr 162.4 +£7.7 163.4 +£6.2 178.1 £8.8
K* 0.6 £0.2* 0.5 +0.1* 2.2 +0.4°
Ca’* 3.7+1.0° 43 +1.1° 67.1 +£6.5°
Mg** 131.4 3.9 115.9 £5.0° 41.1+7.8°
SO * 19.1 £1.9 - 42.3 +£10.0
HCO; + CO> 68.4 £5.6° 37.3+£7.3° 6.6 £1.3¢
Osmolality 32045 308 +4 327 +9

*n =5 (Control) and n = 7 (90 mM). Samples from the 40 mM treatment are still to be analysed.

translate to a much lower osmotic pressure. Alternatively, this analysis does not take into
account localised osmotic gradients created by CaCO; precipitation which are likely to be
driving this additional absorption of fluid and therefore differences in rectal fluid
osmolality would not have been detected here as measurements were made on bulk fluid

samples only.

5.2 Solute-linked water transport
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In order to produce the higher rates of fluid absorption shown in Figure 5.4, the importance
of carbonate precipitation cannot be under-stated, but the advantage to osmoically driven
fluid transport does not appear obvious in relation to the osmotic pressure of the rectal fluid
as predicted. Current understanding of the mechanism of fluid uptake by the teleost
intestine (in terms of osmoregulation) involves the process of*“solute-linked water
transport”, which is principally associated with the active transport of Na" and CI across

the apical membrane thus establishing the osmotic gradient along
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Figure 5.6: The relationship between the netfluxes of sodium and chloride (umol kg h™")
and the corresponding rate of fluid absorption (ml kg' h') by the intestine of the flounder

perfused with salines containing varying concentrations of calcium, 10 mM (Control), 40
mM and 90 mM over a total of 3 days (n= 8. 7 and & for the control, 40mM and 90 mM

treatments, respectively).

which water passively follows into the body. Examining the rate of fluid absorption in

relation to the net fluxes of Na" and CI across treatmentsrevealed an interesting trend,
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Figure 5.6 clearly shows that increases in fluid transport were completely indeperdent of
changes in Na" absorption (F; 1 = 0.14, P=0.771) but displayed a close, positive
relationship with CI absorption (F; = 17.07, P =<0.001). It was therefore possible to
confidently rule out any changes to NaClcotransport being involved in this additional fluid

absorption, along with any potential influence of perfusion rate (Section 4.3).

5.3 A role for apical CI/HCOs exchange

A prominent role for CI' was not surprising given the significant increases in total HCOs"
equivalent secretion between treatments (Figure 5.2) and the proposed involvement of an
apical CI/HCOs exchanger (Grosell and Jensen, 1999; Grosell et al., 2005; Grosell, 2006),
which in itself is capable of driving CI and fluid absorption, as demonstrated in vitro
(Grosell et al., 2005). Even though average net Cl" absorption did not significantly increase
following perfusion with 90 mM Ca** (Figure 5.7), making it difficult to directly relate to
CI/HCOs exchange, a significant positive relationship was present between Ci absorption
and HCO;s secretion (Pearson correlation, R = 0.466, P = 0.025, n = 23). In spite of this, CI
absorption greatly exceeded the sum of all the other corresponding cation fluxes (Na’, K,
Ca’" and Mg*") by an average of 50 % (Figure 5.7). Since charge balance must be observed
in the absorbed fluid, this indicates a substantial shortfall in absorbed cations (or secreted
anions). It should be noted that SO,*, which was the only other anion present in the
perfusion saline, has not been included since only a limited number of samples have been
analysed so far. Although as expected, the net SO4* flux is currently not significantly
different from zero (control: 2.8 +4.4 umol kg h™', n =5 and 90 mM Ca**: 5.5 +6.1 pmol
kg h'', n=7), hence the shortfall is likely to be uptake of a 'missing' cation.
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Figure 5.7: A comparison of the mean (£SE) net fluxes of cations and anions (umol kg™' h'!)

by the intestine of the flounder following perfusion with salines containing varyin

concentrations of calcium, control (10 mM),40 mM and 90 mM (n =8, 7 and 8 for the

control, 40 mM and 90 mM treatments, respectively).

5.4 Endogenous CO; hydration

A likely candidate for this cation imbalance is H", being derived from intracellular CO,
hydration which is fuelling HCOs™ secretion. Forthe flounder, which relies largely on this
form of endogenous HCOs™ production (Wilson and Grosell, 2003), it is important that there
is effective removal of H', preferably across thebasolateral membrane, allowing
accumulation of HCO;s™ for apical anion exchange while preventing cellular acidification
and reversal of the hydration reaction (Grosellet al., 2001; Grosell et al., 2005; Grosell,
2006). The polarity of these acid-base transfers bythe intestine have subsequently been

demonstrated on isolated preparations from the flounder (Chapter 3, Section 4.3), as well as
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the toadfish (Grosell and Genz,2006; Grosell and Taylor, 2007) and killifish (Chapter 6,
Section 4.2.3). Since CO, exerts a negligible osmotic pressure, the generation of HCO;™ and
H" and subsequent apical secretion of HCQ' in exchange for CI" will lead to anet gain of
osmolytes by the cell (Wilson e al., 2002), hence H" is likely to form part of the net solute
flux, contributing to water transport (Grosell, 2006) and osmolarity of the absorbed fluid
(Grosell and Taylor, 2007). Thus, assuming the missing cation was indeed H’, then it comes
as no surprise that the rate of ‘H" absorption” was almost directly proportional to the
corresponding rate of total (Fluid + Precipitates) HCOs™ secretion by the intestine for each

individual across all treatments(Figure 5.8).
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Figure 5.8: The relationship between the totd rate of HCOs™ secretion (uWEq kg' h') and

‘missing cation’, presumedto be H" (umol keg™' h™") absorbed by theintestine of the

flounder perfused with salines containing varying concentrations of calcium, 10 mM
(Control), 40 mM and 90 mM over a total of 3 days (n = 8. 7 and & for the control, 40 mM

and 90 mM treatments, respectively).
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Interestingly, this relationship persists across all treatments even at 90 mM Ca®* which
would appear contrary to the prediction that up-regulation of HCOs™ secretion will draw
upon exogenous CO; stores. After increasing the ambient Ca®* concentration of the
surrounding seawater to 40 and 70 mM, Wilson and Grosell (2003) found a significant
reduction in plasmatotal CO, after 72 hours. In the present study, although plasma TCO,
was significantly reduced by 20 % after 24 hours at 40mM Ca*" compared with the
controls, overall there was no marked difference between the contrd and 90 mM
treatments, and indeed across all treatments by day 3 of perfusion (Table 5.3) which would
support the relationship displayed in Figure 5.8,that endogenous CO; is sufficient to fuel

the increase in HCOs™ secretion observed over these three experimental conditions.

5.4.1 Intestinal H" production and systemic acid-base balance

From a whole animal perspective, while intestinal HCOs™ secretion does not have a role in
systemic acid-base regulation per se, it does represent a significant base efflux that is
balanced by an equivalent net acid efflux (or base uptake) across the gills (Wilson et al.,
1996; Wilson and Grosell, 2003). The identity of this missing cation as H' can be further
argued for when the net flux of the ‘missing cation’ is compared with the net (extra-
intestinal) flux of'titratable acid (the reverse of measured titratable alkalinity) into the
surrounding seawater (from Cooper, C. A., Whittamore, J. M. and Wilson, R. W., in
preparation), again displaying a strong, significant correlation (Figure5.9). Furthermore,
the blood pH of fish where the intestine was being perfused with higher concentrations of
Ca*", and consequently producing more HCO5, was 0.07 to 0.10 pH units lower than
controls on day one,and for the 90 mM treatment remained significantly lower over
subsequent days (Table 5.3). These observations would also appear consistent with the
circulation bearing anincreased burden of acid at higher rates of HCO;™ secretion. Most
striking is that the relationships with total HCOs™ secretion shown in Figures 5.8 and 5.9 are
between data that were collected independently from each fish (i.e. intestinal ion fluxes and

gill fluxes, respectively).
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Figure 5.9: The relationship between the nettitratable acid flux (uEq kg' h") via non-

intestinal routes (i.e. gills or kidney) into the surrounding seawater and the ‘missin
cation’, presumed to be H" (umol kg!' h'") absorbed by the intestine of the flounder

perfused with salines containing varying concentrations of calcium, 10 mM (Control), 40
mM and 90 mM over a total of 3 days (n= &, 7 and & for the control, 40mM and 90 mM

treatments, respectively).

5.5 The contribution of HCOs production, secretion and precipitation to intestinal
fluid absorption

Along with carbonate precipitation there is also the net gain ofosmolytes (H" and CI') from
HCOs production and secretion that can potentially drive fluid absorption in the absence of
a net increase in NaCl. The transport of NaCl involves NaCl cotransport in parallel with
Na'™-K"-2CI cotransport, thus with calculations of the net solute fluxes at hand an attempt
was made to define the relative contrbutions of NaCl-driven, solute-linked water transport

from the process of HCO; secretion and precipitation for these calculations. The sum of the
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net fluxes of Na" and K" were therefore considered to be associated with an equal net flux
of CI.. By taking the molarity of water as 55.56 M and assuming tha the associated fluid
being absorbed under these conditions was iso-osmotic to the perfusion saline the
stoichiometric relationship between water and solutes in the absorbed fluid was calculated
as 170 moles water: 1 mole solute (at an osmolality of 326 mOsm kg™). Using this

information it was possible to calculate thetheoretical rate of
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Figure 5.10: The relationship between the rate of fluid transport (ml kg h™") predicted to be

associated with HCOj; production, secretion and precipitation, and the total rate of HCOs~

secretion (UEg kg h") by the intestine of the flounder folbwing perfusion with varying

concentrations of calcium, control (10 mM).40 mM and 90 mM over a total of 3 days (n =

8. 7 and 8 for the control, 40 mM and 90 mM treatments, respectively).

fluid absorbed perkg body weight (ml kg™ h'') associated with Na', K" and CI (i.e. solute-
linked water transport). By subtracting this value from the actual measuredrate of fluid

absorption it was possible to derive the theoretical contribution made by HCO;™ production,
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secretion and precipitation to fluid transport. Interestingly, there proved to be a significant

relationship between this rate of fluid absorption and total HCO;™ secretion (Figure5.10).

5.5.1 A hypo- or hyperosmotic absorbate?

Curiously, the slope of the regression shown in Figure 5.10 equates to 254 moles water
absorbed per mole HCO;™ secreted, and compared to the iso-osmotic relationship quoted
above (170 moles water: 1 mole solute) suggests that the fluid absorbed in associdion with
HCOs; would be distinctly hypo-osmotic (~219 mOsm kg ") compared with the perfusion
saline (~326 mOsmkg™"). However, based on the net fluxes of all neasured ions (Na*, K*,
CI, Ca*", Mg*" and H") from the perfusion saline, and assuming an overall osmotic
coefficient of 0.9, the osmolarity of the fluid absorbed from the intestine was in fact the
opposite and distinctly hyper-osmotic with calculated osmolarties of 448 +25, 406 £9 and
388 +13 mOsm 1" for the control, 40 mMand 90 mM treatments, respectively

There are a number of possibilities that can account for the progressive reduction in
osmotic pressure of fluids along the intestine and general hypo-osmolarity of the rectal
fluid in relation to blood plasma. Firstly, this is the result of CaCO; precipitation, reducing
the osmotic influence of Ca** in the lumen (Wilson et al., 2002). Secondly, following
absorption of the majority of NaCl this leaves behind a fluid rich in MgSO, which has a
lower osmotic coefficient and therefore exerts a reduced osmotic pressure (Taylor and
Grosell, 2006b). One further (and somewhat controverdal) suggestion is the absorption of a
hyper-osmotic fluid from the intestine which will also assist this reduction in osmotic
pressure (Shehadeh and Gordon, 1969; Skadhauge, 1974; Grosell, 2006; Grosell and
Taylor, 2007). This would be in marked contrast to the i9-osmotic, or near iso-osmotic,
fluid absorbed by othervertebrate epithelia (Curran, 1960; Diamond, 1964; Spring, 1999;
Larsen et al., 2002). A number of in vivo and in vitro studies have apparently demonstrated
this latter phenomenon ofa hyper-osmotic absorbate. For example, the fluid absorbed
following perfusion of the European eel (Anguilla anguilla) intestine with diluted seawater
was hyper-osmotic to the blood plasma (Skadhauge 1969; 1974). Similarly, early in vitro
experiments by Howse and Green (1965) using short-horned sculpin (Cottus scorpius) and a
more recent review spanning a range of species, including the flounder (Grosell, 2006),

have all indicated a hyperosmotic absorbate.
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Using gut sac preparations fromthe toadfish (Opsanus beta), Grosell and Taylor (2007)
have shown that in the absence of an osmotic gradient and under near symmetrical
conditions (i.e. high NaCl, low MgSO.), the absorbed fluid was iso-osmotic (299 mOsm 1)
similar to other fluid transporting epithelia. Yet, when presented with in vivo-like
conditions (low NaCl, high MgSO,) the absorbate washyper-osmotic (380 mOsm1"). It
was predicted that luminal osmotic pressurewas higher due to the elevated HCOs secretion
under the latter conditions which incurred higher rates of CI' and H" absorption (arising
from anion exchange and CO, hydration, respectively). However, these observations and
those mentioned previously are all based on ion fluxes in relafon to the mucosal saline, and
as pointed out by Grosel and Taylor (2007) donot represent actual conditions across the
epithelia. It is particularly important to bear this point in mind because if the intestine were
actually absorbing an increasingly hyper-osmotic fluid in relation to elevated HCO5
secretion this would directly contradict earlier work by Wilson et al. (2002) who found a
significant reduction in osmotic pressure of the blood plasma by 7 mOsm kg™ associated
with elevated intestinal HCO;™ secretion rates. Indeed, for the present study, blood plasma
had been reduced 18 mOsm kg™ by day 3 of perfusion with 40 and 90 mM Ca**, compared
with the control (Table 5.3) which is consstent with the prediction of a hypoosmotic
absorbate (Figure 5.10). The question therefore becomes how is it possible to absorb a

hyperosmotic fluid fromthe intestine but actually reduce the osmotic pressure ofthe

surrounding body fluids?

5.5.2 A role for CO; in intestinal fluid absorption

Given the increasing proportion of H in the absorbed fluid, from 24 % in controls up to 40
% at 90 mM Ca**, inferred from Figure 5.8, such an acidic fluid (pH <1) would need to be
buffered. Therefore, one way to achieve a hypoosmotic absorbate would be the conversion
of H" into CO, in the interstitial fluid before entering the portal vein where it would be
transported in the blood and removed at the gills (Figure 5.11). This is similar, in principal,
to how the mammalian duodenum neutralses large amounts of gastric acid,by secreting
HCOy™ into the lumen and absorbing the resulting CO; into the body (Mizumori ef al.,
2006). In addition to the presence of increasing rates of H" (produced endogenously during
the formation of HCOs") which were subsequently excreted into the surrounding seawater

in association with elevated luminal C&" (indicated by Figures5.7-5.9), observations of
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blood acid-base parameters also lend some support to this hypothesis. Blood pH was
typically reduced by more than 0.1 pH units in the high Ca*" treatments (Table 5.3),
indicating an increased burden ofacid, and along with a significant elevation of plasma
PCO:; in fish perfused with 90 mM Ca*" (Cooper, C. A., Whittamore, J. M. and Wilson, R.

W., in preparation), would be consistent with increased amounts of CO, entering the

bloodstream.
Perfusion saline
(~326 mOsm kg™)
CaCO, + H,0 + CO, == Ca? + 2HCO;’ NKCC LUMEN
[ cr Natct |
v
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\ El |2| |\—\Hyper-osmotic fluid
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Figure 5.11: A proposed model illustrating the potential pathway for the removal of excess

H" arising from intracellular CO, hydration (1). The resulting H" will be preferentiall

extruded across the basolateral membrane (2) as part of the hyper-osmotic absorbate. In the

sub-epithelial compartment H” will be buffered by HCO;” producing CO, which may well

involve an extracellular carbonicanhydrase, CA? (3). This reaction will effectively remove

the osmotic influence of these ions in the sub-epithelia and contribute to a substantial

reduction in osmotic pressure wihin this compartment. The resulting CO, can then enter
the venous blood (4) where it will have the effect of reducing pH and increasing PCO,

before being removed at the gills. This CO, could also potentially recycle back across the
basolateral membrane into the cell (5) to support further HCOs™ production. In addition,

HCOs” consumed in the production of CaCO; will also yield CO, which could similarly
recycle back into the cell (6).
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The conversion of H" into CO, would not only consume H" in the absorbed fluid but also
HCO;s™ in the sub-epithelial interstitium, and since CO, will exert a negligible osmotic effect
will offer a considerable osmotic gain in terms of fluid absorption. With greater proportions
of H" expected in the absorbed fluid at higher rates of HCO; secretion (Figures 5.75.9),
this could conceivably produce the increasingly hypoosmotic absorbate predicted from
Figure 5.10 and lead to the observed reducton in osmolality of the blood plasma (Table
5.3). Interestingly, if all of the H" in the absorbed fluid were removed as CO» into the
bloodstream (or recycled back into the cell), then as predicted by Figure 5.11, this does
indeed produce a hypoosmotic absorbate, becoming increasingy so at higher rates of
intestinal HCOs secretion and precipitation as shown in Figure 5.12 (F; 20 =23.68,P =
<0.001).

As shown by the model in Figure 5.11 there is also a link with CaCOs precipitation and the
fate of its by-products, namely H" (in the form of CO,) which canrecycle back into the cell.
This supposition is corroborated by observaions that the process of CaCO; crystal
formation takes place veryclose to the apical membrane, from surveys by electron
microscopy (Humbertet al., 1986; 1989), and could therefore involve an external,
membrane bound carbonic anhydrasebased on evidence gathered from the eel (Maffia et
al., 1996) and rainbow trout (Grosell et al., 2007). In fact, as there are up to 3 potential
sources of CO, fuelling HCOs™ secretion: (1) cellular metabolism, (2) dehydration of HCOs
in the sub-epithelia and (3) CaCO; precipitation in the gut lumen, this model may also
explain why HCO;™ production appeared to be almost exclusively derived from intracellular

CO; hydration, even at the highest rates of secretion (Table 5.3; Figures 5.8
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Figure 5.12: The relationship between calculated osmolarty of the absorbed fluid (mOsm I

"), minus the contribution of H', and the measured total rate of HCOj5™ secretion (umol kg™

h™) by the intestine of the flounder following perfusion with varying concentrations of

calcium, control (10 mM), 40 mM and 90 mM over a total of 3 days (n= 8. 7 and 7 for the

control. 40 mM and 90 mM treatments. respectively).

and 5.9), even though it has been predicted that a high demand for intestinal HCO5
secretion would be likely to draw upon exogenous sources of CO; in the plasma (Wilson
and Grosell, 2003). In summary, analysis of the data from the present study has provided
further evidence for the participation of HCO;™ production, secretion and CaCOs
precipitation in fluid absorption by the marine teleost intestine, and highlighted some of the
underlying intricacies behind this novel mechanismof water transport. The potential
involvement of CO, moving between the lumen,epithelia and blood, supporting intestinal

HCOs secretion, CaCO; precipitation and fluid transport, offers an attractive explanation
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for the above experimental and theoretical observations, and a fascinating area for further

investigation.

5.6 The role of intestinal CaCQ; precipitation in Ca** homeostasis

By drinking the surrounding seawater the rate of Ca*" entering the gastrointestinal tract of
marine fish is essentially a continuous process and considering how tightly regulated Ca**
is in both the cytosol and extracellular fluids the intestine will have an important role in
modulating the entry ofthis ion into the body. With increasing amounts of Ca®* entering the
intestine across treatments, Figure 5.5A shows that there wereincreasing amounts of Ca*
unaccounted for in the precipiates or fluid which could amount to absorption. These
potential absorption rates were 15.2 +1.8,37.1 #4.1 and 80.9420.4 umol kg h' from the
control, 40 mM and 90 mM treatments, respectively (Figure 5.5A) and compare well with
previous estimates of intestinal Ca** uptake by the rainbow trout at 17.9 umol kg' h'
(Shehadeh and Gordon, 1969), 29.2 umol kg' h! by the southern flounder, Paralichthys
lethostigma (Hickman, 1968¢) and 20.0 pmol kg' h' for Atlantic cod, Gadus morhua
(Bjornsson and Nilsson, 1985).

However, additional work on Ca** fluxes by the intestine of the Atlantic cod revealed that
the actual rate of Ca’>" absorption was approximately 10 times lower than these estimates (at
2.6 umol kg' h"), and the vast majority of this apparent absorption was in fact Ca*
‘trapped’ within the mucus layer (Sundell and Bjornson, 1988). A similar suggestion was
made by Wilson and Grosell (2003) after finding that only 0.5-1.5 % of perfused **Ca could
be detected in the extracelldar fluid, urine and external seawater despite up to 20 %
perfused Ca** being unaccounted for They considered the possibility that they had only
measured Ca’" in precipitates that had aggregatedtogether and separated from the mucosal
surface, thus there may be a substantial portion of Ca*" within the mucus layer as
crystalline precipitates. This is supported by the work of Humbert et al. (1986; 1989)
finding that intestinal mucus created dense, localised concentrations of Ca*" from which
CaCQO; crystals developed in the seawater-adapted eel intestine. Since the gills do not
participate in the excretion ofdivalent ions (Flik and Verbost, 1993) any Ca** absorbed by
the intestine, and not sequestered by any of the internal pools (such as bones, otoliths,
scales, gonads etc.), will be removed by the kidneys which are very limited in their ability

to excrete Ca?*. Given the infrequent and small amounts of urine produced by narine
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teleosts (Marshall and Grosell, 2006) it is not surprising that the renal excretion rates of
Ca’" are low, estimated at 4.2 umol kg' h™! for the Atlantic cod (Bjornsson and Nilsson,
1985) and 3.3 pmolkg" h' for the southern flounder (Hickman, 1968c).

5.6.1 Calculating the rate of intestinal Ca** absorption

Further evidence that this unaccounted fraction of Ca** shown in Figure 5.5A was not being
absorbed and sequestered by the body is illustrated by calculation of the potential Ca**
requirements of these fish. From the life history parameters for the European flounder
presented by Saeger (1974) the average growth rate, in terms of mass, for the size of
flounder used in this study was calculated to be 46.5 g per year. Unable to find any
published values of whole body Ca*" content for the flounder, prior estimates (given per kg
wet weight) for other species inclide 5.16 g Cakg™! for rainbow trout (Shearer, 1984) and
3.35 g Cakg for adult Atlantic salmon, Salmo salar (Talbot et al., 1986). Based on this
information the Ca?* requirement for a year of growth was calculated as being equivalent to
an intestinal absorption rate of 1.5 +0.1 pmol kg' h™', very similar to the prior estimate of
2.6 umol kg' h! for cod using **Ca (Sundell and Bjornsson, 1988). Taken together, an
estimate of absorption based on potential body Ca** requirements along with low renal
excretion rates are able to explain little more than a third of the 33 % of perfused Ca*

which was left unaccounted for in the control treatment.

5.6.2 Regulating intestinal Ca** transport

Irrespective ofthe fate of Ca* in these experiments, measurements of plasma over the
course of each perfusion, revealedstable Ca*" concentrations across all treatments (Table
5.3) indicating no significant perturbation of whole body Ca** balance which was very
impressive after sustained perfusion with 90 mM Ca**. Similarly, Wilson and Grosell
(2003) found Ca?* homeostasis unaffected following increases in the concentration of Ca*
in the surrounding seawater up to 70 mM. Even though 46 to 73 % of perfused Ca*" was
being removed as CaCO; in the present study (Figure 5.5A) there were also substantial
portions dissolved in the rectal fluid (particularly at 90 mM) suggesting the epithelium
itself must also beeffective at restricting excessive Ca?* entry into the body (Table 5.4).

Therefore, discussion of the regulation of intestinal Ca*" absorption would not be complete
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without recognising some of the endocrine factors involved in controlling and coordinating
the mechanisms behind this intricate homeostasis.

Stanniocalcin (STC) and a number of vitamin D metabolites have been identified as the
principal anti-hypercalcaemic factors in marineteleosts having direct effects on intestinal
Ca*" transport. STC is produced by the corpuscles of Stannius, which aresmall glands
located on the surface of the kidneys, and exerts its effect by decreasing the active uptake
of Ca** by the gills and intestine as well as the renal handling of Ca®* (Sundell et al., 1992;
Flik and Verbost, 1993; Flik et al., 1995; Larsson, 1999). Interestingly, the secretion of STC
is considered to be under the control of a CaR, where it can operate by detecting changes in
circulating Ca** (Radman et al., 2002) or via the caudal neurosecretory sysem (Ingleton et
al., 2002). Vitamin D metabolites are lipid soluble steroid hormones, and unlike the peptide
hormone STC, can cross the cell membrane thus their mechanisms of control can differ,
ranging from slow genome-mediated resporses such as transcriptional events of Ca*
binding proteins and transpotters within the cell (Sundell et al., 1993; 1996) to rapid
(within minutes) non-genome mediated effects that modulate the C&" transporting capacity
of the intestine (Larsson, 1999).Interestingly, the vitamin D metabolite, 24,25-
dihydroxyvitamin Ds has been shown to inhibit intestinal Ca*" uptake in Atlantic cod
(Larsson et al., 2002) and rainbow trout (Larsson et al., 2003), and the regulation of
receptor expression for this and other vitamin D metabolites with similar effects on Ca**
transport are considered to be under the control of a calcium-sensing receptor (Larsson et
al., 2003).

5.6.3 Summary

Following extended perfusion with up to 90 mM Ca?* there were no obvious disturbances
in whole animal Ca*" balance. The absorption rate of Ca*" from the intestine is likely to be
much smaller than indicated by the amounts left unaccounted for, since the portion of Ca**
recovered as precipitates will be greater than measured due to the time taken for
aggregation of CaCO; crystals from the mucus layer After considering the limited capacity
for excretion via the kidneys and taking into account potential Ca** requirements of these
fish it can be concluded that precipitation does indeed play a key role in systemic Ca**
homeostasis and combined with modulation of the various Ca** transport processes this

presumably makesthe intestine very effective at regulating Ca*" uptake.

211



Chapter 5

212



Chapter Six

The regulation of intestinal HCOj secretion by the seawater-
adapted Kkillifish (Fundulus heteroclitus L.)
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1. Summary

The present study set out to investigate the regulation of HCO;™ secretion by Ca’* using the
killifish intestine, with a view to establishing a role for the calcium-sensing receptor (CaR),
as well as some of the characteristics of HCOs™ secretion by this species. Experiments
employed the Ussing chamber, with pH stat titration as an in vitro alternative to the gut sac.
The baseline rates of HCOs™ secretion by the killifish intestine at 25 °C were between 0.6
and 0.8 uEq cm™ h™'. Approximately 75 % of secreted HCO;™ was deemed to have
originated from endogenous CO, hydration, following omission of serosal HCOy/CO,, and
this conclusion was further supported by the insersitivity of HCO; secretion to serosa
DIDS. Application of mucosal DIDS however, reduced HCO; secretion by around 37 %,
offering evidence toward the presenceof apical CI/HCO; exchange, although the majority
of HCOs™ secretion was lkely to exit via an alternative conductive pathway. Despite
bearing such similar characteristics to the European flounder, HCO;™ secretion by the
killifish intestine did not share a similar response to mucosal Ca*". Increasing luminal Ca*
concentration from 5 to 20 mM (using CaCl,) was without effect. By way of control, the
addition of 15 mM Mg*" (as MgCl,) in a separate set of experiments also left HCQ-
secretion unaffected. Similar experiments furtherexamined the potertial influence of ionic
strength and/or osmolality of the mucosal saline on the response of the putative CaR to
Ca®", but to no avail, suggesting that the stimulation of HCO;™ secretion by C&" (via a CaR)
is not necessarily aubiquitous trait amongst marine teleosts. The addition of both CaCl,
and MgCl, also increased the concentration of mucosal Cl" by 30 mM and osmotic pressure
by ~40 mOsm 1", resulting in a significant hyperpolarisation of the epithdia, along with an
increase in ionic permeability. This was considered the result of elevated Cl absorption
from mucosa to serosa via a conductive pathway, such as the cystic fibrosis transmembrane
regulator (CFTR). Further trials revealed a quite different osmotic stress response after
increasing the osmotic pressure of the mucosal saline wth the non-ionic osmolytes
mannitol and sucrose, resulting in an immediate reduction in HCOs™ secretion. In some
cases there was a complete abolition of luminal alkalinisation followed by gradual
acidification of the mucosal saline. It was hypothesised that this response to elevated
mucosal osmotic pressure was the result of a shift in the direction of H" secretion (from

basolateral to apical), which would have the effect of titrating mucosal HCO; thus helping
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reduce luminal osmotic pressure. However, subsequent experiments measuring basolaeral
H" secretion were unable to detect this anticipated shift in H" secretion and afterruling out
a role for apical Na'/H" exchange, further work is necessary to help understand this

response.

2. Introduction

The failure to demonstrate arole for Ca** in the stimulation of intestinal HCO; secretion
using an in vitro gut sac preparation from the European flounder (Chapter 4), was very
perplexing given the convincing evidence for Ca**-mediated HCO5 secretion from previous
in vitro experiments, which had employed the Ussing chamber technique with pH stat
titration (Wilson et al., 2002). The lack of progress using the paired gut sac methodology
was becoming increasingdy frustrating, and continued to fuel curiosity about whether the
reason for this discrepancy lay with these two in vitro techniques. The present chapter
describes experiments conducted during a visit to the laboratory of Dr. Martin Grosell at
the University of Miami (Florida, USA), which was an exciting opportunity to gain some
experience ofthe Ussing chamber technique (with pH stat) and apply it as part of
investigations into the regulation of intestinal HCOs secretion by Ca*. It was hoped that
this would result in progress toward demonstraing a potential, functional role for a

calcium-sensing receptor (CaR) in the marine teleost intestine.

2.1 The Ussing chamber

Named after its inventor, the late Danish physiologist Hans Ussing, the Ussing chamber
was introduced in the midtwentieth century as a means of studying ion transport and
equivalent electric currents acrossisolated frog skin (Ussing and Zerahn, 1951).
Interestingly, this work is credited, amongst others, with helping set the stage forthe
modern era of epithelial transport physiology (Schultz, 1998). Furthermore, from what was
a relatively simple design concept this technique has become a very powerful tool for
studying the properties of transporting epithelia in vitro, finding a broad range of

applications in cell and tissue research.
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Compared with the gut sac preparation described in previous chapters, the Ussing chamber
set up consists of the isolated, excised epithelium mounted as a flat sheet, typically in a
vertical orientation, secured between two half-chambers which connect together to form a
single unit (chamber) with the mucosal and serosal sdes separated by asmall, exposed area
of tissue (Figure 6.1). Unlike the mucosal saline which is sealed within the gut sac and not
gassed or stirred, leading to potentially limiting effects on transport processes (discwssed in
Chapter 4, Section 5.1), these artifacts are minimised in the Ussng chamber as both sides
of the tissue are simultaneously gassed and stirred thus providing the assurance of adequate
oxygenation as well as reducing unstirred layer effects.

With such a small area of epithelia exposed to a considerably larger volume of saline the
ratio of chamber volume to surface area makes it extremely difficult to monitor fluid
movements by the tissue (likely to be in the nano-litre range). However, with gut sacs this
ratio is reversed permitting the recording of measurable volume flows across the epithdia
along with simultaneous measurements of net solute transport. In contrast, the transport of
ions by epithelia in the Ussing chamber is typically represented as equivalert electrical

currents and/or fluxes of specific radioactive tracers.

2.2 Measuring HCO; secretion in the Ussing chamber
By incorporat'ﬂg a pH stat tggadion system it is also possible to record the rate of mucosal

alkalinisation. A pH electrodi submerged in the mucosal half-chanber is used to monitor
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Figure 6.1: A) A schematic drawing of a circulating Ussing chamber based on the design

used in the present study. B) A plan view of the two halves of the tisue mount inserted

between the two half chambers. A small flat section of intestine with the mucosal surface

uppermost was placed acrossthe aperture of the serosal mount, held in place by pins on

either side. The mucosal half of the mount wasthen placed on top. leaving the mucosal and

serosal surfaces of the tissue exposed, ready to be secured between the two halves of the

Ussing chamber as shown in partA.
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In previous studies, the Ussing chamber technique, with pH stat titration, has been
successfully applied to investigations of intestinal HCO;™ secretion by anumber of marine
species including the Japanese eel, Anguilla japonica (Ando and Subramanyam,

1980), goby, Gillichthys mirabilis (Dixon and Loretz, 1986), European flounder (Wilson et
al., 2002; Wilson and Grosell, 2003) andtoadfish, Opsanus beta (Grosell and Genz,2006).

2.3 The euryhaline killifish

The species chosen forthis work was the common killifish or mummichog (Fundulus
heteroclitus) which is found along the eastern coast of North America from Texas on the
Gulf of Mexico to the Gulf of St. Lawrence, Canada (Scott and Scott, 1988). The killifish is
a small, inter-tidal species occupying salt marshes and estuaries in coastal regiors where it
is likely to encounter regular fluctuations in salinity, as well as other potential
environmental variables such as dissolved oxygen, pH and temperature (Burnett et al.,
2007). The physiological adaptations and tolerances of this species together with its
abundance, ease of collection and amenity to aquariumconditions, have made the killifish a
popular experimental model (Atz, 1986; Burnett et al., 2007).

The killifish is perhaps mostrenowned for its broad tolerance of salinity, ranging from
freshwater through to hyper-salinities of up to 120 ppt, 4 times stronger than regular
seawater (Griffith, 1974). In common with other teleosts, the killifish drinks at comparable
rates when in hyperosmotic media (Potts and Evans, 1967; Malvin et al., 1980; Scott et
al., 2006). The gastrointestinal tract is extremely simple and does not possess a stomach
instead the oesophagus joins directly to the anterior integine, the latter acting as a
receptacle for food (Babkinand Bowie, 1928). To date, the majority ofinvestigations into
the euryhalinity of this species have largely focussed on the function of the gills, in
particular the chloride cells of the opercular epithelium, (reviewed by Karnaky, 1986;
Wood and Marshall, 1994; Hoffman et al., 2007). The ion transporting characteristics of the
intestine appear to have received considerably less attention, being represented by only a
handful of studies, including Marshall et al. (2002) and Scott e al. (2006). In spite of this,
the intestine of the killifish does display substantial rates of intestinal HCO; secretion (M.
Grosell, personal communication), and with intestinal CI" fluxes in excess of Na’ (Scott et
al., 2006), suggests a role for CI/HCOs™ exchange (Grosell, 2006).
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The killifish was therefore considered a suitable model to continue exploring the
mechanisms behind HCO;™ secretion in seawateradapted teleosts. It would be very
interesting to discover whether the stimulation of intestinal HCOs secretion by C&" is a
ubiquitous trait amongst teleost species. Forexample, olfactory sensitivity to changes in
environmental Ca*" concentrations is considered a widespread phenomenon in teleosts
having been demonstrated for euryhaline (Bodznick, 1978; Hubbard et al., 2000) and
freshwater species (Hubbardet al., 2002), along with compelling evidence that these
responses are conferred by a calcium-sensing receptor, CaR (Hubbard et al., 2002). As yet
the CaR from the killifish has not been fully described, and appears limited to a brief report
which found significantly increased mRNA expression for a CaR in the gills and kidney

following transfer from freshwater to seawater (Baum et al., 1996).

2.4 Does ionic strength influence intestinal HCOs secretion?

The (human parathyroid) CaR is known to be modulated by the ionic strength (but not
osmolality) of the surrounding medium, whereby sensitivity of the receptor to its agonists
is enhanced following a reduction in ionic strength (Quinn et al., 1998). Based on these
findings it was subsequently proposed that the prevalence of monovalent ions, such as Na",
at higher ionic strengths will act to shield polycationic ligands (i.e. Ca’* and spermine)
from attaching to their binding sites on the extracellular domain of the CaR, hence reducing
their affinity for the receptor (Quinnet al., 1998). These observations on the mechanism of
receptor function are also shared by CaRs from fish, including the dogfish (Squalus
acanthias), where activation of the CaR by either Ca*" or Mg*" is indirectly proportional to
NaCl concentrations (Nearing et al., 2002; Fellner and Parker, 2004). Similar Ca**-sensing
dependence on ionic strength has also beenconfirmed for the tilapia, Oreochromis
mossambicus (Loretz et al., 2004). Together these observations support the conclusion that
the CaR in teleosts acts as a salinity sensor (Nearing ef al., 2002), and the receptoris
thought to have originally evolved as part of the osmoregulatory strategy n fish (Hebert,
2004; Loretz, 2008).

Assuming that a CaR is indeed involved in the regulation of intestinal HCO;s™ secretion as
suggested by Wilson et al. (2002), this raised the question of whether ionic strength may
influence CaR function. For example, as seawater is processed along the intestine the

concentration of Na' is typically reduced from around 170 mM as it enters the anterior
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intestine from the stomach, to 30 mM in the rectum (Personal observations from the
European flounder). Based on the changes in EG for receptor activation versus
extracellular Na" concentration for the CaR isolated from the dogfish kidney (Nearing et
al., 2002), and assuming a similar range of sensitivity for an intestinal CaR, this change in
Na" concentration along the gut would reduce the ECs, of the CaR for Ca** from around 9
to 2 mM. Thus, as seawater is processed along the intestine the sensitivity of the CaR to
Ca’* could be enhanced more than 4-fold. If HCO5™ secretion by the kilifish intestine were
found to be stimulated by Ca*" then manipulating the ionic strength of the mucosal saline
may offer some valuable insight into the underlying mechanism and the regulation of
intestinal HCOs™ secretion in vivo. Alternately, if Ca** failed to stimulate HCOs™ secretion
then these experiments would be equally useful to rule out the compostion of the mucosal

saline as a factor.

2.5 Aims and objectives

Employing the Ussing chamber in conjunction with a pH stat system, the aim of this study
was to determine whether elevated luminal Ca*" concentration stimulated HCOs™ secretion
by the intestine of the euryhaline killifish. Experiments also sought to address the role of

ionic strength and osmotic pressure in further modulatng intestinal HCOs™ secretion.

3. Materials and Methods

3.1 Experimental animals

Killifish, Fundulus heteroclitus (n = 63, body mass 3.90 +0.12 g and 6.7+0.1 cm total
length) from St. Augustine (FL, USA) and Woods Hole (MA, USA) were shipped to the
aquarium facilities at the University of Miami, Rosenstiel School of Marine and
Atmospheric Sciences. On arrival the fish werequarantined and subject to a prophylactic
treatment for ectoparasites consisting of malachite green (final concentratbn 0.05 mg1"') in
formalin (15 mgl"') (Aquavet, CA, USA), and afterwards held in 80 litre glass tanks
receiving a continuous flow of filtered,aerated seawater (salinity 33-35 ppt, 22-26 °C from

Bear Cut, FL). Food was typically withheld for 24-48 hours prior to experimentation
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otherwise fish were fed a commercial pellet feed (Aquatic Eco-Systems, FL, USA) to

satiation every other day.

3.2 General experimental protocol

Fish were terminated by asharp blow to the head, destroying the brain. An incision was
made just behind the pelvic girdle and the abdominal cavity opened by carefully cutting
along the ventral axis of the body towards the head until level with the pectoral fins. The
intestine was gently exposed and asection (approximately 1 cm in length) was cut from the
anterior region and opened up to aflat sheet with a single longitudinal cut and carefully
mounted in the tissue mount exposing a gross surface area of 0.3 cm”. The tissue was
subsequently secured between two half chambers (P2400, Physiologic Instruments, CA,
USA) and bathed with 1.6 ml of the appropriate, pre-gassed saline in each half-chamber.
Each saline was simultaneously mixed and gassed throwgh airlifts with an approprate
humidified gas mixture, typically 100 % O, in the mucosal saline and 0.3 % CO, (O,
balance) in the serosal saline (Table 6.1), to mimic in vivo serosal conditions. The Ussing
chamber was mounted in athermostatically controlled chamber holder and the preparation
maintained at 25 °C.

Current and voltage electrodes wereconnected to anamplifier (VCC600, Physiologic
Instruments) recording the transepithelial potential (TEP), with the current clamped at 0
pA. TEP was measured in mV in relation to the serosal saline, and was always negative
indicating an overall, net active transport of negative chage from mucosa to serosa. To
measure transepithelial conductance (Gy), the amplifier was set up to deliver a current pulse
of 30 pA (of 3 second duration) every 60 seconds across the tissue, from mucosa to serosa,
and based on the resuliing change in TEP allowed for calculation of G, using Ohms Law
(equation 1).

To permit current pulsing during pH stat titration the auto-titrator was grounded to the
amplifier. Each chamber was supplied with 4 electrodes (2 x Ag/AgCl pellet electrodes for
voltage and 2 X Ag wire electrodes for current) which were connected to the mucosaland
serosal salines by agar-salt bridges. To create the agar bridge tapered polyethylene
electrode tips (Physiologic Instruments) werepart-filled with a heated solution of 2 % agar
(w/v) dissolved in 3 M KCI and allowed to set. The electrodes were then screwed into these

polyethylene tips which had been filled with 3 M KCI, on top of the set agar (while
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avoiding any air bubbles), and the agar bridges fitted into the front of chamber (Plate 1).
Both current and voltage measurements could then be logged ono a personal computer
using BIOPAC Systems (CA, USA) interface hardware and AcqKnowledge software
(version 3.8.1).

The pH-stat titrations were performed on the mucosal saline (except during measurement
of basolateral proton secretion, see further on), by placing a combination pH electrode
(PHC4000.8, Radiometer, Denmark), and tip of a micro-burette (ABU901, Radiometer)
into the mucosal half of the chamber, which were connected to an auto-titration system
(TIM 854 or 856, Radiometer). The completed experimental set up, with all aspects of the
Ussing chamber plus pH stat titration in place, is shown in Plate 6.1.

Once the tissue had stabilised and secreted sufficient HCO;™ equivalents (HCO; + 2CO5%)
for the mucosal saline pH to reach 7.8 (typically, 30 to 90 minutes), the pH stat titration
automatically commenced. Mucosal pH was maintained at 7.800 (x0.003 pH unis) by the
addition of acid (0.005 N HCI) delivered via micro-burette which ttrated the HCOy
equivalents to volatile CO,, which was removed by gassing with 100 % O,. The rate of acid
addition and mucosal saline pH were logged onto a personal computer using Titramaster
software (versions 1.3 and 2.1) every 10 seconds. The secretion rates of HCOs™ equivalents
were calculated from linear regression analysis of the amount ofacid required to maintain
pH at 7.8 over each 10 minute time period and were reported as a function of surface area
(e
rate
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Plate 6.1: The Ussing chamber set up with pH stat (micro-burette and pH electrode)
showing the tissue mounted between thetwo half chambers. Separate gas supply lines
provided simultaneous gassing and mixing of the mucosal and serosal salines bathing the
tissue in each half chamber. A set of current-passing electrodes (whie) and voltage-sensing
electrodes (black) are fitted into each half chamber via an agar-salt bridge to monitor the

electrophysiological parameters of the tissue. The wires leading from the electrodes on the

serosal side are grounded to the auto-ftrator to enable currentpulsing during the recording
of pH stat titrations.

3.3 Stimulation of HCO; secretion by Ca*

Using the regular mucosal and serosal salnes listed in Table 6.1 the first set of experiments
set out to investigate whether HCOy™ secretion by the killifish intestine is stimulated by
Ca*", as observed for the European flounder using the same in vitro experimental approach
described by Wilson et al. (2002). Once the control period was established, the mucosal
saline was spiked with 15 mM Ca*" (added as 1 M CaCl,), thus raising the Ca*"
concentration from 5 mM to 20 mM, and the effects on HCO;™ secretion and
electrophysiological parameters were followed for a further 60 minutes. To confirm that
any response was specific to C&" and not a result of the increasein osmotic pressure or CI
concentration, a separate set of experiments were carried out but spiking the mucosal saline

with 15 mM Mg?** (added as 1 M MgCb) instead.

3.4 Is HCOys secretion modulated by ionic strength and/or osmolality?
The calcium-sensing receptor (CaR) is considered to act as a salinity sensor in marine
teleosts (Nearing et al., 2002) and the sensitivity of the receptor to its primary ligand (i.e.

Ca’") is modulated by the ioric strength (but not osmolality) of the surrounding medium
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(Quinn et al., 1998; Nearing et al., 2002; Fellner and Parker, 2004; Loretz et al., 2004).
Assuming the involvement of a CaR in the stimulation of HCOs™ secretion by the killifish
intestine the next set of experiments set out © test whether the response of HCO;™ secretion
to Ca’" is similarly attenuated by altering the osmotic pressure or ionic strength of the
bathing salines. The first of these trials employed a mucosal saline of reduced ionic
strength (but with the osmotic pressure compensated by mannitd, see Table 6.1) and the
mucosal half-chamberspiked with 15 mM Ca**, following a control period and monitoiing
the effects on the tissue. As before, these same experiments wererepeated but with the
addition of 15 mM Mg*" in place of Ca®*. The next set oftrials employed the same
approach (spiking the mucosal half-chamber with Ca** and Mg*"), but used a reduced
osmolality mucosal saline (i.e. without mannitol). These experiments also required the
design of a serosal saline with reduced osmolality to ensure the absence of any
transepithelial osmotic gradiert, while maintaining an ionic composition similar to what

would be experienced by the tssue in vivo (Table 6.1).

3.4.1 Effects of mucosal hyperosmolarity

The additions of CaCl, and MgCl will not only increase ionic strength (by 45 mM) but
also the osmotic pressure of the mucosal saline by around 40 mOsm kg™'. In addition to the
possibility of Ca**-mediated regulation of HCOs™ secretion, Grosellet al. (2007) have
predicted that luminal osmotic pressure may trigger a shift in the direction of H" secretion
from basolateral to apical. As discussed in the previous chapter (Chapter 4, Section 5.2.2),
this would effectively titrate secreted HCOs™ (to CO, and H,O) and consequently benefit
fluid absorption by reducing the osmotic pressurewithin the lumen. The following
experiments therefore assessed the influence of raising osmotic pressureonly, by initially
spiking the mucosal saline with an impermeable solute, either mannitol or sucrose (added
from a concentrated 1 M stock solution), to increase osmolality by approximately 40
mOsm kg'. After an hour the osmotic pressure of the serosal saline was subsequently
increased, restoring the transepithelial osmotic gradient and measurements recorded fora
further 60 minutes. For these, and the remainder of experiments detailed below, the reduced

osmolality mucosal and serosal salnes were employed (Table 6.1).

3.4.2 Source of HCO; secretion
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Considering the predicted effects of mucosal hyperosmolarity leading to a change in the
polarity of H" secretion, it was necessaryto assume that a large portion of secreted HCOs’
must arise fromintracellular CO, hydration, similar to other species such asthe flounder
(Wilson and Grosell, 2003) and toadfish (Grosell and Genz, 2006). However, preliminary
experiments have suggeded that the killifish intestine is in fact largely reliant on serosal
HCOs/CO, (Janet Genz, personal communication). To investigate this further the serosal
saline was substituted for a HCOs-free, buffered saline (Table 6.1). Once the control period
had passed the regular serosal salne was removed, the half-chamber rinsed twice, before

refilling with 1.6 ml of HCOs™-free, serosal saline which was then gassed with 100 % O..

3.4.3 Basolateral H' secretion in relation to mucosal osmotic pressure

If intracellular CO, hydration was shown to be a significant source for the supply of HCO5’
for apical secretion then substantial basolateral H secretion would be necessary to sugain
these processes (Grosell et al., 2005; Grosell, 2006; Grosell and Genz, 2006). This would
also offer the opportunity to detect any change in the direction of H" secretion (from
basolateral to apical) following an increase in mucosal osmolarity. The pH stat system was
subsequently modified to measure the rate of serosal acidification. The titrant was changed
to 0.005 N NaOH, rather than HCI, with the pH set point remaining at 7.800, typical of
teleost blood pH. The pH electrode and micro-burette werethen set up in the serosal half-
chamber where the serosal saline was completely unbuffered, containing neither HEPES,
HCO; nor PO,* and gassed with 100 % O, (Table 6.1). Experiments were conducted in the

same manner as described for the measurement of mucosal HCOs secretion (Section 3.2)

3.4.4 Mediation of apical HCO; and H" secretion

With the time constraints of this particular study, the final series of experiments attempted
to identify the transporters behind HCO;™ secretion and putative apical H' secretion. While
substantial physiological data has accumulated in support of the involvement of CI/HCO5’
exchange on the apical,and in some cases the basolateral membrane for the majority of
species examined (reviewed by Grosell, 2006), this has still to be fully characterised for the
killifish. Subsequently, experiments were carried out applying the well known anion
transport inhibitor DIDS (4,4'-di-isothiocyanatostilbene-2,2'-disulfonic acid disodium salt).
DIDS was dissolved in DMSO and after the 60 minute control period was applied to the
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mucosal half-chambergiving a final concentration of 10* M DIDS in 0.1 % DMSO, and
measurements followed for a further 60 minutes before application to the serosal saline.
The Na" channel blocker amiloride was also used in a separate set of experiments to asses
the presence of an apical Na'/H" antiporter. These were performed by a mucosal application
of amiloride, again dissolved in DMSO, and presented ata final concentration of 10* M in
0.1 % DMSO.

3.5 Buffer capacity of mannitol and sucrose

To rule out the possibility that the addition of osmolytes, mannitol and sucrose offered any
significant buffering capacity to the mucosal saline and could therefore influence the
alkalinisation rate of the mucosal saline a separate set of titrations were carried out on
arriving back at the University of Exeter. The auto-titrator employed was the same model
used for the previous pH-gat experiments (TIM 845 titration manager, Radiometer) but
with a different combination pH electrode (pHC2401-8, Radiometer) and burette (ABUS52,
Radiometer). Before commencing titration, a 20 ml aliquot of saline was pre-gassed for 1
hour with 100 % N> to remove CO, (similar to the pre-gassing routine during actual pH-stat
experiments which used 100 % O,). After this initial equilibration the pH of the saline was
recorded and 0.0005 N NaOH added steadily at a rate of 0.30 ml min™ while the sample
was continuously gassed and stirred, and the rise in pH monitored. All pH readings (to
within £0.003 pH units) and volume of base added (to the nearest ul) werelogged onto a
personal computer using Titramaster 85 software (version 3.1). The starting pH ofall the
salines was ~6.5, thus the buffer capacity of each saline was subsequently calculated as the
amount of baserequired to raise the saline pH from 7.000 to 7.800 remaining relevant to
the pH stat experiments. Buffer capacity was measured for the reduced osmolality saline

(Table 6.1), and subsequently with salines containing either 40 mM mannitol or sucrose.

3.6 Saline design and composition

The salines used in these experimentsare presented in Table 6.1 and based on the ionic
composition of the intestinal fluid and blood plasma from the killifish. On the morning of
each experiment, glucose was added to the serosal saline (and mannitol to the mucosal
saline as necessary) before measuring osmolalty (Wescor Vapro 5520) and adjusting as

required with deionised water so that both salines yielded an identical osmotic pressure.
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Each saline was then gassed cortinuously for at least 60 minutes with the appropriate gas

mixture prior to being aliquoted into the Ussing chamber.

3.7 Calculations

The resultant changes to TEP (APD) and current (AI) from baseline values duting pulsing
were calculated for every 5 minute time period overthe course of each experimentand
used to derive the transepithelial conductance (G, presented as mS cm™) at each time point

according to Ohms Law and calculated as:

G.=Al/ (APD x 0.3) (1)

where, 0.3 is the gross surfacearea (cm?) of the exposed epithelium.

Table 6.1: The composition of the mucosal and serosal salines emploved in the following

experiments displaying the concentration of each component (given in mmol I''), along

with the measured pH of the serosal saline (following equilibration with respective gas

mixture). Osmolarity was calculated fran the given osmotic coefficient (Robinson and

Stokes. 1965) of each component andpresented as mOsm 1™,

Mucosal salines Serosal salines

Regular Reduced Reduced Regular Reduced HCO; Buffer

ionic osmolality osmolality  free free
strength

NaCl 90.0 45.0 45.0 146.0 132.0 132.0 141.0
KCl 5.0 5.0 5.0 3.0 2.0 2.0 3.0
MgSO,.7H,O 80.0 80.0 80.0 0.9 0.9 0.9 0.9
MgCl.6H,O 15.0 15.0 325 - - - -
CaClL.6H,0O 5.0 5.0 5.0 2.0 2.0 2.0 2.0
NaHCO; - - - 8.0 8.0 - -
Na,HPO, - - - 0.5 0.5 0.5 -
KoHPO, - - - 0.5 0.5 0.5 -
HEPES - - - 4.0 4.0 4.0 -
(Free acid)
HEPES - - - 4.0 4.0 4.0 -
(Na' salt)
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Glucose - - - 6.0 6.0 6.0 6.0

Mannitol - 80.0 - - - - -

Osmolarity 319 319 282 314 286 270 286

pH 7.80* 7.80%* 7.80%* 7.83 7.83 7.80 7.80*

Gas mixture 100 % O, 0.3 % CO, 100 % O,
(O, balance)

*pH set point of the pH stat titration

3.8 Data presentation and statistics

The data are presented as means (+SE) and sequential paired t-tests used to evaluate
differences between individual time points post-treatment with a control value. The control
value was calculated fromthe average of the last 30 minutes ofthe control period prior to
treatment. To reduce the type-1 error rate following multiple paired comparisons a
modified Bonferroni correction of the probability values associated with each test was
applied (Holm, 1979; Sokal and Rohlf, 1994). Significant differences in buffer capacity
between mucosal salines were assessed by the non-paranetric Kruskal-Wallis test, as the
data failed to meet the assumptions of normality and equalty of variance associated with a
one-way ANOVA, and post-hoc, pair-wise comparisons weremade using Dunns procedure.
The results of all tests were accepted as significant at P <0.05. Statistical analyses were

carried out using Minitab v13.1 and graphs drawn with SigmaPlot v9.0.

4. Results

4.1 Stimulation of HCO; secretion by Ca*

There was no effect of increasing mucosal Ca** on HCOs™ secretion by the killifish intestine
using the Ussing chamber and pH stat system (Figure 6.2C). Electrophysiological
measurements showed that addition of either CaCl, or MgCl, led to a rapid and significant
hyper-polarisation of the epithelia (Figures 6.2A and D), combined with asignificant
increase in conductance (Figure6.2B and C), suggesting an increase in net, overall

negative ionic flux and the pemeability of the epithelia.
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Figure 6.2: Simultaneous measurements of transepithelial potential, TEP (mV),

transepithelial conductance, G (mS cm™?) and HCO; secretion (uEq cmi? h'!) from the

isolated anterior intestine of the killifish following the addition of 15 mM CaCl, (Panels A

to C), or 15 mM MgClL (Panels D to F) to the mucosal saline. Results are means +SE based
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on n = & and 6 for the CaCl, and MgCl, treatments. respectively. Means with asterisks are

significantly different from the preceding 30 minute control period. indicated by filled
circles or bars (P <0.05).

4.2 Is HCOys secretion modulated by ionic strength and osmolality?

Once again in the presenceof 20 mM Ca** there was no stimulation of HCOs™ secretion, in
fact there was an average 28 % decrease, although this was found to not be statistically
significant (Figure 6.3C). The corresponding set of ‘control’ experiments with MgCl, were
overshadowed by problems and preparations would struggle to reach pH 7.8 and even
begin the pH stat titration. For those tissue preparations tha were successful, baseline rates
of HCOs™ secretion were noticeably depressed, by approximately 50 % (Figure 6.3F),
compared with previous experiments using CaCl,. However, in spite of the reduced rate of
HCO;s secretion TEP appeared unaffected (Figures 6.3A and D), as well as conductance
(Figures 6.3B and E), and in general the baseline electrophysiological parameters were
comparable between treatments and demonstrated the sameresponse to both CaClL, and
MgCl,.
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Figure 6.3: Simultaneous measurements of transepithelial potential, TEP (mV),

transepithelial conductance, G (mS cm™?) and HCO;” secretion (uEq cmi? h'') from the

isolated anterior intestine of the killifish following the addition of 15 mM CaCl, (Panels A
to C), or 15 mM MgClL (Panels D to F) to the ‘reduced ionic strength’ mucosal saline.
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Results are means £SE based on n = 6 for both CaCl, and MeCl treatments. Means with

asterisks are significantly different from the preceding 30 minute control period, indicated
by filled circles or bars (P <0.05).

The third manipulation of the mucosal saline composition in an attempt to resolve the
potential for Ca** to stimulate HCO;™ secretion involved reducing the osmoic pressure.
Interestingly, after switching from the previous ‘reduced ionic strength’ saline the problem
described for the previous MgCl, treatment (Figure 6.3F) had disappeared and Figures 6.4C
and F show that control HCOs™ secretion was restored to baselne rates (between 0.6 and 0.8
uEq cm? h'). The addition of CaCl, or MgCl, did not influence secretion rates,and was
accompanied by a significant increase in conductance (Figures 6.4B and E) but a smaller

reduction in TEP than seen previoudy (Figures 6.4A and D).
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Figure 6.4: Smultaneous measurements of transepithelial potential, TEP (mV),

transepithelial conductance, G (mS ¢m™) and HCO;” secretion (uEq cmi® ') from the

killifish intestine following the addition of 15 mM CaCl, (Panels A to C), or 15 mM MgCl,

(Panels D to F) to the ‘reduced osmolality’ mucosal saline. Results are means +=SE based on
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n = 6 for both CaCl, and MgCl treatments. Means with asterisks are significantly different

from the preceding 30 minute contrd period, indicated by filled circles or bars (P <0.05).

4.2.1 Effects of mucosal hyperosmolarity

In response to an increasein osmotic pressure only (in the absence of any change in ionic
strength) by the application of mannitol to the mucosalsaline resulted in arapid 40 %
reduction in HCOs™ secretion, but was unfortunately not statistically significant (Figure
6.5C). There were no significant effects on electrophysiological parameters, but in contrast
to previous experiments thereappeared to be a gradual reduction in TEP (ionic flux) and an
increase in conductance (pemeability) (Figures 6.5A and B). A corresponding application
of mannitol to the serosal side, thus effectively removing the imposed transepithelial
osmotic gradient, did not restore HCOs™ secretion (Figure 6.5C). To help confirm that this
was a result of osmotic pressure and not a specific response to mannitd, these experiments
were repeated using sucrose as a non-absorbable osmolyte. Reassuringly, the same effect
was seen on HCOy™ secretion, but was not quite statistically significant, and 40 minutes
after applying serosal sucrose HCOs™ secretion had been completely abolished (Figure
6.5F). The effects on electrophysiological parameters (Figures 6.5D and E) followed a

similar trend to those shown opposite in the presence of mannitol.
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Figure 6.5: Simultaneous measurements of transepithelial potential, TEP (mV),

transepithelial conductance, G (mS cm™?) and HCO;” secretion (uEq cmi? h'') from the

isolated anterior intestine of £ heteroclitus following the addition of 40 mOsm mannitol
(Panels A to C). or 40 mOsm sucrose (Panels D to F) which were added first to the
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mucosal, then to the serosal salne. Results are means +=SE based on n= 3 and 4 for

treatments with mannitol and sucrose, respectively. Means with asterisks are significantly
different from the preceding 30 minute contrd period. indicated by filled circles or bars (P
<0.05).

For some individuals HCO;™ was not merely reduced following the increase in mucosal
osmolality but completely abolished. For example, in one case (Fish 69) the mucosalsaline
began to rapidly acidify with pH falling from 7.80 to 7.65 in the 15 minutes immediately
following the addition of mannitol to the mucosal saline (Figure 6.6A). In addition, for Fish

72 and 74 the addtion of sucrose had a similar effect (Figures 6.6B and C).
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Figure 6.6: The pH of the mucosal saline logged over the course of an experiment which

shows the increasein pH taking place at the beginning of an experiment as the tissue
secretes HCO;” up to pH 7.8 at which point the pH stat titration commences. The arrows
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indicate the addition of either mannitol (Panel A — Fish 69) or sucrose (Panels B and C —

Fish 72 and 74, respectively) to the mucosal and serosal salines and the subsequent effect

on mucosal pH.

4.2.2 Source of HCOjs™ secretion

Following the removal of serosal HCOs/CO, there was no dramatic fall in HCOs™ secretion
rates, instead they remained stable before beginning to decline slowly. After an hour HCOy
secretion had fallen by only 25 % and similar to the datashown in Figures 6.5and 6.6
subsequent addition of sucrose to the mucosalchamber all but abolished this secretion

leading to acidification of the lumen (Figure 6.7).
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Figure 6.7: Simultaneous measurements of transepithelial potential, TEP (mV),

transepithelial conductance, G (mS cm?) and HCO; secretion (uEg cni®> h'!) from the

killifish intestine after replacing the serosal saline, followed by the addition of 40 mOsm

Sucrose to the mucosal saline. Results are means +SE based on n = 4. Means with asterisks

are significantly different from the preceding 30 minutecontrol period, indicated by filled
circles or bars (P <0.05).

4.2.3 Basolateral H' secretion in relation to mucosal osmotic pressure

The rates of basolateral acid efflux were very high and in many cases more than double the
rates of apical HCOs™ secretion seen previously. There appears to be little change in serosal
proton secretion in resporse to increased mucosal osmolality by mannitol or sucrose
(Figures 6.8C and F), nor were there any significant effects on TEP (Figures 8Aand D) or
conductance (Figures 6.8Band E).
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Figure 6.8: Smultaneous measurements of transepithelial potential, TEP (mV),
transepithelial conductance, G (mS ¢m™) and the serosal secretion of acidic equivaletts

Eq cm™? h!) from the isolated anterior intestine of the killifish following the addition of

40 mOsm mannitol (Panels A to C). or 40 mOsm sucrose (Panels D to F) which were added
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first to the mucosal, then to the serosal salne. Results are means +=SE based on n =4 for

both treatments. Means with asterisks are significantly different from the preceding 30
minute control period, indicated by filled circles or bars (P <0.05).

4.2.4 Mediation of apical HCO; and H" secretion

DIDS was unexpectedly acidic andupon addition the mucosal saline dropped immediately
taking anywhere from 40 to 90 minutes to recover to pH 7.8 and for titration to continue.
Once the pH stat titration was resumed HCOs™ secretion took another 30 minutes to stabilise
and was found to besignificantly reduced by an average of 37 % (Figure 6.9C). This effect
on HCOs was accompanied by asignificant increase in conductance along with a reduction
in TEP (Figures 6.9A and B). After 60 minutes, application of DIDS to the serosal saline
had no further effect on secretion ratesor electrophysiological parameters.

In an additional set of experiments with amiloride there was also a slight fall in pH,
although not as severe as seen with DIDS, and the pH stat titration resumed swiftly with no
effect on HCOs™ secretion (Figure 6.9F), nor any deleterious effects on the
electrophysiogical properties of the tisue in general (Figures 6.9D and E). The effects of
mucosal sucrose on HCO; secretion were not influenced by blocking Na'/H" exchange,

and although only n =2, HCOs™ secretion by both preparations was immediately abolshed.
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Figure 6.9: Simultaneous measurements of transepithelial potential, TEP (mV

transepithelial conductance, G (mS cm™) and HCOs” secretion (uEq cmi? h™') from the

isolated anterior intestine of the killifish following the application of mucosal DIDS (10*

M) and subsequent application of serosal DIDS (10* M) (Panels A to C). Also, the
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influence of mucosal amiloride (10* M) followed by the addition of 40 mOsm sucrose to
the mucosal saline (Panels D to F). Results are means +SE based on n =5 and 2 for the
DIDS and amiloride treatments, respectively. Means with asterisks are significantly
different from the preceding 30 minute contrd period, indicated by filled circles or bars (P
<0.05).

4.3 Buffer capacity of mannitol and sucrose

A separate set of titrations on the mucosal saline used in this study showed that the
addition of mannitol did not significantly alter the buffer capacity of the saline. However,
the presence of 40 mM sucrose required 10 % more base to reach pH 7.8 compared with

mannitol or saline only (Figure 6.10).
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Figure 6.10: The mean (£SE) amount of base (mM) required to increasethe pH of the

reduced osmolality mucosal saline in order to determine any changes in buffer capacity
following the addition of either 40 mM mannitol or sucrose. Means labelled with different
letters indicate a significant difference (P <0.005), n = 8 for each saline.
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5. Discussion

5.1 Stimulation of HCOs secretion by Ca**

The killifish intestine displayed high rates of HCOs™ secretion, and based on all the
measured control values from the present study this averaged 0.70 £0.02 pEq cm™ h' (n =
120) at 25 °C. This was approximately 3.5 times greater than the European flounder, at 12
°C using the same in vitro technique (Wilson ef al., 2002). Yet in spite of this impressive
secretion rate the epithelia was insensitive to the effects of Ca** (and Mg*") following a 15
mM increase in the concentration of these divalent cations from 5 to 20 mM (Figure 6.2C).
Before suggesting that this was a species-specific difference in the regulation of HCO5
secretion it was first considered whether theionic strength and osmotic pressure of the
bathing media were able to influence the sensitivity of the putative calcium-sensing

receptor (CaR).

5.2 Is HCOj secretion modulated by ionic strength and/or osmolality?

A comparison of the ‘regular’ mucosal saline wih the mucosal saline used by Wilson et al.
(2002), revealed a number of differences in their respective composition (Table 6.2). The
Na' content was greater by 40 mM in the former (due to a higher concentration of NaCl),
which also resulted in more CI' being present. Overall, the total ionic strength and osmotic
pressure of the saline in the present study was much higher. This was considered significant
in terms of the predicted role of a CaR in the regulation of intestinal HCOs™ secretion
(Wilson et al., 2002), since the activity of the receptor is known to be modulated by ionic
strength (Quimn ef al., 1998; Nearing et al., 2002; Fellner and Parker, 2004; Loretz ef al.,
2004).

Table 6.2: A comparison of the ionic composition of the ‘regular’ mucosal saline used in

the present study with the mucosal saline used by Wilson et al. (2002). The concentration

of each ion is given in mmol I"' and the units of osmolality mOsm kg'.

Ion Regular saline  Wilson ez al. (2002)
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(Present study)
Na" 90.0 50.0
Cr 135.0 110.0
K* 5.0 5.0
Ca* 5.0 5.0
Mg** 95.0 100.0
SO 80.0 71.5
Total 410.0 347.5
Osmolarity 319 282

The next set of experimentsemployed a ‘reduced ionic strength’ mucosal saline, which had
90 mM fewer ions, compared with the ‘regular’ saline used previously (Table 6.1), and
almost 30 mM lower than the saline used by Wilson et al. (2002). Yet again this failed to
stimulate HCOs™ secretion, in fact there was a clear (but not quite significant) drop in
secretion by almost one third (Figure 6.3C). Furthermore, there remains no clear
explanation for the problems which frustrated experiments when applying MgCl, (Figure
6.3F). After inspecting the equipment and exhausting any potential technical causes,
consideration was given to the tissue itself. In terms of active ion transport, TEP can be an
(indirect) indicator of metabolic rate as the ability to maintain a TEP is dependent on the
activity of the electrogenic Na/K" pump (Armstrong, 1987). However, in spite of
depressed HCOs™ secretion rates thereappeared no adverse effects on TEP (Figure 6.3D) or
conductance (Figure 6.3E), and these parameters were comparable with values obtained
from previous experiments. Another potential problem could have been related to the useof
mannitol, which was included at a concentration of 80 mM to maintain the osmotic
pressure of the saline at ~319 mOsm1"'. While large concentrations of non-electrolytes,
such as mannitol and sucrose, are known to interfere with electrode potertials, this is
apparently only noticeable at molar concentrations, where TEP shifts in the positive
direction by about 0.8 mV per 1 M mannitol (Barry and Diamond, 1970). With no obvious
external or internal anomalies noted in the fish during dissection, these points suggested no
inherent problems with the epithelium itself and the issue therefore seemed to solely
concern the secretion of HCOs". Also, these problems did not manifest themselves in prior
experiments using the same ‘reduced ionic strength’ mucosal saline (Figures 6.3A and B).
Mannitol is also known to donate a proton in aqueous solution, and is therefore considered
weakly acidic (Gaidamauskas et al., 2005), which may have buffered secreted HCOs".

However, this was also considered an unlikely scenario as prior experiments revealedthat
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the HCOs™ secretion rate was unaffected (Figure 6.3C), and this conclusion was further
supported by confirmation thd mannitol does not alter the buffer capacity of the mucosal
saline (Figure 6.10).

A third and final manipulaion of the mucosal saline was one of reduced ionic strength but
with no osmotic compensatim, and therefore virtually identical to the saline used by
Wilson et al. (2002). Interestingly, as quickly as the above described problemhad
developed it disappeared after switching to this saline, and HCO; secretion rates were
restored. However, there were yet again no effects of Ca** (or Mg?") on the rate of HCO5"

secretion (Figure 6.4C and F).

5.2.1 Other effects on epithelial ion transport

Regardless of the bathing medium the addition of either CaCl, or MgCl, had similar effects
on electrophysiological measurements displaying an immediate, significant decrease in
TEP (i.e. becoming more negative). Even though it was not possible to determine the
nature of this change it was consdered likely to representan increase in net CI absorption
from mucosa to serosa, due to the increasedavailability of CI following the addition of
either 15 mM CaCl, or MgCL. This raised the concentraton of mucosal Ct by 30 mM, and
depending on the mucosal saline employed amounted to an 18-25 % increase in mucosal
CI, fitting in well with the overall averageincrease in TEP of 20 £2 % across treatments.
Accompanying this change in TEP was a similar increase in transepithelial conductance
(Gy), an indicator of the ionic permeability of the epithelia (Horowiczet al., 1978).
Conductive pathways forions through epithelia can be either transcellular or paracellular.
In epithelia such as the intestine which are typically characterised as ‘leaky’ almost all of
the measured G, represents ionic permeation via the paracellular pathway, and can be as
much as 80-96 % in the marine teleost intestine (Loretz, 1995), within the range reported
for mammals and other vertebrates(Powell, 1981; Armstrong, 1987). It was not possible to
determine the nature of this increase in G, but it may represent an increase in basolateral
CI conductance (concomitant with the assumption of increased CI absorption, based on
TEP).

5.2.2 A role for the CFTR?
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In the seawater-adapted killifish the observed relationship between Cl fluxes and G, by the
intestine suggests that a substantial portion of CI flux is indeed conductive (Marshall ef al.,
2002), and is supported by the identification and functional localisation of a cystic fibrosis
transmembrane conductance receptor (CFTR) to the apical and basolateral membranes of
the posterior intestine in F. heteroclitus (Singer et al., 1998; Marshall et al., 2002). The
CFTR is a channel forming protem that primarily transports Cl" and is expressed in a range
of epithelia including the intestine, lungs, skin and pancreas (Fuller and Benos, 1992).
Mutations of the CFTR gene are widely believed to result in abnormal ion and fluid
transport giving rise to the disease cystic fibrosis (Fuller and Benos, 1992). Thus, the
observed increase in G, may therefore represent an upregulation of Cl conductance via a
chloride transporting channel such asthe CFTR. In contrast to the killifish, no similar
effects on TEP or G, were detected in the flounder intestine (Wilson et al., 2002). However,

Wilson and co-workers only added 5 mM CaCl, as opposed to 15 mM in the present study.

On reviewing the data shown in Figures 6.2 to 6.4, there was no evidence of a role for
mucosal Ca* in the stimulation of HCO;™ secretion by the killifish intestine in vitro. Based
on the predicted involvement ofa CaR, manipulations of ionic strength and osmolality of
the surrounding media did not influence the response of the tissue suggesting that, unlike
the flounder, there may well be a different mechanism behind the stimulation of intestinal
HCO;s secretion in the killifish.

5.3 Effects of mucosal hyperosmolarity and the role of cell volume regulation

The addition of either 15 mM CaCl, or MgCl, not only increased the ionc strength of the
mucosal saline relative to the serosal, but also imposed a relatively large osmotic gradient
across the tissue, presenting a significant challenge to cell volume control drawing water
out of the epithelia. Changes to cell vdume induced by alterations to extracellular
osmolality (causing either shrinking or swelling due to the associated movement of water)
can jeopardise the structural and functional integrity of the cell. Exposure to anisoosmotic
media therefore results in a rapid (within minutes) recruitment of additional ion transport
mechanisms to help correct for these potentially damaging volumechanges. These

processes are termed the regulatory volume increase (RVI) and regulatory volume decrease
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(RVD) in relation to the influence of hyper- and hypoosmotic media, respectively (Lang et
al., 1998; O’Neill, 1999).

Of particular relevance to the present study following the increase in mucosal osmolarity
was the RVI, which is typically mediated by the activation of Na™-K"-2CI cotransport
(NKCC) and also Na"/H" exchange (NHE) coupled to parallel CI/HCO; exchange. Both
mechanisms increase the net influx of NaCl which will be followed by osmotically obliged
water, thus counteracting cell shrinkage (Lang et al., 1998; O’Neill, 1999). Recently,
Grosell et al. (2007) predicted forthe rainbow trout that increases in mucosal osmolarity
may trigger a shift in H" secretion by intestinal epithelial cells, from basolateral to apical,
which would titrate luminal HCOs™ (to CO,) thus helping reduce luminal osmotic pressure
(discussed previously in Chapter4, Section 5.2.2). This is a particularly intriguing
suggestion for the estuarine killifish also, as it is likely to experience varying fluid
osmolalities within the intestine on a regular basis. However, following the addition of
CaCl; (in an attempt to stimulate HCO;™ secretion), which increased the osmolarity of the
mucosal chamberby approximately 40 mOsml ", there was no significant reduction in
HCOs™ secretion, which maywell have been observed if mucosal HCO;™ were being titrated
by H" as part of the RVI.

When the osmolarty of both salines bathing the isolated freshwater eel (Anguilla anguilla)
intestine were simultaneously increased from 290 to 315 mOsml™ (using mannitol) ion
transport displayed a biphasic response (Liongto et al., 2001). The first phase was a rapid,
transient increase approximately 10 minutes in duraton, correlating with histological
observations of cellular shrinkage. This was followed by a sustained second phase,
recognised as the RVI, and involved increased CI transport via the recruitment of apical
NKCC and basolateral Cl" channels, which reached a steady state after 30-45 minutes.
Notably, these observations appear similar to the rapid changesin TEP and G in the present
study following the addition of either CaCl, or MgCl,, and thus lend additional support to
the earlier prediction that the changes to epithelial ion transport represent the movement of
CI' from mucosa to serosa(Section 5.2).

However, increasing mucosal osmolarity (by 40 mOsm I'"), using either mannitol or
sucrose, did not have the same effect as the CI salts but instead resulted in arapid and
dramatic reduction in HCOs™ secretion, with no significant changes to TEP or G; (Figure

6.5). Subsequently raising the osmolarity of the serosal saline, effectively removing the
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transepithelial osmotic gradient, did not restore HCO;™ secretion rates. Even though sample
sizes within each of these data sets were rather small (n= 3 and 4), and as such reduced the
likelihood of detecting any statistically significant differences, the effect on HCO5
secretion was convincing. In fact, for some individuals the pH stat titration was abolished
after the saline pH fell below 7.8, and the mucosal saline began to slowly acidify (Figure
6.6). These results were very intriguing and offered tentative support to the prediction that
the coupling of apical HCO;” with H™ secretion was indeed activated folowing mucosal
hyperosmolality. Curiously, this response was only apparent when the change in osmolarty
was induced by (largely) impermeant solutes (mannitol and sucrose) and not by ionic

solutes (CaCl, and MgCL).

5.3.1 The source of HCOy

Experiments employing a HCO;/CO,-free serosal saline, demonstrated tha approximately
75 % of secreted HCO;™ by the killifish intestine was derived from the intracellular
hydration of CO; (Figure 6.7). This was contrary to the initial prediction that secretion was
largely dependent on a serosal supply of HCOs;/CO, and also the conclusion by Lionetto et
al. (2001) that serosa HCO;™ was crucial for the response to hyperosmolarty, since under
HCOs;/CO»-free serosal conditions the epithelial response to hyperosmolarty was lost by
the freshwater eel. This was clearly not the case for the seawateradapted killifish, in fact
the absence of serosal HCO;/CO, seemed to attenuate the response asapical HCO5’

secretion was all but abolished following the addition of mucosal sucrose (Figure6.7C).

5.3.2 Basolateral H" secretion

If a shift in the direction of H" secretion from basolateral to apical were indeed responsible
for this reduction in HCOs™ secretion then t was not evident from the measurements of
basolateral H' secretion (Figure 6.8). Although these latter experiments into serosal H"
secretion were potentially useful they were not without problems. There are two major
points to be highlighted regarding these particular experiments.Firstly, more time should
have been permitted for the preparation to setle before applying either mannitol or sucrose.
In contrast to the pH stat titration of HCO;™ secretion into the mucosal saline, pH stat
titration of the serosal saline would begin immediately and shorfly thereafter the first

applications of mucosal mannitol and sucrose were applied. As seen from the associated
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electrophysiological measurements and acidification rates in Figure 8 these parameters had
not completely stabilised. Secondly, there would also have beena substantial pH gradient
across the tissue for at least the first haur of these experiments which may have influenced
H' secretion. While the serosal saline was fixed at pH 7.8, the initially unbuffered mucosal
saline started ata pH between 6.4and 7.1, and during a typical pH stat titration of the
mucosal saline it would often take anhour, perhaps longer, for the epithelia to secrete
sufficient HCOs™ equivalents to reach pH 7.8.

In spite of these problems, the rate of H" equivalents secreted into the serosal saline was
more than double the recorded rate of mucosal HCO; secretion, with potential reasons for
this having been discussed previowsly (Chapter 4, Section 5.3.2). Recording such high rates
may have made it difficult to detect ashift in the direction of H" secretion from basolateral
to apical in response to mucosal hyperosmolarity. However, based on the reduction in pH
following the addition of mannitol and sucrose shown in Figure 6.6, the rate of mucosal
acidification would have been approximately 0.015 uEq cn? h™, together with an
anticipated 0.45 pEq cm® h' reduction in serosal H" (based on the decrease in HCO5
secretion rate shown in Figures 6.5C and F) it should have been possible to detect this

predictable fall in serosal H" secretion of approximately 25 %.

5.4 The response of the Kkillifish intestine to mucosal hyperosmolarity

To help summarise the discussion so far, Figure 6.11 presents a direct comparison ofthe
differing responses of the seawater-adapted killifish intestine following increases in
mucosal osmolarity by permeable, ionic solutes (CaCl, and MgCL,) and the non-ionic,
impermeable osmolytes (mannitol and sucrose). The distinguishing features are the
differing responses of TEP and HCO; secretion between treatments (Figures6.11A and C).
Following the addition of the CI salts there was a rapid change in TEP (Figure 6.11A),
presumably areflection of elevated apical NaClcotransport and basolaeral CI
conductance (Lionetto et al., 2001; Marshall et al., 2002; Lionetto and Schettino, 2006;
Hoffman et al., 2007). Whereas, mucosal hyperosmolarity induced by mannitol and
sucrose, would have left the concentratims of extracellular ions unchanged. Thus, the
driving force for activation of an ionic influx (followed by water)as part of the RVI will be
greatly reduced compared with either CaCl, or MgCL. Instead, there was a dramatic

reduction in HCO;™ secretion (Figure 6.11C), associated with a biphasic change in total
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ionic flux. The latter was characterised bya small, rapid decrease in TEP immediately after
inducing hyperosmolarity and lasted approxmately 10 minutes. This was followed by a

sustained and gradual increase over the proceeding 40 minutes (Figure6.11A). In contrast,

the second phase of the RVI by the freshwater eel intestine to a similar hyperosmotic
challenge (by simultaneous addition of mannitol to both sides of the epithelium) revealed a

sustained decrease in TEP (Lionetto et al., 2001). One possibility accounting for this

discrepancy in response compared with the seawateradapted killifish was the likelihood
that apical HCOs™ secretion by the freshwater eel intestine would be inherently low

(Wilson, 1999; Wilson et al., 2002; Grosell, 2006), and therefore unavailable to the RVI.

252



Chapter 6

TEP

W

(@

HCO3‘ Secretion

Conductance

(mV)

(mS cm™?)

(LEq cm? h™)

0
j/ Hyper-osmolarity

-9

-10

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

—~
~ —~
Hrrann
1 e
—AM/\\MH/HM/‘
/—12/%
L1
10 min .
Hyper-osmolarity
- .
==
_ /\\//\\1
N
10 min

N
\,-——-w’/‘““

N Hyper-osmolarity

253



Chapter 6

Figure 6.11: A comparison ofthe simultaneous measurements of transepithelial potential,

TEP (mV), transepithelial conductance, G (mS cm?) and HCOs secretion (uEq cm™ h™!)

from the killifish intestine responding to a 40 mOsm I"' increase in mucosal osmolarity
induced by ionic. permeable osmolytes (CaCl, and MgCl). denoted by the black circles (n

= 12), or impermeant solutes (mannitol and sucrose), shown by the open circles (n= 10).

Data are displaved as means values fromall experiments emploving the ‘reduced

osmolality’ mucosal saline (~282 mOsm 17!).

5.4.1 Mediation of apical HCO; and H" secretion

Blocking apical Na'/H" with the non-specific inhibitor amiloride did not affect the abolition
of HCOs™ secretion on application of sucrose (Figure 6.9F). Even though the sample size
was only n = 2 the result was convincing and implies that the proposal of mucosal
acidification following hyperosmotic challenge did nd necessarily involve the recruitment
of Na'/H" exchange. One further option that could have been explored at this point in the
study was to try blocking the H'-ATPase with bafilomycin. However, as time was running
short for this visit it was decided to explore whetherthe reduction in HCO;™ secretion could
due to an inhibition of anion exchange as opposed to titration of secreted HCO;", which
would also afford the opportunity to simultaneously provide evidence for the involvement
of CI/HCO; exchange by the kilifish intestine.

The application of mucosal DIDS significantly reduced HCO; secretion, thus providing
evidence for the contribution of apical CI/HCO;™ exchange. It was surprising to find that
DIDS (and amiloride) disolved in DMSO were so acidic, consequently holding up the pH
stat titration. In spite of this HCO;™ secretion continues and within 30 minutes of reaching
pH 7.8, and restart ofthe pH stat titration, secretion rates had stabilised to 63 % of control
values (Figure 6.9C). Subsequent application of DIDS to the serosal saline did not
influence apical HCOs™ secretion and to someextent supports the earlier conclusion that the
source of HCOs is largely endogenous arising from CO, hydration (Figure 6.7C).
Interestingly, mucosal HCOs™ secretion was not abolished in response to DIDS which
would suggest there may be additional mechanisms of HCO;™ transport. The fact that the
mucosal saline was able to recoverto pH 7.8 after falling to pH 6.15 +£0.15 (n=5), and the

secretion rate continued to increase for a further 30 minutes upon reaching 7.8 before
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stabilising (Figure 6.9C) suggested that there was a potential compensatory mechanism of

HCO; secretion.

5.4.2 The mechanism of HCOy™ secretion in vitro

It has previously been recognised that DIDS does not produce a complete inhibition of
HCOs secretion by intestinal epithelia from a number other marine teleosts in vitro (Dixon
and Loretz, 1986; Ando and Subramanyam, 1990; Grosell and Jensen, 1999; Grosell et al.,
2001), which have been considered the result of the relatively low concentrations of DIDS
used (Grosell, 2006), the topography of the intestine (Grosell and Jensen, 1999) and/or
insensitivity of the particular CI/HCOs™ exchanger isoform to DIDS (Grosell ef al., 2001;
Romero ef al., 2004). An additional consideration has been the potential for conductive
HCOs  exit (Dixon and Loretz, 1986). For example, in these pH stat experiments where the
mucosal saline is initially unbuffered and the subsequent HCO;/COs* content low, along
with a net negative cytosol, there will be a large electrochemical gradient for conductive
HCOs; movement across the apicalmembrane. Blocking apical CI/HCOs exchange would
lead to a build up of intracellular HCOs™ and further fuel this gradient for apical exit. This
can be demonstrated by applying the Nernst equation which describes the equiibrium
potential, E (mV) required to sustain a given ion gradient across an epithelium and is given

as:

E = (RT) / (zF) * Logio (Xo / Xi) 2)

Where, R is the universal gas constant (8.31441 J K' mol™"), T is the absolute temperature
in Kelvin (25 °C =298 K), z is the valence of the ion (for HCO;™ this is -1), F is Faradays
constant (96484.6 coul mol"), X, is the concentration of theion in the outer solution
(mucosal saline) and X; the concentration of the ion in the inner solution (serosal saline).
Based on the mean secretion rate of 0.7 uEq cm? h' and the volume of the chamber (1.6
ml), the concentration of HCOs™ in the mucosal saline was takenas 0.1 mM, with 8 mM in
the serosal saline (Table 6.1), the equilibrium potential was calculated as 48.9 mV
compared with an average measured TEP of -9.4 mV indicating a substantial gradient for
HCOs secretion by condudive pathways. In contrast, in vivo conditions where mucosal

concentrations may be in excess of 100 mM, the calculated equilibrium potential would be
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around -28 mV, much lower than the TEP measured here. Secondarily active CI/HCOs
exchange will therefore become increasingly important as the concentration of HCOs™
increases in the gut lumen (Grosell ef al., 2001; Grosell et al., 2005; Grosell, 2006).
Furthermore, it has been observed that blocking anion exchange with DIDS leads to
compensatory HCOy™ secretion via anion conductance (Novak, 2000) which could help
explain the observed reduction inTEP and significant increase in G; (Figures 6.9A and
6.9B, respectively). While DIDS is widely used as apharmacological blocker of anion
exchangers and CI channels, the CFTR is insensitive to DIDS (Marshall ez al., 2002) and
as this channel is also capable of transporting HCOs it will therefore be a potential
conductive pathway accountng for the sustained mucosal HCO; secretion observed in
Figure 6.9C. It is important to remember that there are also a number of additional effects
of DIDS including the activation of cation condudance in Xenopus oocytes (Diakovet al.,
2001; Stumpfet al., 2006) which could explan some of the observed changes in TEP and
G:. In these experiments the dramatic reduction, and in some case abolition of HCOj5’
secretion, in response to mucosal hyperosmolarty cannot be attributed to the inhibition of

anion exchange.

5.4.3 Physiological significance

There is a clear distinction in the response of the intestine to hyperosmolarity induced by
CI salts and impemeant osmolytes (Figure 6.11). This begs the question, why are there
such different responses to the same increase in osmotic pressure and what would be their
physiological significance? It would seem the answer lies with salinity adaptation, as an
estuarine species the killifish must be capable of readily augmenting is osmotic and ionic
homeostasis. The application of CaCL and MgClL increased the concentration of luminal
CI (as well as C&" and Mg*"), and osmolarity, conditions that would not be dissimilar to
what the gastrointestinal tract may experience when environmental salinity increases and
drinking rate is consequently elevated (Chapter 1, Section 2.1). Even though HCOs
secretion was not stimulated in response to Ca*" as expected, intestinal CI” absorption
increased (discussed in Section 5.2.2) which in vivo would inevitably contribute to
increased levels of CI in the blood and an associated increase in plasma osmolarity. For
example, when killifish were rapidly transferred from freshwater to full strength seawater

the osmotic pressure of the blood plasma increased (by as much as 65 mOsm kg™), in turn
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this hyperosmotic shock activated CI secretion by the gils (Zadunaisky et al., 1995), and
this has subsequently been associated with elevated expression of CFTR in the intestine
and mitochondria-rich cells following similar saliity transfer (Singer et al., 1998).

In contrast, mucosal hyperosmolarity induced by the non-ionic osmolytes (mannitol and
sucrose) does not lead to a concomitant increase in intestinal CI' absorption. Although these
investigations are far from complete, the proposal that apical H secretion is upregulated,
acidifying the lumen and titrating mucosal HCOs, consequently reducing luminal osmotic
pressure is an appealing hypothesis worthy of additional study. Since the killifish is
stomachless, the anterior intestine (used in these studies), will be the main site of digestion
receiving pancreatic and biliary inputs and therefore experience large shifts in osmotic
pressure during digestion, as well as coping with ingested seawater. It is worth noting that
although mannitol and sucrose are both carbohydrates, it was very unlikely that the
reduction in HCO;5 secretion resulting from this specific hyperosmotic challenge was a
digestive response. For example, gastric secretions have been shown to increase the buffer
capacity of chyme entering the intestine by 33 % in humansubjects (Fordtran and Walsh,
1973). However, Babkin and Bowie (1928) have shown that the killifish does not undertake
acidic digestion. Furthermore, the use of isolated sections of intestine by these experiments
means that any pancreatic or biliary inputs will be absent, and also any digestive enzymes
secreted by the integinal cells themselves are unlikely to be significant (Finge and Grove,
1979). In addition, only sucrose significantly altered buffer capacity (Figure 6.10), yet was
clearly unable to account for the sustained rates of mucosal acidification shown in Figure
6.6.
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Chapter Seven

Is there a role for the calcium-sensing receptor in the
regulation of ion and fluid transport by the marine teleost

intestine?
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1. Summary

The functional implications of the calcium-sensing receptor (CaR), particularly in relation
to gastrointestinal physiology, reveals a variety of potential roles from nutrient sensing to
modulating ion and fluid transport, immune function and also epithelial renewal, yet for
teleosts there is almost no direct evidencein support of these ideas. Activation of the CaR
by its primary ligand, Ca*" is thought to be responsible for the stimulation of HCO5
secretion as demonstrated by the irtestine of the seawateradapted European flounder in
vitro and in vivo. The aim of the present study was to investigate a potential role for the
CaR in the regulation of ion and fluid transport by the telecst intestine. Considering the
possibility that the receptoris modulated by extracellular ionic strength, using the in vitro
paired gut sac technique with a reduced ionic strength mucosal saline resulted in an overall
decrease in the rate of HCO5™ secretion in resporse to elevated mucosal Ca**, while fluid
absorption was reversed and preparations displayed net secretion. Similarly, lowering the
ionic strength and osmolality of the mucosal saline had identical effects on ion and fluid
transport in the presence of 20 mM Ca’* compared to controls. Mucosal application of
gadolinium (Gd*") and neomycin, both recognised agonsts of the CaR, did not produce
responses in terms of HCOs™ secretion and fluid transport that were fully consistent with the
influence of Ca*". Upon analysing the thermodynamicsof the gut sac system it became
clear that as HCO;s  accumulated within the mucosal saline over the course of an incubation
the electrochemical potertial for secondarily active CI/HCO;™ exchange would be
substantially diminished. By contrast, when using the Ussing chamber with pH stat
titration, a favourable gradient for HCOs™ secretion was constartly maintained. Taking into
account potential limitations on intracellular HCO;™ production, and the influence of
unstirred layers within the static mucosal saline, it was subsequently argued that the gut sac
was an inappropuate technique for measuring increasesin HCO; secretion in vitro. Having
already presented compellirg evidence of a role for Ca®" in the stimulation of HCO5
secretion, CaCO; production and fluid transport in vivo, addition of Gd*" and neomycin to
the perfusion salines did not significantly influence intestinal HCO; secretion or fluid
absorption compared to controls. It was suggested that the role ofthe CaR would in fact be
largely redundant in vivo, instead HCO; secretion would be determined by two factors.

Firstly, the ability to generate high levek of intracellular HCOs", and secondly the creation
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of a localised gradient for apical HCOs exit as it is consumed in the formation of CaCOs.
Alternatively, under in vitro conditions, where CaCOs; would be unlikely, the presence of
additional Ca*" stimulates HCOs™ secretion (presumably via a CaR) to encourage CaCOs
production and removal of the excess Ca**. While this would appear true for the Ussing
chamber technique, it was disappointing to learn that the inability to observe this same
process, and the effects on 1on and fluid transport using gut sacs, were most probably

undermined by the congraints of this technique.

2. Introduction

There is growing evidence that the calcium-sensing receptor (CaR) is likely to influence a
number of different functions in the telecst intestine, including the rate of HCOs™ secretion,
where the receptor is thought to mediate this process by signalling changes in luminal Ca*
concentrations (Wilson et al., 2002). It was hypothesised that elevated mucosal Ca** would
stimulate HCO;™ secretion, and possibly net Cl" absorption (via CI/HCOs™ exchange), and in
turn drive additional fluid absorption. Unfortunately, the in vifro gut sac experiments
described previously have so far been unsuccessful in resolving the effect of mucosal Ca**
on intestinal HCOs™ secretion. From analysis of the data presented in Chapter4, elevated
Ca’" appeared to reduce net NaCl and fluid transport in the anterior and mid portions of the
intestine (Section 4.1). Furthermore, in the absence of serosal HCO;/CO, these transport
processes were abolished across all sections of the gut (Section 4.3). It was subsequently
argued that a CaR might be involved in mediating this rather unexpected response (Section
5.3.4).

Interestingly, a reduction in NaCl and fluid transport in the presence of elevated luminal
Ca*" is contrary to the demonstratdn of increased HCO;y™ secretion both in vitro (Wilson et
al., 2002) and in vivo (Wilson et al., 2002; Chapter 5). With the possibility that activation
of the CaR can mediate HCOs™ secretion (Wilson et al., 2002), as well as net NaCl transport
(Chapter 4), and consequently water absorption by the teleost intestine, the following study
set out to try and demonstrate a functional role for the receptor. A brief review of the

literature on the CaR in fish, with particular emphasis on the gut, reveals that in spite of its
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name the receptor is likely to have a variety of roles, as it has the capacity to recognise and

respond to a number of different physiological ligands.

2.1 Calcium homeostasis

Teleosts have successfully demonstrated adaptaton to a range of ambient Ca*
concentrations, from ion poor freshwater, containing as little as 0.001 mM Ca** (Gonzalez
et al., 2005), to seawater (~10 mM), and beyond for species at hyper-salinities such as the
killifish, Fundulus heteroclitus (Griffith, 1974). The maintenance of stable concentrations
of ionised Ca** within the body depends on the integration of a number of specialised
tissues (discussed previously in Chapters 4and 5). Briefly, the intestinal CaR has a pivotal
role in maintaining Ca** homeostasis and is purported to modulate the
synthesis/release/action of various hormone factors which (in addtion to other tissue
specific effects) are known to influence the trafficking of Ca** across the intestine. For
example, transition of the vitamin D endocrine system in the euryhaline rainbow traut
(Oncorhynchus mykiss), from promoting intestinal absorption of Ca*" to its inhibition, and
vice versa, is thought to be under the control of'a CaR. The receptor is considered to
regulate expression of vitamin D receptors in the intestine in response to changes in
environmental salinity, and specifically the external Ca’* concentration (Larsson et al.,
2003). This would be consistent with previous work in ratparathyroid cells where it has
been demonstrated that extracellilar Ca® regulates vitamin D receptor mRNA expression
(Garfia et al., 2002) via the CaR (Rodriguez et al., 2007).

Parathyroid hormone-relatedprotein (PTH1P) is a hyper-calcaemic factor in teleost fish,
likely produced by the ptuitary gland (Fraseret al., 1991; Danks et al., 1993), and has been
shown to significantly increase intestinal Ca®" uptake by the gills and intestine (Guerreiro
et al., 2007). The caudal neurosecretory system (CNSS) consists of a collection of large
neurosecretory cells, called Dahlgren cells,localised in the posterior region ofthe spinal
cord. These cells are thought to be involved in a range of physiological processes including
osmoregulation, reproduction and nutrition (Winter et al., 2000). Co-localisation of PTHrP
and the CaR to Dahlgren cells fromthe European flounder suggest that the synthesis and/or
secretion of PTHrP may also be under the control of Ca** signals from the nervous system
(Ingleton et al., 2002). Similarly, stanniocalcin is one of the principal hypo-calcaemic

factors in marine teleosts which has direct effects on intestinal Ca?* transport, and is also

261



Chapter 7

mediated by a CaR responding to changes in circulating levels of Ca?* (Radman ef al.,
2002).

2.2 Salinity sensor

The broad distribution of the CaR in tissues that do not necessarily have an intrinsic role in
Ca’" homeostasis indicates a much broader relevance for the receptor. For example, with
modulation of CaR sensitivity by ionic strength (Quinn ef al., 1998), this has led to the
consideration that the receptor also operates asa salinity sensor, capable of detecting
alterations in the salinity of the surrounding water (Nearing et al., 2002). Molecular studies
detailing the cloning and characterisation of the teleog CaR have indeed confirmed that its
activation is also modulated by changes in ionic strength (Nearing et al., 2002; Loretz et
al., 2004).

The identification of a specific Ca**-sensing mechanism in the olfactory system of the
euryhaline sea bream (Sparus aurata), where the firing rate of the olfactory nerve varied
with environmental C&* pointed to a role for the CaR in the detection of external Ca**
concentrations (Hubbard et al., 2000). Identification and localisation of a CaR to the
olfactory nerves and epithelium of not only the sea bream (Flanagan et al., 2002) but also
the stenohaline freshwater goldfish, Carassius auratus (Hubbard et al., 2002), as well as
the anadromous Atlantic salmon, Salmo salar (Nearing et al., 2002; Dukes et al., 2006) and
the euryhaline puffer fish, Fugu rubripes (Naito et al., 1998). These observations would
appear consistent with involvement of the receptor in communication, via the central
nervous system, of changes in environmental Ca** leading to either behavioural avoidance
of, or physiological adjustment to, a salinity challenge.

It has been speculated that due to expresson of the receptor in the olfactory epithelium
along with the pituitary and CNSS, suggests that signals originating from changes to
external salinity (and specifically Ca*"), are integrated with endocrine and neuroendocrine
activity (Loretz et al., 2004; Loretz, 2008). The pituitary and CNSS are not only involved
in Ca’" homeostasis but also osmoregulation. For example, many of the hormones that
modulate osmoregulatory functions within the body, such as ion and fluid trangport by the
intestine, originate from the pituitary gland (Buddington and Krogdahl, 2004) including
oxytocin (Baldisserotto and Mimura, 1997), arginine vasotocin (Bond et al., 2002) and

prolactin (Manzon, 2002). Similarly, neuroendocrine factors synthesised and secreted by
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the CNSS, specifically urotensins I and II, are also considered to have a role in

osmoregulatory adaptation (Winter ef al., 2000).

2.3 Intestinalion and fluid transport

The CaR is expressed in the intsstine of a number of teleost species including the sea
bream (Flanagan ef al., 2002; Hang et al., 2005), Atlantic salmon and winter flounder,
Pseudopleuronectes americanus (Nearing et al., 2002), tilapia, Mossambicus oreochromis
(Loretz et al., 2004) and European flounder (Cooper, C. A., personal communication).
Aside from the peripheral influence of the CaR via the endocrine system, its presence along
the gut itself implies a more direct role for the receptor. Apical localisation (Nearing et al.,
2002; Loretz et al., 2007), places the CaR in direct contact with the contents of the gut
where it will be able to monitor and respond to changes in extracelldar Ca*". Along with
the modulation of receptor sensitivity by ionic strength, whichin vivo would confer a
substantial modification to the ECs, for Ca*" (discussed in Chapter 6, Section 2.4), makes
the CaR an attractive candidate forthe regulation of intestinal HCOs™ secretion.

Generally, evidence of a role in ion and fluid transport along the gastrointestinal tract is
limited to a handful of experiments which have shown tha activation of the CaR in rat
colonic crypts (by extracellular Ca") reverses ion and fluid secretim and promotes
absorption (Geibel et al., 2006). A similar influence has been proposed for fluid transport in
the gastric glands of the amphibian stomach (Gerbino et al., 2007). In other types of
transporting epithelia too the CaR has been shown to exertan influence on ion and fluid
movement, for example, reducing water re-absorption in the kidney by altering the
hydraulic pemmeability of the inner medullary collecting duct (Sandsef al., 1997). Similarly
in rat pancreatic ducts a CaR monitors extracellular Ca*" moderating fluid secretion
accordingly (Bruce et al., 1999). More pertinently, fluid re-absorption by the urinary
bladder of the winter flounder is modulated by a CaR which regulates NaCl co-transpott
(Nearing et al., 2002).

2.4 Epithelial barrier function
The CaR has been localised within the intestinal tissue itself, in particular to isolated cells
within the lamina propria ofthe sea bream, which were tentatively identified as leucocytes

(Flanagan et al., 2002). This indicates that the receptor could be poised to influence the
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barrier function of the intestinal epithelia by acting as asensor or messenger between the
internal and external compartments. Described as the largest immunologic organ in the
vertebrate body (Takahashi and Kiyono, 1999), the gut is continuously exposed to the
environment where it is likely to encounter numerous pathogens; hence expression of the
CaR in white blood cells, as observed by Flanagan et al. (2002), could imply a possible role
in an immune response. Furthermore, activation of the CaR in colonic myofibroblast cells,
found between the epithelia and lamina propria, leads to the synthesis and secretion of
factors known to regulate cell proliferation (Peiris et al., 2007). The intestine is in a
constant state of renewal, and in mammals cell proliferation takes place in specialised
structures known as the crypts ofLieberkiihn (Sancho et al., 2003). The activity of the CaR
is also modulated by polyamines (Quim ef al., 1997), which are crucial factors for normal
rates of cell proliferation and differentiation required to sugain the rapid turnover of
gastrointestinal epithelial cells (Loser et al., 1999), hence, the involvement of a CaR in
these processes has also been considered (Chattopadhyay et al., 1998; Hebert et al., 2004).
Interestingly, the crypts of Lieberkiihn have been noted as conspicuously absent from the
teleost intestine (Field et al., 1978). However, while the process of epithelial regeneration
has not been extensively studied in fish, recent work has identified equivalent structures
from the intestine of the common wolf-fish (Anarhichas lupus). These regularly distributed
crypts reach into the lamina propriaand were recognised as the site of cell re-generation
(Hellberg and Bjerkas, 2005). There are also other reports ofthe CaR acting as a regulator
of proliferation and differentiation in a number of other cell types induding the human
colon cell line, Caco-2 (Kallay et al., 1997), ovarian surface epithelial cells (Hobson et al.,
2000), osteoblasts (Dvorak et al., 2004), keratinocytes (Tu et al., 2004) and mesangial cells
of the glomerulus (Kwaket al., 2005).

2.5 Digestion and nutrient sensing

The intestine is not only a major osmoregulatory oigan in teleosts, but as well as
contributing to Ca** homeostasis it will naturally be responsible for digestion and nutrient
absorption, and subsequently need to successfuly integrate these essential functions. This
is perhaps exemplified by lack of disturbance in the efficacy of protein digestion and amino
acid absorption by the rainbow trout (Dabrowski et al., 1986), and postprandial acid-base

balance (i.e. the alkaline tide) in the flounder (Taylor ef al., 2007), maintained in either
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freshwater or seawater. Similarly, there were no disturbances in systemic Ca*" homeostasis
in Gulf toadfish (Opsanus beta) following consumption of a Ca**-rich meal (Taylor and
Grosell, 2006a). However, while knowledge of the regulating mechanism(s) behind these
capabilities remains little understood, there is potential scope forinvolvement of a CaR
receptor in some or all of these processes.

In addition to its various cationic agonists, the CaR can also be activated by alarge number
of L-amino acids, showing a particular preference for those possessing aromatic groups. In
addition, amino acids can also enhancethe sensitivity of the CaR by reducing the ECs, for
receptor activation by Ca*" (Conigrave ef al., 2000). These findings suggest that the CaR
offers an intriguing molecular link between protein digestion and Ca** metabolism, as well
as explanations for long-standing observations on the ability of amino acids to directly
stimulate various phases of digestion, such as the secretion of gastric acid and release of
pancreatic fluid (Conigrave et al., 2000; Brown and MacLeod, 2001; Busque et al., 2005;
Conigrave and Brown, 2006). Such evidence for a similar mechanism of nutrient sensing in
the teleost intestine is currently limited to structural similarities in the receptor, specifically
the serine residues located in the extracellular domain of the CaR which have been linked
to the binding of Ca*" and amino acids (Zhanget al., 2002). These residues were found
conserved (at identical positions) in the CaR cloned and characterised fromthe tilapia
(Loretz et al., 2004). Such consistencies in structure across taxa may explain the
widespread expression of the receptor along the gastrointestinal tract in fish (Flanaganet
al., 2002; Nearing et al., 2002; Loretz et al., 2004), as well as mammals (Cimaet al., 1997,
Gama et al., 1997; Cheng et al., 1999; Chattopadhyay et al., 1998; Rutten et al., 1999;
Hebert et al., 2004).

From a comparative perspective,a similar capacity of the teleost CaR to sense amino acids
alongside Ca*, contributes an additional layer of intrigue to the prospective role(s) of the
receptor in the intestine, specifically, integrating the complex demands fram
osmoregulation, Ca* homeostasis and digestion. For example, these alternate modes of
receptor operation maybe beneficial considering that drinking rate (and consequently Ca*
intake) increases following ingestion of a meal in seawater-adapted flounder (Whittamore,
J. M. and Wilson, R. W., unpublished observations), in addition to the Ca** content of the
meal itself. Furthermore, amino acids are recognised as potent stimulators of intestinal

cholecystokinin (CCK) release in mammals (Konturek et al., 1973; Douglas et al., 1988),
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with the CaR proposed as a potential mediator of this response (Conigraveand Brown,
2006). CCK is an important neuropeptide which has a number of vital roles in digestion
including control of gall bladder motility, pancreatic enzyme secretion and the slowing
down of gastric emptying (Crawley and Corwin, 1994). Interestingly, the release of
intestinal CCK to the bload circulation has also been documented in response to amino
acids within the lumen of the teleost intestine (Aldman and Holmgren, 1995; Koven et al.,
2002).

2.6 Aims and objectives

A brief review of the existing literature has revealed that the CaR possess a range of
characteristics that make it ideally suited to operating within the intestine. However, it
should be stressed tha many of the functions of the CaR discussed for teleosts, particularly
in relation to the gastrointestinal tract are speculative, based on a growing body of evidence
that is primarily consigned to mammalian models andthus requires direct, physiologically
relevant studies before any firm conclusions can be made for teleosts. The aim of the
present study was therefore to evaluate whether the CaR does indeed have a role in ion and
fluid transport by the teleost intestine, and in particular the regulation of HCO;s™ secretion.
The first set of experiments employed the in vitro paired gut sac technique to investigate
whether altering the ionic strength or osmolality of the mucosal saline would modify the
sensitivity of the receptorto luminal Ca**. This would mimic in vivo changes in gut fluid
composition as it moves along the intestine and any enhancement of receptor sensitivity to
Ca”" might reveal a response in HCO;™ secretion, which has so fareluded detection in vitro.
While there are some compelling arguments supporting a role for the CaR in regulating
HCOs secretion (Wilson et al., 2002), as well as ion and fluid transport (discussed in
Chapter 4, Section 5.3.4) by the teleost intestine, there is currently little direct evidence ofa
functional role for the receptor in these processesin vitro. A second set of gut sac
experiments sought to address this by applying known agonists of the receptor in abid to
explore the possibility that the CaR is involved in the regulation of ion and fluid tranport.
Although the effects of elevated mucosal Ca** using the in vifro gut sac preparation have
proven ambiguous so far, there is howevera clear, definitive response to Ca** following
perfusion of the intestine in vivo (Chapter 5). The final set of experiments invaved

perfusing the intestine in vivo with CaR agonists against a background of 10 mM Ca*" and
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observing the effects on HCO;™ production and secretion as well as accompanying ion and
fluid transpott. If successful in providing some direct, functional evidence for a CaR, this
study would open up opportunities to integrate the physiological responses at the tissue and
whole animal level, with a detailed molecularcharacterisation of the intestinal CaR in a bid

to more fully understand its role in a model euryhaline teleost.

3. Materials and Methods

3.1 Experimental animals

European flounder, Platichthys flesus, were obtained from local fishermen in Flookburgh,
Cumbria, U.K. (n = 19, mean body mass 413 £19 g and 31.4+0.4 cm, total length) and
Fremington, North Devon, U.K. (n =9, mean body mass 450 +41 g and 33.7+0.7 cm, total
length). A small number of fish used in these experiments had beenpurchased from
Aquarium Technology, Dorset, UK (n =4, mean body mass 335 +29 g and 31.6+1.0 cm,
total length). All fish were transported to the School of Biosciences, Universty of Exeter
where they were held in marine aquarium facilities in 150 litre tanks of flowng, aerated
artificial seawater as part of a recirculating seawater system maintained at 34.2 +0.3 ppt
and 11.6 £0.3 °C, under a 12 hour light: dark photoperiod. At least 7 days wereallowed for
the fish to acclimate after arriving in the aquarium. Food was typically withheld for 72
hours prior to experimentation, otherwise the fish weremaintained on a diet of fresh

ragworm (Nereis virens) fed once per week.

3.2 In vitro experiments

3.2.1 General experimental approach

The design, preparation and execution of the following experiments wereidentical to the
paired gut sac protocol described previously (Chapter 4, Section 3.3). Briefly, gut sacs were
made from the anterior, mid and posterior thirds of the intestine and experiments involved
an initial 2 hour incubation period with a ‘control” mucosal saline containing 5 mM Ca*",
before rinsing the sac and refilling with a high Ca** (20 mM Ca*") mucosal saline and

incubating for a further 2 hours.
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3.2.2 Is HCOys secretion modulated by ionic strength and osmolality?

Having already demonstrated that HCOs™ secretion is specifically stimulated by Ca* in the
flounder intestine using the in vitro Ussing chamber approach with a reduced osmolality
saline (Wilson et al., 2002), it was logical that this same question, asked previously for the
killifish (Chapter 6, Section 2.4), was also considered using flounder gut sacs. The first set
of experiments in this study therefore employed areduced ionic strength mucosal saline,
using mannitol to maintain osmotic pressure at ~320 mOsm kg™, identical to the ‘regular’
serosal saline used previowsly (see Chapter 4, Section 3.2). A second set of experiments
subsequently evaluated the influence ofthe ‘reduced osmolality’ mucosal and serosal
salines (~280 mOsm kg') on the response of the tissue to elevated luminal C&". A detailed

description of each of these salines is listed in Table 7.1 below.

3.2.3 Applying agonists of the calcium-sensing receptor (CaR)

Two commonly used agonists of the CaR, gadolinium (Gd**) as GdCls, and neomycin (in
the form of neomycin sulfate) were applied (separately) in gut sacs aspart of the following
investigation. These experiments werecarried out with the ‘reduced ionic strength’ mucosal
saline as conditions of reduced ionic strength are recognised as increasing he sensitivity of
the receptor to its agonists (Quinn et al., 1998; Nearing et al., 2002; Loretz et al., 2004),
and would therefore present the most favourable conditions for activation of the receptor.
With no studies having previously documented the use of these agonists in the intestine
another consideration was the appropriate dosage at which to appy them. The CaR is more
sensitive to changes in net charge rather than specific ligand. This explains why members
of the trivalent lanthanide series, such as Gd*', are capable of activating the receptor with
concentrations in the micro-molar range, as opposed to the typical milli-molar
concentrations required forCa*" or Mg** (McLarnon and Ricardi, 2002). Similarly, the
potency of aminoglycoside antibiotics (e.g. neomycin, kanamycin and gentamicin)
correlates with the number of attached amino groups (McLarnonet al., 2002). In trials,
neomycin was found to bethe most potent of these, possessing 6 amino groups and this
having a potential maximum charge of 6+ (Josepovitz et al., 1982; McLarnon et al., 2002).
Both Gd&" and neomycin havebeen used successfully by numerous investigators, but

appear largely confined to studies on individual cells or cultured cell lines. Perhaps the
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most pertinent use of these agonists, in relation to the present study, has been with bladder
'sacs', made from the urinary bladder of the winter flounder, where they were applied at
concentrations ranging from 19-250 uM for Gd** and 50-250 uM for neomycin (Nearing et
al., 2002). For the current experiments it was eventualy decided to use a relatively high
concentration of each compound (1 mM) dissolved directly in the ‘control’ mucosal saline.
For each of these experiments a total of 3 successive 2 hour incubations periods was
undertaken as opposed to two. The first two incubations consisted of the ‘control’ saline
followed by ‘control +1 mM CaR agonist’. A third flux period was irtroduced to observe
whether the effects on ion and fluid transport (if any) were reversible following

Table 7.1: The inorganic salts and additional solutes used in the composition of the mucosal
and serosal salines emploved in the following experiments. The concentration of each

component is given in mmol I''. Osmolarity was calculated fran the osmotic coefficient of

each constituent and presented in mOsml™'.

Mucosal salines Serosal salines

Control High Ca**
Reduced Reduced Reduced Reduced

Regular  Reduced

ionic osmolality ionic osmolality .
osmolality
strength** strength

NaCl 49.0 45.0 49.0 45.0 146.0 130.0
KCl1 5.0 5.0 5.0 5.0 3.0 2.5
MgCl,.6H,O 25.0 32.5 10.0 17.5 - -
CaCl,.6H,0 5.0 5.0 20.0 20.0 2.0 2.0
MgS0..7H,0 70.0 80.0 70.0 80.0 0.9 0.9
NaHCO; 1.0 1.0 1.0 1.0 8.0 8.0
NazHPO4 - - - - 05 05
KH,PO, - - - - 0.5 0.5
HEPES (Free acid) - - - - 4.0 4.0
HEPES (Na" salt) - - - - 4.0 4.0
D-Mannitol 58.0 - 58.0 - - -
D-Glucose - - - - 6.0 6.0
L-Glutamine - - - - 6.0 6.0
L-Glutathione - - - - 1.0 1.0
pH - - - - 7.80 7.80
Osmolarity* 321 284 320 283 323 292

*These are the theoretical, calculated osmolalities of the salines as originally made up. The osmotic
pressure of the mucosal, and corresponding serosal saline, were matched exactly prior to each experiment.

**1t should be noted that prior checks of saline pH revealed that both neomycin sulphate and GdCl; were
slightly acidic and it was therefore necessary to correct for this using NaOH.
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application of either Gd** or neomycin, as would be expected following activation of the
CaR. Indeed, Nearing et al. (2002) found that the inhibition of J, in bladder sacs after
administration of either Gd** of neomycin was fully reversible. Thus, at the end of the
second incubation period the sac was emptied and gently rinsed 3 timeswith 1-1.5 ml of

‘control’ mucosal saline before being refilled and incubated for a further 2 hours.

3.2.4 Saline design and composition

A similar composition of reduced ionic strength and osmolality salines detailed in the
previous chapter (Chapter 6, Section 3.6) was applied in the present work with the flounder
and details are shown in Table 7.1. For the high Ca*" version of each mucosal saline the
concentration of Ca** was increased four-fold from 5 to 20 mM in keeping with previous in

vitro experiments (Chapters 4 and 6).

3.3 In vivo experiments

3.3.1 Experimental approach and salines

The surgical procedures, perfusion protocol along with the sampling regime and analysis
detailed in Chapter 5 (Section 3.2) were followed for the presentin vivo experiments. Once
surgery was complete the intestine was perfused with saline containing either Gd** or
neomycin, the same agonists applied in vitro, with a nominal concentration of 1 mM

chosen for each (Table 7.2).

3.4 Data presentation and analysis

Data are presented as mean £SE. For the in vitro experiments, positive numbers were
indicative of net absorption and negative numbers of net secretion. Differences in rates of
ion and fluid transport between anterior, mid and posterior sections of the intestine were
assessed by a two-way ANOVA, using a General Linear Modelling (GLM) procedure,
where section of the integine, and incubation period were factors. This analysis also
included calculation of an interaction term between these factors. Differences in net fluxes
between treatments were assessed by paired t-tests. Where appropriate, following multiple

paired comparisons, amodified Bonferronicorrection of the probability value
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Table 7.2: The inorganic salts used in the composition of the in vivo perfusion salines

employed by the present sudy. The concentration of each component salt is given in mmol

I"'. Theoretical osmolarity (mOsm 1) was calculated based on the osmotic coeficient of

each salt.
Salt Perfusion treatment
Control  Control (+ Gd*)* Control (+ Neomycin)

NacCl 50.0 50.0 50.0

KCl 5.0 5.0 5.0
MgCL.6H,O 80.0 80.0 80.0
CaCL.6H,O 10.0 10.0 10.0
MgS0..7H,0O 10.0 10.0 10.0

GdCl; - 1.0 -

Neomycin sulfate - - 1.0

* As before, the pH of the saline was corrected with NaOH since GdCl; is slightly acidic. However, unlike
the acidic effect of neomycin observed with the reduced ionic strength mucosal saline (which contained
mannitol), addition to the in vivo perfusion saline produced no change in pH.

associated with each additional paired t-test was applied o reduce the possibility of
incurring a type-1 error (Holm, 1979; Sokal and Rohlf, 1994).

The data collected fromthe in vivo experiments with Gd** and neomycin were compared to
the ‘control’ perfusion saline. All data expressed as a proportion were arcsine transformed
prior to analysis and significant differences between treatments tested for by one-way
ANOVA using a General Linear Modelling (GLM) procedure. Post-hoc, pair-wise
comparisons were made using Bonferroni simultaneas tests. For data failing to meet the
assumptions of approximate normality and equalty of variance, the non-parametric
Kruskal-Wallis test was performed with post-hoc comparisons madeusing Dunns
procedure. All statistical tests were accepted as significant at P <0.05 following prior
examination of approximate normality and equalty of variance. Statistical analysis was

carried out using Minitab v13.1 and graphs drawn using SigmaPlot v9.0.

4. Results

4.1 The influence of saline composition on HCOs™ secretion

4.1.1 Regular mucosal saline
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For the benefit of the reader and ease of comparison with the data from the ‘reduced ionic
strength’ and ‘reduced osmolality’ salines used in the present study, data that had
previously been collected using the ‘regular’ serosal saline and presented in Chapter4

(Section 4.1) are shown again herein Figure 7.1.
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Figure 7.1: The mean (£SE) net fluxes of sodium, chloride and bicarbonate (nmol cm? h),

alongside net fluid transport (Ul cm? h™) by gut sacs from the flounder intestine under

control conditions (dark shading), and in response to a 15 mM increase in mucosal Ca*

concentration (light shading) using the ‘regular’ mucosal saline. These data were

previously shown in Chapter 3 (Section 4.1).
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4.1.2 Reduced ionic strength mucosal saline
There was a significant overall reducton in HCO;™ secretion by 12 % following the
increase in mucosal Ca*" up to 20 mM, but secretion remained unchanged in the posterior

section of the intestine. Even though there was a net secretion of Na™ and very low rates
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Figure 7.2: The mean (£SE) net fluxes of sodium, chloride and bicarbonate (nmol cm? h'!),

alongside net fluid transport (Ul cm? h™") by gut sacs from the flounder intestine under

control conditions (dark shading), and in response to a 15 mM increase in mucosal Ca*

concentration (light shading) using the ‘reducedionic strength’ mucosal saline. Data are

presented for anterior, mid and posterior sections, as well as the averagevalue for the entire
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intestine. Asterisks indicate a significant difference (P <0.05) from corresponding the

control incubation (n = 6).

of CI' absorption, there was, on average, net fluid absorption from mucosa to serosa during
the control incubation. However, under high Ca** conditions, while net NaCl transport
remained largely unchanged there was a significant turnaround of fluid tranport rates,

from absorption to secretion (Figure 7.2).

4.1.3 Reduced osmolality saline

With the osmotic pressure of the saline reduced by approximately 40 mOsm kg' a very
similar pattern of ion and fluid transport was observed (Figure 7.3) compared to the
previous experimentusing reduced ionic strength saline. Net HCOs™ secretion by both
anterior and mid sections of the intestine was significantly reduced by 19 %and 13 %,
respectively, and almost significant overall (P = 0.054). With comparable rates of Na" and
CI' transport shown previously in Figure 7.2, there was however a significant reduction in
net Na' secretion for the mid and posterior portions of the gut. Fluid transport was again
reversed in the presenceof elevated mucosal Ca**, which was almost sinificant for the

posterior gut sacs (P=0.064).

4.2 The effect of calcium-sensingreceptor (CaR) agonists on ion and fluid transport in

vitro
4.2.1 Gadolinium (Gd*)

Applying 1 mM Gd* resulted in a significant reduction in HCO;™ secretion for the anterior

and mid sections which was not reversible. For the posterior gut sacs therewas a
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Figure 7.3: The mean (£SE) net fluxes of sodium, chloride and bicarbonate (nmol cm? h),

alongside net fluid transport (Ul cm? h™) by gut sacs from the flounder intestine under

control conditions (dark shading), and in response to a 15 mM increase in mucosal Ca*"

concentration (light shading) using the ‘reduced osmolality’ mucosal saline. Data are

presented for anterior, mid and posterior sections, as well as the averagevalue for the entire

intestine. Asterisks indicate a significant difference (P <0.05) from corresponding the

control incubation (n = 6).

non-significant 18 % reduction in net HCOxs™ secretion rate but this was restored after

rinsing out the Gd** (Figure 7.4C). Indeed, the posterior portion of the intestine behaved a
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little differently than more distal sections for the other ions ©o. While Na" and CI transport
rates appeared largely unaffected there was a substantial, but not statistically significant
increase in transport rates during the final incubation period (recovery after Gd*") compared
to the initial control (Figures 7.4A and B). Interestingly, the response of fluid transport

across treatments seemedto closely mirror that of HCOs™ secretion (Figure 7.4D).
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Figure 7.4: The mean (£SE) net fluxes of sodium, chloride and bicarbonate (nmol cm? h'!),

alongside net fluid transport (Ul cm? h™") by gut sacs from the flounder intestine under

control saline conditions (dark shading), and in response to 1 mMGd*" (light shading)
using the ‘reduced ionic strength’ mucosal saline. Data are presented for anterior, mid and
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posterior sections, as well as the average value for the entire intestine. Asterisks indicate a

significant difference (P <0.05) from the corresponding initial control incubation (n = 6).

4.2.2 Neomycin
The response of ion and fluid trangort to 1 mM neomycin diplayed trends similar to those
seen with Gd** but were less convincing with no statistically significant differences

between treatments (Figure7.5).
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Figure 7.5: The mean (£SE) net fluxes of sodium, chloride and bicarbonate (nmol cm? h),

alongside net fluid transport (Ul cm? h™) by gut sacs from the flounder intestine under
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control conditions (dark shading), and in response to 1 mM neomycin (light shading) using

the ‘reduced ionic strength’ mucosal saline. Data are presented for anterior, mid and

posterior sections, as well as the average value for the entire intestine. Asterisks indicate a

significant difference (P <0.05) from the corresponding initial control incubation (n = 6).

4.3 The effect of calcium-sensingreceptor (CaR) agonists on ion and fluid transport in

Vivo

4.3.1 Bicarbonate production and excretion
The inclusion of the CaR agonists Gd** or neomycin did not enhance the rates of HCO5’

secretion or carbonate precipitaion compared to controls (Figure 7.6).
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Figure 7.6: The mean (£SE) net production and excretion of bicarbonate (HCO5 + 2CQ5%)
equivalents (uEq kg™ h™") by the intestine of the flounder perfused with salines containing 1

mM of the CaR agonists Gd** or neomycin compared with the control over a total of 3

days. The open bars represent the total amount of bicarbonate equivalents (intestinal fluid +

278



Chapter 7

rectal fluid + precipitates) produced and shaded barsshow the amount that had been

incorporated into precipitates only (n = 8. 4 and 4 for the control. Gd** and neomycin

treatments, respectively

Similarly, the acid-base characteristics of the voided rectal fluid did not change

significantly in the presenceof these agonists (Table 7.3).

Table 7.3: The mean (£SE) values of pH, TCO, (mM) and calculated HCOs equivalents (U

Eq I'") measured in rectal fluid samples from the flounder following perfusion ofthe

intestine for 3 days with salines containing the CaR agonists, Gd* and neomycin compared
with the control (n =8. 4 and 4 for the control, Gd*" and neomycin, respectively).

Perfusion treatment

Control Gadolinium Neomycin
pH 8.57+0.03 8.54 £0.05 8.67 £0.04
TCO, (mM) 61.2+4.7 50.1+8.6 57.8+4.5
[HCO; +2CO5*] (UEq 1) 68.4 £5.6 55.9 £10.0 65.8 4.7

4.3.2 Fluid transport

Figure 7.7 shows that over 3 days the proportion of fluid absorbed by the intestine was
slightly reduced for fish undergoing perfusion with saline containing Gd** or neomycin.
Interestingly, between the control and neomycintreatments water absorption fell by 14 %

(from 47.2 % to 33.3 %) but was not quite significantly different (F,, ;5= 3.68, P =0.054).
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Figure 7.7: The mean (£SE) proportion of fluid absorbed by the flounder intstine

following perfusion with salines containing 1 mM of the CaR agonists Gd** or neomycin,

compared with the control (n =8. 4 and 4 for the control, Gd®>" and neomycin treatments,

respectively).

5. Discussion

The present study set out to demonstrate arole for the CaR in the marine teleost intestine,
specifically its influence on HCOs™ secretion, and associated ion and fluid transpott, both in
vitro and in vivo. The first set of experiments investigated whether the response of the
proposed receptor to Ca*’could be modulated by changesin ionic strength and osmolality
of the mucosal saline in vitro. Demonstration of consistent ion and fluid transport rates over

consecutive incubation periods, as described in Chapter 3, but in the presence of these
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particular salines are missing from the data set. With additional time a series of consecutive
control experiments would have been performed to help validate the data presented here.
However, Grosell ef al. (2005) did not find any significant differences in ion and fluid
transport rates over 3 consecutive 2 hour incubations using a mucosal saline of a similar
composition to the reduced ionic strength and reduced osmolality salines employed here.
With a reasonable level ofconfidence it was assumed that flux rates woul have been stable
over consecutive incubation periods, but where relevant in the following discussion, this

should be kept in mind asa potential caveat.

5.1 Why is HCOs secretion in gut sacs NOT stimulated by Ca**?

Altering the ionic strength and osmolality of the mucosal saline did not change the
response of HCOs™ secretion to high Ca®* originally observed with the ‘regular’ saline
(Figure 7.1), with the exception that the reductions in HCO;" in the anterior and mid
sections were now statistically significant (Figures 7.2 and 7.3). In terms of a CaR, these
results are perhaps not too surprising given that the ECs, for receptor activation by Ca**
would have only been reduced from around 5 to 2.5 mM in relation to the changein ionic
strength during these experiments, based on the CaR characterised from dogfish kidney
(Nearing et al., 2002). Since the concentration of Ca*" was increased by such a large
amount (5 to 20 mM), it can be argued that the potential gain in sensitivity from reducing
ionic strength in these experiments would have been largely irrelevant.

In spite of this, and the success ofin vivo experiments explorng the regulation of HCOy
secretion by Ca** (Wilson et al., 2002; Wilson and Grosell, 2003; Chapter 5), along with a
clear demonstration of a role for Ca**-specific HCOs secretion in vitro (Wilson et al.,
2002), the gut sac experimentsperformed here have not matched this expectation in
support of a role for Ca*" in the stimulation of HCO;™ secretion. While a substantial part of
the discussion from Chapter 4 (Section 5.1) was devoted to demonstrating that there did not
appear to be any obvious limitations to HCOs™ secretion it was decided to return to this
possibility. The following discussion has sought to employ a more rigorous examination of
the role for CI/HCOs exchange. Specifically, attention has been focussed on the
electrochemical driving forces behind HCO;™ secretion, in abid to try and understand why

secretion by gut sac preparations from the present study, as well as Chapter 4, appear to be
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limited in terms of their capacity for HCOs™ secretion and subsequently failed to show the

expected resporse to Ca’".

5.1.1 Thermodynamic considerationsfor HCO; secretion in vitro

Once more rates of HCOs™ secretion in vitro in these experiments appearedvery consistent
between 400 and 600 nmol cm® h'', displaying little variation, irrespective ofthe
accompanying changes in Nd and CI transport (Figures 7.1 to 7.5, see also Chapter 3,
Section 4.3). A reason for such consistency could be the favourableelectrochemical
gradient for the movement of HCOs™ across the tissue from the serosal to mucosalside.
With 8 mM serosal HCOs™ and 1 mM mucosal HCO;™ at the start, calculation of the Nernst
equilibrium potential (for details see Chapter 6, Section 5.4.2) reveals that the serosal to
mucosal gradient for the movement of HCOs” would only be abolished if the transepithelial
potential difference (TEP) were equal to or greater than +51.0mV (serosa positive). The
actual TEP, measured directly by Grosell et al. (2005) for flounder gut sacs, under near-
identical conditions to the present study, was around -16 mV confirming a substantial
electrochemical gradient forthe movement of HCO; into the mucosal saline in these
preparations. This value for the TEP compares well with -11.1 to -13.8 mV (Wilson et al.,
2002), and -13.5 to -14.5 mV (Wilson and Grosell, 2003), obtained from anterior sections
of the flounder intestine mounted in the Usang chamber under asymmetrical conditions, as
well as in vivo measurements (-13.7 to -19.7 mV) made along the intestinal tract of this
same species in two-thirds (21 ppt.) seawater (Bury et al., 2001).

While useful, this cursory analysis does not impart the relative contribution of (secondary)
active HCOs™ secretion since the energy stored in this gradient will be capable of not only
driving apical CI/HCO; exchange (Grosell, 2006), but also conductive exit across the
apical membrane (Dixon and Loretz, 1986), and paracellular movement across the tight
junction (Grosell et al., 2001). Following re-arrangement of the Nernst equation, passive
transepithelial movement of HCO;™ into the mucosal saline would be thermodynamically
feasible up to a mucosal concentration of 15.4 mM HCOs'. Interestingly, Grosell et al.
(2005) made a very similar prediction (17 mM) based on experimental observations of the
relationship between measured HCOs™ secretion rates and the ratio of HCO;™ concentrations
on the mucosal and serosal sides of thetissue. However, for the present study, the average

concentration of HCOs recovered in the mucosal saline at the end of an incubation under
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control conditions with reduced ionic strength mucosal saline was 7.9 0.3 mM (n = 54) far

below these predicted limits.

5.1.2 The driving forces for CI/HCOs exchange

A more informative approach to assessing the limitations of HCOs™ secretion would be to
consider the electrochemical driving forces which exist across the apical and basolateral
membranes in vitro, and more specifically the energy for apical CI/HCO;™ exchange.
Similar analyses havebeen carried out by Grosell ez al. (2001) and Grosell (2006),based
on in vivo data and the associated Nernst equilibrium potentials for CI and HCO;'. It was
calculated that for anion exchange to be thermodynamically feasible in the anterior
intestine the intracellular HCOs™ concentration would need to greater than 10 mM, and even
higher in more distal regions in vivo (as the HCOs™ content of the gut fluid increases and CI
decreases). Currently, there are no available measurements of intracellular HCOs
concentration in the telecst intestine although estimates based on the Henderson-
Hasselbach equation from previous in vitro studies range from 0.6 mM in the goby (Dixm
and Loretz, 1986) to 1.5 mM in the Pacific sanddab (Grosellet al., 2001). For the present
gut sac preparations the cytosolic HCO;™ concentration was similarly calculated usng the

Henderson-Hasselbach equation:

pHi = pKapp + logio ([HCO57]i / a0 x PCOy) (1)

where, pHi is the intracellular pH (assumed to be ~7.4), pKap, 1s the dissociation constant of
carbonic acid (6.13) from Boutilier et al. (1984), a the solubility coefficient of CO, (0.057
mM mmHg), and PCO; the partial pressure of CO, within the cell, which was calculated as
3.8 mmHg for 0.5 % CO, (760 mmHg % 0.005), assuming there were no limitations on CO,
diffusion across the cell membrane. Using this information, and re-arranging equation 1

gives an intracellular concentraton of HCO;™ of 4.0 mM for the European flounderin vitro.
5.1.3 The electrochemical potential (Ap)

The next step to determining the thermodynamic feasibility for CI/HCO;™ exchange in vitro

involved calculation of the electrochemical potential (in kJ mol") for CIand HCO;™ across
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the apical (Ap**) and basolateral (Ap®°**) membranes using the following equation
from Loretz (1995).

Ap =RT In([X] / [X.]) + ZFAE 2)

where, [Xi] and [X,] are the concentrations (mM) of the given ion in the cytoplasm and
bathing solution, respectively. AE is the potential difference (V) across the specified
membrane. R, T, z and F have their usual meanings. The apical membrane potential
difference (AE*™**") was taken as-100 mV with reference to the cytoplasm, under
asymmetrical conditions (Loretz, 1995), and with TEP at -16 mV (Grosell ef al., 2005) the
potential difference across the basolateral membrane (AE"*°*™) was calculated as 84 mV

(cytosol negative) using the following expression:

TEP = AEapical _ AEbasolateral (3)

Data on ionic activities in the cytoplasm of'the teleost intestine are rather limited although
intracellular CI has been determined for the winter flounder (Duffey et al., 1979; Smith et
al., 1980) using an ion-specific microelectrode reporting an activity of about 30 mM. Along
with the intracellular HCOs™ concentration of 4 mM, calculated from equation 1, the

resulting electrochemical potertials are presented below (Table 7.4).

Table 7.4: The electrochemical potertials, Ap (kJ mol") of CI' and HCO;™ across the
intestinal epithelia of the European flounder at the beginning and the end of gut sac

experiments in vitro. The mucosal concentrations are the actual mean (£SE) values

measured during the control incwbation period from experiments with the reduced ionic

strength mucosal saline (n= 54). Where Ap is <0 transport will be thermodynamically

feasible. The direction of ion movement along its electrochemical potential gradient is

indicated in parentheses wherem = mucosa, ¢ = cytoplasm and s = serosa.

Time Ion Concentration (mM) An (kJ mol™)

(h) Mucosal  Cytoplasm  Serosal ~ Apical  Basolateral Transepithelial

0 Cr 103.1 30 153 6.73 -4.25 2.48
+0.1 (c—m) (c—s) (s—m)
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HCOy 1.1 4 8 12.70 -6.46 6.24
+0.0 (c—m) (c—s) (s—m)

2 Cr 100.7 30 153 6.78 2.53
+0.7 (c—m) (s—m)

HCOy 7.9 4 8 8.04 1.57
+0.3 (c—m) (s—m)

active CI/HCOs™ exchange to occur across the apicalmembrane can subsequently be
calculated as the sum of the electrochemical potentials for CI" and HCOs™ presented in table

7.4:

A],LCH HCO3- — A]JCI' + _AHHCOS- (4)

Note that the sign for Apu HCOs™ is negative indicating movement out of the cell in the
opposite direction to CI. The electrochemical potertial for CI/HCO;™ exchange at the
beginning of the incubation period was -5.92kJ mol”. This shows that the process ofapical
CI/HCOs exchange would have been thermodynamically permissible, driven by energy
contained in the large outward gradient for HCOs™ exit. After 2 hours the Ap for CI/HCO5
exchange would have been reduced more than 5-fold to -1.14 kJ mol'. The above
calculations serve to demonstrate that the enegy for CI/HCOs exchange would be greatly
diminished, and lends support to the notion that HCOs secretion was indeed becoming
limited towards the end ofa 2 hour flux period. Even though, based on these figures, it was
still theoretically possible for CI/HCO;™ exchange to take place,in realistic terms this

would be an unlikely prospect, as discussed below.

5.1.4 Is diffusion of CO, into the epithelial cell limited?

One of'the pivotal assumptions of the above analyss will be the calculation of intracellular
HCOy, since the thermodynamics of the system dictate that with higher concentrations of
HCO:s™ in the cell, the more energy there will be to drive apical CI/HCO; exchange. As a
small neutral molecule, it was naturally assumed that CO, would freely diffuse across the
basolateral cell membrane. However, since the permeability of Xenopus oocytes to CO, can
be increased by the presence of the aquaporin water channel, AQP1 (Nakhoul ef al., 1998)

this suggests that for some membranes permeability to CO, may be intrinsically limited,

285



Chapter 7

and for some epithelia such properties may in fact be a necessity. For example, parietal and
chief cells of the gastric glands, which secrete acid and pepsin into the stomach do not
benefit from the protection of the mucus-bicarbonate barrier. Instead, they are uniquely
resistant to acidification by being almost completely impermeable to H", NH; and CO,
(Boron et al., 1994; Waisbren et al., 1994). It has more recently been shown that the apical
membrane of colonocytes from the guinea pig also possess a reduced permeability to CO,,
more than 200 times lower than red blood cells (Endeward and Gros, 2005).

While the potential for AQP1 to act as a channel for CO, has been the subject of debate
(Fang et al., 2002; Verkman, 2002), molecular simulations conclude that AQP1 could act as
a CO, transporting channel in epthelia with low intrinsic CO, permeability (Hub and de
Groot, 2006; Wang et al., 2007). Interestingly, AQP1 is abundantly expressed in the
intestine of the Japanese eel (Aoki et al., 2003), European eel (Martinez et al., 2005) and
sea bream (Raldua ef al., 2008), but is localised almost exclusively to the apical membrane,
with the exception of anovel aquaglyceroporin fromthe intestine of the sea bream (Santos
et al., 2004). Additional support for the limited diffusion of CO, across the basolateral
membrane of the flounder intestine is evident from the gut sac experiments in Chapter 4,
where the serosal saline was gassed wih 2 % CO, instead of 0.5 %, but the resulting
mucosal HCOs secretion remained unchanged (Section 4.2, Figure 7.3). If CO, were able
to move freely into the cell then the intracellular concentration of HCOs” would have been
expected to be considerably higher in the presence of2 % CO, and therefore capable of
driving additional CI/HCOs exchange in gut sacs as demonstrated by (Grosell et al., 2005),

yet this was clearly not the case.

5.1.5 Additional barriersto CI/HCOs exchange in gut sacs

While intracellular PCO,, and subsequently intracellular HCOs, may have been over-
estimated in terms of serosal CO, entering the cell, conversely, CO, from cellular
metabolism would contribute to PCO,. The flounder is considered to rely largely on
endogenous CO, to fuel HCO;™ secretion. Howevey, in vifro, without an intact blood supply,
oxidative metabolism and the functional capacity of the tissue are likely to be depressed
(Lifson and Parsons, 1957, Whitlock and Wheeler, 1964; Ochsenfahrt, 1979; Foulkes,
1996; Wilson et al., 2002). In the absence of extracellular CO, (i.e. HCO;/CO,-free serosal

saline) the flounder intestine has been shown to produce sufficient HCO;™ capable of
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driving secretion in vitro, albeit at much reduced rates, almost 50 % lower than measured
here (Chapter 4, Section 4.3). To create high intracellular HCO;™ required to overcome
these thermodynamic constraints it has been suggested that linkage of the cytoplasmic
carbonic anhydrase (CA)to the apical CI/HCO; exchanger forminga so-called
‘metabolon’ (Srere, 1987) would dramatically increase the activity of the exchanger
(Grosell, 2006). By linking these processes, the diffusional distance between the CA and
the CI/HCOs exchanger is reduced thus permitting the development ofhigh, localised
intracellular concentrations of HCO; which would enhance transport (Sterling et al., 2001;
2002).

However, if cellular metabolism, and consequently CO, production, was being limited in
vitro the significance of such a metabolon would not necessarily berealised. Furthermore,
the static conditions of the mucosal saline within the gut sac, which were neither gassed nor
stirred, would provide the opportunity for a large unstirred boundary layer to form. Also,
since the diffusion of HCO;™ through gastrointestinal mucusis 11 times slower than through
saline (Livingston et al., 1995), HCO;” would be likely to concentrate against the
membrane and be counter-productive to any localised HCOs concentrations built up on the
inner side of the membrane. Indeed this situation would most probably diminish the
gradient for HCO;™ secretion much more rapidly than suggested from the electrochemical
profiles of CI and HCOs™ in Table 7.4. For example, even with the possibility for low rates
of endogenous HCOs™ production and limited diffusion of CO, into the cell from the serosal
side, if intracellular HCOs were indeed as high as 4 mM in vitro, then with an average
concentration in the bulk fluid of 7.9 mM, it would only require a concentration of 13.4
mM HCO;” within the unstirred layer on the mucosal side to eliminate CI/HCOs exchange.
In addition, with only another 2 mM the Nernst equilibrium potential of 15.4 mM

(calculated in Section 5.1.1), for all forms of HCO; secretion would be reached.

5.1.6 Summary

In answer to the original question of why Ca* has proven unsuccessful in stimulating
HCOs™ secretion in vitro, a problem which has consistently plagued this research, it would
appear to be down to the choice of technique. By finally considering the thermodynamics
of HCO;s transport it would appear that by its very nature the gut sac preparation was

simply not suited to measuring large increases in HCO; secretion. As the HCO5
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concentration in the enclosed, unsirred mucosal saline increased, the electrochemical
gradient for secretion decreased(exemplified in Table 7.4). In contrast, the previous work
of Wilson and co-workers (2002) employng the pH stat system where mucosal pH was
clamped at 7.8, and the mucosal saline was well-stirred and oxygenated. Under these
experimental conditions any such thermodynamic constraints would have been greatly
minimised and the gradient for HCO;™ secretion maintained, subsequently producing a clear
47 % increase in the presence of elevated mucosal C&*. While the ideas behind the use of
the gut sac preparation to demonstrate anincrease in HCOs™ secretion were essentially
sound, such experiments were likely to have been fundamentally flawed all along. If these
arguments are correct then this would prove a bitterly disappointing conclusion to almost 3
years of time and effort in pursuit of using this technique to stimulate HCOs™ secretion in

vitro.

5.2 The role of CaCQO; production in HCO; secretion in vivo

The preceding sections have provided some illuminating discussion on the driving forces
for HCOs™ which leads into the question of how secretion woull be regulated in vivo.
Concentrations of HCOs' in the rectal fluid of the flounder range from 29 to as high as 114
mM, and with only 4 to 10 mM in the blood (personal observatons), this is far beyond the
equilibrium potential for HCO;™ exit. This point has been addressed by Grosel et al.
(2001), and more recently in a review by Grosell (2006). It was suggested that linkage of
the apical CI/HCO; exchanger and CA (in the form of a metabolon), along with a high
metabolic turnover of CO,, producing a greater intracellular PCO,, would together create
the high, localised intracellular HCOs™ concentrations required to overcomethese
thermodynamic constraints in vivo. However, another aspect that was not consdered by
these investigators was the reduction in localised HCO;™ concentrations created by
carbonate precipiation. As CaCO; crystallisation takes place against the cell surface
(Humbert et al., 1986; 1989) and hence will consume two molecules of HCOs" in this
region, then in combination with a high intracellular HCOs™ concentration, this could

further enhance the gradient for HCOs to exit (Figure 7.8).

5.2.11s a CaR required for HCOs secretion in vivo?
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If the above hypothesis, illustrated in Figure 7.8, were correct then it would suggest that the
rate of HCO;™ secretion in vivo would not necessarily be under the control of aCaR, instead
a combination of physical factors could potentially regulate secretionin vivo, namely the
ability to generate high intracellular HCOs™ concentrations (Grosell, 2006) and an enhanced
gradient for HCOs™ exit created by CaCO; precipitation (Figure 7.8). This was previously
considered by Wilson ef al. (2002) who argued against a role for CaCO; in promoting the
gradient for further secretion as the stimulation of HCO;™ secretion by C&" was equally
apparent using the pH-stat system, where the gradient across the apical nembrane was
sustained by clamping lumina pH, CO, (and subsequently HCOs') to a constant value.
Contrary to this view, while this does indeed suggest a role for the CaR under such specific
in vitro conditions, it is certainly does nat seem to be the case in vivo and without prior

understanding of how Ca*', and presumably the CaR, operates to increase HCO; secretion

it is not possible to extrapolate this mechanism to the situation in vivo.
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Figure 7.8: Panels A and B show transmission electron micrographs ofthe apical portion of

the intestinal epithelium from the seawater-adapted European eel which has beenincubated

with lanthanum as an electron-dense tracer for Ca>" (Reproduced from Humbert et al.

1989). (A) Mucus globules exiting from the goblet cell (gc), demonstrates how Ca*-

becomes concentrated in the mucus as soon as it is extruded fromthe epithelium (x 8.000.

Bar =1 um). (B) Needle-like Ca*-rich crystals are clearly visible within the overlying

mucus layer along with very fine precipitates deposited on the microvili (mv) (x 8.000.

Bar =2 um). (C) A simple schematicdiagram illustrating the potential role for CaCO;

crystallisation in HCOs™ secretion, in conjundion with a CI/HCO;” exchanger which is

linked to carbonic anhydrase(CA) as part of a transport metabolon, helping create a

favourable gradient for HCO; secretion within the localised micro-environment atthe

apical membrane of the epithelial cell.

Interestingly, the failure of receptor agonists Gd** and neomycin to stimulate HCOy
secretion during perfusion of the intestine (Figure 7.6) would actually favour the notion

that the rate of precipitation will determine what additional HCOs™ secretion takes place and
not the CaR, yet by no means can this be considered definitive. The application of Gd** as
an agonist was perhaps not the most appropriate choice for use within the intestinal lumen

which was rich in HCO;” and COs, since this trivalent lanthanide will easily form
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complexes with these anions (Caldwell et al., 1998), and is likely to have become
incorporated into the CaCO; precipitates as Gdo(COs)s. However, the rate of precipitation in
the presence of Gd®* was actually 20 % lower than the control, and was reduced by almost
one third with neomycin, although neither result was statistically significant (Figure 7.6). In
addition, there was also a reduction in the proportion of fluid absorbed by one third (from
47.2 % to 33.3 % in the neomycin andcontrol treatments, respectively) which was almost
significant. There were no differences in the simultaneous rates of Na” and CI' transport
that could help explain this change in fluid absorption. Figure 7.10 reveals little difference
in net Na" absorption between treatments (F>, 15 = 0.39, P = 0.684), although net CI
absorption in the presence of neomycin was mote than 20 % lower than the control but was
not close to significance (F,, 3= 1.01, P=0.390).

The sample sizes of experiments involving these agonists were small (n = 4) compared to
the control, which may preclude the detection of statistically significant differences, yet
there are trends in the data suggesting potential differences. However, it was not clear
whether this would have been a direct result of neomycinacting upon the CaR, particularly
since its application in vitro did not have a convincing effect on ion and fluid transport
(Figure 7.5). For example, neomycin is a widely used aminoglycoside antibiotic, which is
included in oral solutions as part of the pre-operative prophylactic treatment of the gut prior

to surgery (Nichols et al., 2005). Interestingly, Walsh ef al.
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Figure 7.9: The mean (+SE) net sodium (open bars) and chloride (shaded bars) fluxes

mol kg! h') by the intestine of the flounder perfusedwith salines containing the CaR

agonists Gd** and neomycin compared with the control over atotal of 3 days (n =8, 4 and

4 for the control, Gd* and neomycin treatments, respectively).

(1991) concluded that carbonate precipitation by the Gulf toadfish does not involve
intestinal microbes and combined application of the antibiotics, sisomycin and ampicillin
(at a dose of 50 ppm each), reduced bacterial counts per intestine more than 1,000-fold
(from 7.7 x 10" to 2.2 x 10%), with no effect on the rate of CaCO; production. The amount
of neomycin used in the currentperfusion experiments was 10 times greaterthan the total
antibiotic dose administered by Walsh ez al. (1991). Since there is still much to learn about
the actual process of CaCO; formation by the telecst intestine, if these trends for reduced
precipitation and fluid absorption in the presence of neomycin (Figures 7.6 and 7.7), were

proven beyond reasonable doubt, then it would open up the possibility that there may
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indeed be a role for the microflora ofthe gut in CaCO; production, particularly since

bacteria are capable of forming carbonateminerals (Boquetet al., 1973; Novitsky, 1981).

5.3 A role for the CaR in vitro

In the Ussing chamber where the process of CaCO; crystallisation is unlikely, given such
low concentrations of HCOs and COs*, and with a sustained gradient for HCO;™ secretion,
the tissue is able to respond b elevated mucosal C&" by increasing the rate of HCO5’
secretion to (presumably) encourage CaCOs formation and removal of the excess Ca**, with
this process most likdy being mediated via the CaR (Wilson et al., 2002). However, with
no observed increases in HCOs™ secretion in resporse to Ca** in the gut sac preparation
(Figures 7.1to 7.3), it was proposed that in order for the tissue to effectively deal with this
Ca*" challenge the epithelium reduces fluid absorption, in some cases leading to secretion.
This would not only help to prevent C&* concentrating at the apical membrane, but the
inhibition of NaCl absorption would lead to hyperpolarisation of the membrane closing
any voltage-gated, L-type Ca** channels and thus further reducing the opportunity for entry
of Ca®" into the tissue, helping to preserve Ca*” homeostasis (Chapter 4, Section 5.3.4).
Since any increase in HCOs™ secretion in gut sacs has been undermined by the constraints
of the technique, the demonstration of net fluid and NaCl secretion, under high Ca**
conditions (Figures 7.2 and 7.3), help support this hypothesis. The effect of elevated Ca**
concentration in Figures 7.2and 7.3 is consistent with how the CaR operates in other
transporting epithelia (Sands et al., 1997; Bruce et al., 1999; Fellner and Parker, 2002;
Nearing et al., 2002; Geibel et al., 2006, Gerbino et al., 2007), and it was subsequently
proposed that these responses may also be under control of the receptor. However, attempts
to demonstrate the control of intestinal ion and fluid trangort using agonists of the CaR,
Gd*" and neomycin werenot very convincing (Figures 7.4 and 7.5).

For Gd*, while HCOs was significantly reduced in the anterior and mid sections,
accompanied by dramatically lower fluid transport rates (but no secretion),these were not
recoverable after rinsing (with the possible exception of the posterior sections), hence they
were contrary to the reversible nature of the response expected if Gd** were operating via
the CaR (Nearing et al., 2002). Furthermore, there was no evidence to suggest that NaCl

co-transport was being adversely affected, in fact experiments wit the reduced ionic
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strength saline were characterised by consstent net Na'" secretion, while rates ofnet CI
transport were conspicuously low (Figures 7.2, 7.4 and 7.5).

Aside from the avid binding of Gd** to anions such as HCO;” and COs?, this trivalent
lanthanide is also a potent blocker of Ca** channels in a range of cells (Boland ef al., 1991).
For example, Ca** channels of cardiac myocytes from the guinea pig were completely
blocked by Gd** displaying an ECs, of just 1.4 uM (Lacampagne et al., 1994). In addition,
5 uM completely inhibited L-type Ca®" currents in rat pituitary cells (Biagi and Enyeart,
1990), and partial inhibition of L-type channels was observed with 10 and 50 uMGd** in
ventricular myocytes from the rat (Sadoshima et al., 1992). Overall, since NaCl co-
transport (and the putative Ca*" channels) were considered to be the intended targets in gut
sacs following activation of the CaR with Gd*" (as well as neomycin), the experimental

evidence presented in Figures 7.4and 7.5 were not consistent with a role for the CaR.

5.4 Is CI/HCOs exchange a driving force for fluid transport in vitro?

A rather puzzling aspect of the data presented in Figures7.2 to 7.5, that deserves attention
is how net fluid absorption was able to take place even though there was substantial net
secretion of Na', and relatively little net CI transport. In these experiments fluid cannot be
driven by a transepithelial differences in osmotic pressure,and must therefore be coupled to
ion transport, yet fluid absorption from mucosa to serosa persisted in the apparentabsence
of net NaCl co-transport, the principal driving force behind fluid absorption in vitro and in
Vivo.

An unfortunate oversight of experiments using the reduced osmolality saline was that these
conditions did impose an osmotic challenge on the tissue. This saline exerted an osmotic
pressure of ~280 mOsmkg™, approximately 40 mOsm kg lower than what the intestine
was likely to be experiencing in vivo (~320 mOsm kg') prior to dissection. Hence, the cells
would have been initially hypertonic to the bathing media, and as such this would have
drawn water into the tissue. These gut sac preparations would therefore have benefited
from a period of adjustment (discussed in Chapter 3, Section 5.1), allowing the tissue to
adapt to these new conditions, before commencing the control incubation. Henceforth,
these results are not referred to as part of the following discussion.

From very similar gut sac experiments with flounder, Grosell et al. (2005) also found that

net Na' transport was unexpectedly characterised by secretion,yet observed a strong
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correlation between net CI™ absorption and fluid transport suggesting that this provided

(part of) the driving force, and presumably involved CI/HCO;™ exchange. Similarly, CI

absorption persisted alongside HCOs™ secretion in gut sacs from the intestine of the lemon

sole (Parophrys vetulus) when presented with Na'-free bathing solutions, and in addition to

displaying sensitivity to mucosal DIDS suggested CI/HCOs exchange as adriving
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Figure 7.10: The net fluxes (nmolecm™? h!) of CI' and HCOjs in relation to net fluid

transport (ul cm? h'') using the overall mean values pooled from the anterior, mid and

posterior gut sacs fromall control incubations in the present study emploving the reduced

ionic strength mucosal saline (from Figures 2.4 and 5) (n = 54).

force for fluid absorption (Grosell et al., 2001). However, contrary to these conclusions,

Figure 7.10 shows that the measured rate of HCO;™ secretion in the present study was very

much independent of fluid transport (R =0.021, P = 0.882), but there was a significant
relationship with net CT flux (F; s, = 32.16, P=<0.001). This would therefore make CI

/HCOs™ exchange an unlikely driving force for fluid absorption in the present study.
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Having previously considered the thermodynamicsbehind HCOs™ secretion (Section 5.1),
do the varying mucosal saline conditions presented to the tssue impose constraints on other
ion fluxes? Examination of the electrochemicalprofiles for Na’, K™ and CI' (Table 7.5)
indicates that apical NaCl cotransport remains feasible even at mucosal Na™ concentrations
as low as 50 mM. However, under these latter conditions the overall direction of the
transepithelial electrochemical driving force acting on Na' is reversed (from -0.28 to 1.13
kJ mol™), thus favouring anet entry of this ion into the mucosal saline. This is reflected by
the accompanying measuredfluxes of Na” which change from net absorption (504 £176
nmol cm? h') with the ‘regular’ mucosal saline (containing 90 mM Na") to net secretion
(-549 +£104 nmol cm? h™") with the ‘reduced ionic strength’ saline.

The apparent net secretion ofNa" into the mucosal saline observed in Figures 7.2to 7.5 is
therefore likely to be passive, a consequence of the asymmetrical concentration of this ion
in the bathing solutions. As Na" is pumped into the lateral intercellular space by Na"™-K"-
ATPase (providing the energy for apical NaCl cotransport), it will leak back into the
mucosal saline, presumably acrossthe tight junction (Table 5). Field et al. (1979) made a
similar suggestion for the intestine of the winter flounder (Pseudopleuronectes americanis)
to try and explain the preponderance of net CI" flux over net Na" flux, characteristic of
marine teleost epithelia. Further evidence that the distribution of Na" across the gut sac
influences net Na" flux and subsequently fluid absorption is demonstrated in Figure 7.11. A
comparison of measured Na' flux rates by gut sacs from the European flounder reveals a
significant linear relationship with the concentration of Na™ present in the mucosal saline
(F1,.4=197.21,P=<0.001). Interestingly, the predicted net Na" flux in relation to the

concentration of mucosal Na' crosses the x-axis at

296



Chapter 7

Table 7.5: A comparison ofthe electrochemical potentials, Au (kJ mol!) for Na*, K and CI as well as apical NaCl co-transport, for the

‘regular’ and ‘reducedionic strength’ mucosal salines used with gut sacs from the flounder Where Au is <0 transport will be

thermodynamically feasible and thedirection of ion movenent along its electrochemical gradient is indicated in parentheses (where. m =

Ion Concentration (mM) An (kJ mol™) Apical cotransport Ap (kJ mol™) Overall net
Mucosal Cytoplasm  Serosal Apical Basolateral Transepithelial Na*-K*"-2CI Na™-CI flux*

(A"apical + Aubasolateral)

(nmol cm™ h™)

‘Regular’ mucosal saline

Na* 91 15 155 -13.91 13.63 -0.28 504 £176
+ (o) (com) (m=29) 789 4203
K 5 87 3.5 -2.89 -0.50 -3.39 460 783
(m—c) (c—s) (m—s)
Cr 135 30 153 6.09 -4.25 1.84
(c—>m) (c—s) (s—m)
‘Reduced ionic strength’ mucosal saline
Na* 50 15 155 -12.50 13.63 1.13 -549 £104
. (m—c) (c—m) (s—m) ;20 iil éé
K 5 87 35 -2.89 -0.50 -3.39 241 6.01
(m—-c) (c—s) (m—s)
Cr 114 30 153 6.49 -4.25 2.24
(c—m) (c—s) (s—m)

* Average net fluxes from anterior, mid and posterior sections of the intestine (n = 6).
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73.5 mM, almost the exactpoint at which Na" would be at electrochemical equilibrium
across the tissue based on the Nernst equation (80.6 mM). Beyond this point fluid
absorption continues but at a reduced rate and independent of associated net Na' transport

(Figure 7.11).
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Figure 7.11: The relationships between net sodium flux, Jx, (nmol cm® h'), net fluid
transport rate, J, (ul cm? h™") and the concentration of Na* (mM) in the mucosal saline with

out sacs from the European flounder. The majority of the data was collated from previous

chapters and presented asmean £SE for the anterior, mid and posterior sections of the
intestine combined: a) Chapter 2 (n = 10). b) Chapter 3 (n=5). ¢) Chapter4 (n =6). d)
Present study (reduced ionic strength, n = 6). ) Grosell et al. (2005) f) Present study

(reduced osmolality, n = 6).

In summary, there was no evidence to suggest that in the absence of net Na* absorption, CI
/HCOs exchange significantly contributed to fluid absorption, contrary to previous in vitro

observations (Grosell et al., 2005). Examination of the electrochemical profiles forNa’, K*
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and CI revealed that apical NaCl cotransport was still energetically feasible and would
therefore be capable of driving fluid into the tissue, which would subsequently follow
basolateral CI exit, while Na" passively recycled back into the mucosal saline thus

accounting for the net negative Na" flux.
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General discussion
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The present study has not been able to demonstrate a direct role for Ca**-sensing receptors
in the regulation of intestinal HCO;™ secretion in two model, euryhaline teleosts, the
European flounder (Platichthys flesus) and killifish (Fundulus heteroclitus). Application of
in vitro and in vivo techniques in Chapters 3 to 7, further exploring the fundamental
characteristics of HCO;™ production, secretion and CaCO; precipitation by the intestine has
already inspired detailed analysis and rather lengthy discussion on a variety of topics in and
around this fascinating aspect of fish physiology. In this final section I have therefore
decided to highlight two particularly interesting perspectives which merit further
consideration and offer potential directions for future inquiry. The first of these follows on
from the arguments put forth in Chapter 7 and presents a case for an alternate role forthe
CaR in relation to the regulation of HCO; secretion. Secondly, considering HCOs™ secretion
and CaCOs precipitation as novel driving forces for fluid absorption, there is a short
discussion of the potential implications for our currentunderstanding of the nature of

intestinal fluid transport by marine teleosts.

1. The Ca**-sensing receptor and regulation of intestinal HCO5 secretion

Given the apparent limitations to measuring HCO;™ secretion when using the gut sac
technique, (described in Chapter 7, Section 5.1), perhaps the most logical next step would
have been to replicate the in vitro experiments performed by Wilson et al. (2002), utilising
the Ussing chamber with the European flounder and apply agonists of the receptor, such as
Gd’ and neomycin. On the face of it this would help to resolve the issue of whether the
intestinal CaR 1is actually involved in HCOy™ secretion. However, if these experiments
revealed that HCOy secretion were stimulated by CaR agonists, this could prove
misleading, particularly if the datawere interpreted as support for the hypothesis that the
CaR directly regulates HCOs™ secretion by the teleost intestine. The inability to carry out
such an experiment (as the Ussing chamber equipment was not available at Exeter, and
flounder were not available in Miami), combined with the failure of Ca** to stimulate
HCOs™ secretion in vitro, using either the gut sac technique with the flounder (Chapters 4
and 7), or Ussing chamber with the killifish (Chapter 6), have forced a re-think of this

original suggestion. Consequently, the proposal that HCO;™ secretion may not be modulated
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by an intestinal CaR after all, but determined by the accompanying rates of intracellular
HCOs production and luminal CaCOs precipitation (Chapter 7, Section 5.2.1)1is an
interesting one.

Widespread expression of the CaR along the gastrointestinal tract (Chapter 1, Section
4.3.1), and potentially fascinating links with digestion, Ca*” homeostasis and epithelial
renewal (reviewedin Chapter 7, Section 2), offer plenty of scope for a direct, functional
role for the receptor in the gut of teleod fish. Furthermore, there can be no question that the
intestine has the capacity to directly and rapidly respond to elevated lumind Ca®" by
increasing HCOs™ secretion, and this could be via a CaR (Wilson et al., 2002). However, is
involvement of the receptor in regulating HCOs™ secretion a largely redundant function?
The in vitro experiments performed by Wilson and co-workers took place under mucosal
conditions imposed by the pHstat titration which are quite uncharacteristic for a teleost in
seawater (pH 7.8, with HCOs, COs* and CO; all close to zero), thus providing a favourable
gradient for HCOs™ secretion from serosa to mucosa. Perhaps a more appropriate
experiment would have been to set the pH stat to a higher pH value (8.2-8.5), thus
imposing more in vivo-like conditions across the tissue, before testing the effects of Ca*" on
HCOy™ secretion.

Yet, if there were no effect of mucosal Ca®* in vifro when imposing a more realistic
mucosal pH and HCOs™ gradient as suggested above, it could still be argued that
involvement of an intestinal CaR in mediating HCO; secretion would be of considerable
relevance for euryhaline species, such as the European flounder. For example, when
moving from freshwater to seawater stimulation of the drinking reflex and therefore entry
of Ca**-rich fluid into the intestine will presumably demanda rapid response in terms of
HCOs secretion. However, inconsistent with this argument is the lack of evidence for
involvement of a CaR in the stimulation of HCO; secretion by the killifish intestine,
another strongly euryhaline species (Chapter 6), thus suggesting there is indeed an alternate
(or perhaps species-specific) mechanism regulating the secretion of HCOs". Furthermore,
there was an unexpected, dramatic 12-fold increase in HCO;s™ concentration measured in the
intestinal fluid of the toadfish (Opsanus beta) in vivo when acclimatedto 5 ppt (McDonald
and Grosell, 2006) compared with 2.5 ppt (Figure 8.1).
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Figure 8.1: The concentration of bicarbonate (mM)in the anterior, mid, posterior and rectal

fluids sampled from the intestine of the Gulf toadfish (Opsanus beta) acclimated to a range

of salinities from 2.5 to 70 ppt. Values are means =SE (n = 2-8). An asterisk denctes a

statistically significant difference in the average intestinal fluid value from 33 ppt. and

different letters indicate a significant difference between intestinal segments within a
particular salinity. In all cases P <0.05 (Reproduced from McDonald and Grosell, 2006).

While the data in Figure 8.1 does not directly provide any information on rates of secretion,
it does imply that there is a significant increase in HCOs™ secretion at low salinities. If a role
for the intestinal CaR is unlikely, even in euryhaline species, this naturally raises the
question of what regulatory mechanismis behind the stimulation of HCOs™ secretion.
Interestingly enough, the answer could still be the CaR, but involving activation of the
receptor in the olfactory epihelium as opposed to the intestine. At 5 ppt the osmolality of
the surrounding water will be around 160 mOsmkg, compared to a measured plasma
osmolality of 280 mOsmkg"' (McDonald and Grosell, 2006). The fish were therefore
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distinctly hyperosmotic to the surrounding water, and faced a passive gain of water and loss
of salts, consequently drinking rate would have been very low, or possibly absent
altogether. Hence, it is difficult to associate a surge in HCO; secretion with activation of
the intestinal CaR via imbibed Ca*, particularly since the intermediate salinities (10 to 33
ppt) did not produce equivalert or even higher intestinal HCO;™ concentrations in a Ca**-
dependent manner (Figure 8.1). Since drinking rate is positively correlated with external
salinity (Chapter 1, Section 2.1), it should be noted that the low vdume of fluid expected
within the intestine at 5 ppt, compared to full strength seawater (33 ppt) and at
hypersalinities (50 and 70 ppt) where the drinking rate will be many times greater, could
have also contrnibuted to the very high concentrations of HCOs™ observed at such a low
salinity. However, what is most intriguing about this data set is that the difference in Ca*
concentration between 2.5and 5 ppt would only be ~0.7 mM (0.76 and 1.52 mM,
respectively). This is almost identical to the ICs, for the firing rate of the olfactory nerve of
the euryhaline sea bream (Sparus aurata) in response to changes in environmental C3"
concentration, which was determined as 1.67+0.26 mM (Hubbard et al., 2000).
Furthermore, it has subsequently been proposed tha the sensitivity of the olfactory sysem
observed in teleosts is conferred by an extracellular CaR (Hubbard ef al., 2000; 2002).
These observations are indirectly supported by localisation of the receptor to the olfactory
epithelia from a number of euryhaline teleosts (Naito ef al., 1998; Flanagan et al., 2002;
Nearing et al., 2002; Loretz et al., 2004; Dukes et al., 2006; see Chapter 7, Section 2.2 for
more detailed discussion), consistent with purported roles in salinity adaptation (Nearing et
al., 2002; Loretz, 2008). Distribution of the CaR in the nervous and endocrine systems of
teleosts has also led to speculation on involvement of the receptor in a number of
homeostatic functions, including osmoregulation (Chapter 1, Section 4.3.1). However, the
physiological responses to olfactory signals indicating changes in environmental Ca" have
yet to be explored. It was originally suggested that this could be a component of the
homing migrations made by salmon (Bodznick, 1978). Yet more pertinently, this would
signal activation of the appropriate physiological processes to cope with changes in salinity
(Hubbard et al., 2000), and more specifically this could extend to the regulation of

mtestinal HCOs™ secretion.
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2. Fluid absorption by the marine teleost intestine

2.1 Absorbing a hyperosmotic fluid

The goal of the osmoregulatory strategy of marine teleosts is to not only conserve water,
but by doing so maintain the appropriate balance of water and salts within the body. In
addition to NaCl absorption, the production and secretion of HCO;™ has a fundamental role
in helping the body cope with imbibed seawater and more effectively absorb fluid fromthe
intestine. It is therefore a source of curiosity as to why this absorbed fluid appears to be
hyperosmotic in nature,based on calculations from the net fluxes of ions from the intestinal
lumen along with associated fluid movements (Grosell, 2006 Grosell and Taylor, 2007).
Similar findings were also confirmed for the European flounder from calculations utilising
the in vivo perfusion data in Chapter5 (Section 5.5.1). Absorption of a hyperosmotic fluid
by the intestinal epithelia is considered an unavoidable consequence of HCOs™ secretion and
basolateral H' secretion, in conjundion with reduced levels of NaCl, corresponding with

high concentrations of MgSQOs, in the luminal fluid (Grosel and Taylor, 2007).

2.2 The influence of basolateral H" secretion

The polarity of apical HCO;™ secretion and basolaeral H' extrusion has since been
demonstrated in vitro (Grosell and Genz, 2006; Grosell and Taylor, 2007; Chapter 4,
Section 4.3), as well as (indirectly) in vivo (Genz et al., 2008; Chapter 5, Section 5.4).
Perfusion of the intestine with saline containing 90 mM Ca*" produced up to an 8-fold
increase in the rate of HCOs™ secretion matched almost exactly by anassociated elevation in
H" production, theoretically contributing to the osmolarity ofthe absorbed fluid. To resolve
the observed paradox between the calculated hyperosmolary of absorbed fluid and the
measured reduction in blood plasma osmolality in these experiments, it was suggested that
H" arising from intracellular CO, hydration could be buffered by extracellular HCOs to
yield CO, concomitant with a reduction in osmotic pressure of the absorbed flud (Chapter
5, Section 5.5). Consistent with these observations, if the osmolarity of absorbed fluid from
in vitro preparations excluded the associated ‘mising cation’ (presumed to be H" and
buffered by the extracellular fluids) this produces a substantial reduction in osmolarity,
equivalent to an averagedifference of 69 mOsm 1" (Table 8.1). This further highlights the

benefit of this proposed buffering process to the osmofc pressure of the fluid being
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absorbed by the intestine. However, in some cases the absorbate remained hyperosmotic
(426-611 mOsm 1), even after excluding the H" concentration, yet these calculations are
confined to preparations where net fluid absorption has been measured gravimetrically,
which can under-estimate the value of J, (Wilson and Grosell, in preparation; Chapter2,
Section 2.2), and consequerntly lead to the calculation of higher concentrations of Na™ and
CI' in the absorbed fluid (Table 8.1). Interestingly, when compared with data cited from
recent work using gut sac preparations from the toadfish (Grosell and Taylor, 2007; Wilson
and Grosell, in preparation), where J, was calculated basedon the marker “C-PEG 4000, a
distinctly hypoosmotic absorbate was produced (‘Bble 8.1). Furthermore, it should also be
remembered that the values for J, presented here for in vitro experiments wil not have
benefited from the additional fluid that would be absorbed as a result of CaCO;
precipitation which occurs in vivo, contributing to a further reduction in absorbate

osmolarity.

2.3 Absorption of an iso-osmotic fluid

Having considered this idea further, and based on datacollected in vivo (Chapter 5) and in
vitro (Table 8.1), it is submitted that the fluid absorbed by the marineteleost intestine under
in vivo-like conditions is actually more likely to be isoosmotic, in common with fluid-
transporting epithelia from other vertebrates, or perhaps even hypoosmotic. The challenge
of coping with the intake of substantial amounts of divalert ions with seawater makes
absorption of an isoosmotic fluid by the intestine dependent on the inwlvement of a

number of unique processes and conditions. These include the production of CaCOs
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Table 8.1: The reduction in osmotic pressure of fluid absorbed by the teleod intestine, following the buffering of absorbed H by

the extracellular fluid. The concentrations (mmol I'") of Na* and CI in the absorbate werecalculated from the net fluxes of Na',

CI' (umol cm®> h'!) and fluid (ul cm? h™!) by in vitro preparations of the intestine from a number of euryhaline teleosts under

asymmetrical, in vivo-like bathing conditions in the absence of a transepithelial osmotic gradient. The shortfall of cations required
for charge balance in the absorbed fluid wereassumed to be H', and labelled ‘missing H”. The predicted osmotic pressure of the

absorbed fluid was assumed to have an osmotic coefficient of 0.94 (Robinson and Stokes, 1965). Net fluid absorption was

measured gravimetrically, unless stated.

Net flux Concentration in absorbed fluid Osmotic pressure of absorbed fluid
(ul or umol cm™? h') (mmol 1) (mOsm I'")
J, Jna Ja Na' CI ‘Missing’ H*  With H*  Without H' A Osm.

European flounder' 4.85 1.11 1.28 229 264 35 475 444 32
2 2.21 0.65 0.85 294 385 90 692 611 81

3 2.12 0.50 0.79 236 373 137 671 548 123

Rainbow trout* 4.72 0.47 1.08 100 229 129 412 296 116
Gulf toadfish’ 6.52 0.77 1.12 118 172 54 309 260 48
6 7.10 1.44 1.92 203 270 68 487 426 61

61 4.81 0.54 0.70 112 146 33 262 232 30

*Net fluid transport (J,) measured using the marker “C-PEG 4000
'Chapter 2 (Figure 2.2); *Chapter 3 (Figure 3.2); *Chapter 4 (Figure 4.2); “Personal observations; Grosell and Taylor (2007); “Wilson and Grosell (in

preparation)
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precipitates (Wilson et al., 2002), and retention of high concentrations of MgSQO,, the latter
being characterisedby a low osmotic coefficient (Taylor and Grosell, 2006a; Grosell and
Taylor, 2007), together these will help reduce the osmotic pressure within the intestinal
lumen and consequently benefit the absorption of additional fluid. Similarly, it has been
speculated that low concentrations of Ca*" and/or elevated osmotic pressure within the
lumen will activate apical H" secretion, with the effect of titrating mucosal HCO5", which
may also contribute to areduction in the osmotic pressure offluid within the gut (Grosell
et al., 2007%*; see also Chapter4, Section 5.2.2 and Chapter 6, Section 5.4). Finally, and
perhaps most importantly, the buffering of H" (secreted across the basolateral membrane)
by extracellular HCOy” producing CO, (which exerts a negligible osmotic pressure) will
help further reduce the osmolarity of the hyperosmotic flud being absorbed from the
intestine (Chapter 5, Section 5.5.2). It would be interesting to further explorethis idea and
to what extent these various components interact (and potentially feedback on one another),

to maintain the appropriate balanceof fluid entering the body:.

2.4 Further implications of intestinal H" production

From a broader perspective, the process of basolateral H™ secretion by the intestine has
recognised consequences forwhole animal acid-base homeostass where significant base
excretion by the intestine will require a corresponding H" efflux, most likely via the gills
(Wilson et al., 1996; Wilson and Grosell, 2003; Genz ef al., 2008; Chapter 5, Section
5.4.1). The removal of H" by the intestine into the body in the form of CO, will
subsequently need to be transported in the blood to the gills for excretion, and the
hypothesis that elevated intestinal HCO;s™ production and CaCO; precipitation will incur
higher rates of respiratory CO, excretion are currently being addressed. Indeed, this may
explain why branchial carbonic anhydrase (CA)expression and activity (which is not
directly related to NaClsecretion by the gills) has been observed to increasefollowing

acclimation to seawaterin a number of euryhaline telecsts (Kultz ef al., 1992; Najib and

*It should be noted that this latter prediction by Grosell and co-workers (2007) for apical H* secretion
would imply that the intestinal epithelia can indeed modulate HCOs secretion in response to luminal Ca**
(albeit indirectly, by shifting the direction of epithelial H" secretion). This could therefore prove a possible
caveat to the suggestion that the intestinal CaR is essentially redundant in terms of regulating HCO5
secretion.
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Martine, 1996; Blanchard and Grosell, 2006; Boutet et al., 2006; Scott et al., 2008), thus
helping to facilitate the excretion of ths additional burden of CO,. However, these
observations do not currently exterd to the European flounder where the levels of CA
activity in the gills (Mashiter and Morgan, 1975), as well as the erythrocytes (Carter et al.,
1976; Sender et al., 1999) were found to be independent of salinity. Similarly, CA
expression by the gill epithelium remained unchanged following intestinal perfusion with

90 mM Ca’" (Cooper, C. A., personal communication).

3. Concluding remarks

After taking into consideration the discussion and analysis from the collected series of
investigations presented here, there clearly remains much to learn about how the process of
intestinal HCOs™ production and secretion is regulated, and this study has highlighted some
fascinating avenues for future inquiry. The involvement of CaCO; precipitation, and
differential rates of apical and basolateral H" secretion, along with the proposed role ofan
olfactory CaR, opens up the possibility that HCO;™ production and secretion is likely to be
modulated through a combination of localised and environmental condtions. Although not
fully understood, these potertial regulatory mechanismsof HCOs™ secretion clearly
function as a vital component to effective fluid absorption by the intestine, and ultimately

overall body fluid balance in marine teleost fish.

309



References

References

Agre, P, King, L. S., Yasui, M., Guggino, W. B., Ottersen, O. P., Fujiyoshi, Y., Engel, A.
and Nielsen, S. (2002). Aquaporin water channels - from atomic structure to clinical

medicine. Journal of Physiology 542, 3-16.

Alberts, B., Bray, D., Lewis, J., Raff, M., Roberts, K. and Watson, J. D. (1994). Molecular
Biology of the Cell (3™ Edition). Garland Publishing, London. 1294p.

Aldman, G. and Holmgren, S. (1995). Intraduodenal fat and amino-acids activate
gallbladder motility in the rainbow trout, Oncorhynchus mykiss. General and

Comparative Endocrinology 100, 27-32.

Allen, A. (1978). Structure of gastrointestinal mucus glycoproteins and the viscous and gel-

forming properties of mucus. British Medical Bulletin 34, 28-33.

Allen, A. and Flemstrom, G. (2005). Gastroduodenal mucus bicarbonate barrier: protection
against acid and pepsin. American Journal of Physiology — Cell Physiology 288,
C1-C19.

Anderson, W. G., Taylor, J. R., Good, J. P., Hazon, N. and Grosell, M. (2007). Body fluid
volume regulation in elasmobranch fish. Comparative Biochemistry and

Physiology A-Molecular and Integrative Physiology 148, 3-13.

Ando, M. (1975). Intestinal water transport and chlorde pump in relation to sea-water
adaptation of the eel, Anguilla japonica. Comparative Biochemistry and
Physiology A-Physiology 52,229-233.

Ando, M. (1980). Chloride-dependent sodium and water transport in the seawater eel

intestine. Journal of Comparative Physiology B-Biochemical, Systemic and

Environmental Physiology 138, 87-91.

310



References

Ando, M. (1985). Relationship between coupled Na™-K'-CI transport and water absorption
across the seawater eel intestine. Journal of Comparative Physiology B-

Biochemical, Systemic and Environmental Physiology 155, 311-317.

Ando, M. (1988). Amino acid metabolism and water transport across the seawater eel

intestine. Journal of Experimental Biology 138, 93-106.

Ando, M. (1990). Effects of bicarbonate on salt and water transport across the intestine of

the seawater eel. Journal of Experimental Biology 150, 367-379.

Ando, M. and Kobayashi, M. (1978). Effects of stripping of outer layers of eel intestine on
salt and water transport. Comparative Biochemistry and Physiology A-
Physiology 61, 497-501.

Ando, M. and Subramanyam, M. V. V. (1990). Bicarbonate transport systems in the
intestine of the seawater eel. Journal of Experimental Biology 150, 381-394.

Ando, M. and Nagashima, K. (1996). Intestinal Na" and CI levels control drinking
behaviour in the seawater-adapted eel Anguilla japonica. Journal of Experimental
Biology 199, 711-716.

Ando, M., Utida, S., Nagahama, H. (1975). Active transport of chloride in eel intestine with
special reference to sea water adaptation. Comparative Biochemistry and

Physiology 51A, 27-32.

Ando, M., Sasaki, H. and Huang, K. C. (1986). A new technique for measuring water
transport across the seawater eel intestine. Journal of Experimental Biology 122,
257-268.

311



References

Ando, M., Mukuda, T. and Kozaka, T. (2003). Water metabolism in the eel acclimated to
sea water: from mouth to intestine. Comparative Biochemistry and Physiology B-
Biochemistry and Molecular Biology 136, 621-633.

Antonsen, K. P. and Hoffman, A. S. (1992). Water structure of PEG solutions by
differential scanning calorimetry measurements. In: Harris, J. M. (ed.).
Poly(Ethylene Glycol) Chemistry: Biotechnical and Biomedical Applications.
Plenum Press, New York. pp.15-28.

Aoki, M., Kaneko, T., Katoh, F., Hasegawa, S., Tsutsui, N. and Aida, K. (2003). Intestinal
water absorption through aquaporin-1 expressed in the apical membrane of mucosal
epithelial cells in seawater-adapted Japanese eel. Journal of Experimental Biology
206, 3495-3505.

Arey, B. J., Seethala, R., Ma, Z., Fura, A., Morin, J., Swartz, J., Vyas, V., Yang, W.,
Dickson, J. K. and Feyen, J. H. M. (2005). A novel calcium-sensing receptor

antagonist transiently stimulates parathyroid hormone secretion in vivo.

Endocrinology 146, 2015-2022.

Armstrong, W. M. (1987). Cellular mechanisms of ion transport in the small intestine. In:
Johnson, L. R. (ed). Physiology of the Gastrointestinal Tract (2™ Edition). Raven
Press, New York. pp1251-1265.

Atuma, C., Strugala, V., Allen, A. and Holm, L. (2001). The adherent gastrointestinal
mucus gel layer: thickness and physical state in vivo. American Journal of

Physiology — Gastrointestinal and Liver Physiology 280, G922-G929.

Atz, J. W. (1986). Fundulus heteroclitus in the laboratory: A history. American Zoologist
26, 111-120.

Aull, F. (1966). Absorption of fluid fromisolated intestine of the toadfish, Opsanus tau.
Comparative Biochemistry and Physiology 17, 867-870.

312



References

Babkin, B. P. and Bowie, D. J. (1928). The digestive system and its function in Fundulus
heteroclitus. Biological Bulletin 54, 254-277.

Bai, M. (2004). Structure-function relationship of the extracellular calcium-sensing
receptor. Cell Calcium 35, 197-207.

Bai, M., Quinn, S. J., Trivedi, S., Kifor, O., Pearce, S. H. S., Pollack, M. R., Krapcho, K.,
Hebert, S. C. and Brown, E. M. (1996). Expression and characterisatian of
inactivating and activating mutations in the human Ca**-sensing receptor. Journal

of Biological Chemistry 271, 19537-19545.

Bai, M., Trivedi, S., Kifor, O., Quinn, S. J., Brown, E. M. (1999). Intermolecular
interactions between dimeric calcium-sensing receptor monomers are important for
its normal function. Proceedings of the National Academy of Sciences of the
United States of America 96,2834-2839.

Bakke-McKellep,A. M., Nordrum, S., Krogdahl, A. and Buddington, R. K. (2000).
Absorption of glucose, amino acids and dipeptides by the intestines of Atlantic

salmon (Salmo salar L.). Fish Physiology and Biochemistry 22, 33-44.

Baldisserotto, B. and Mimura, O. M. (1997). Changes in the electrophysiological
parameters of the posterior intestine of Anguilla anguilla (Pisces) induced by
oxytocin, urotensin II and aldosterone. Brazilian Journal of Medical and

Biological Research 30, 35-39.
Barmada, S. R., Elder, J. B. and Tomlin, A. (1983). Is polyethylene glycol an accurate
marker for water movement in rat jejunum? Journal of Physiology 342, P19-P20

(Abstract only).

Barry, R. J. C. and Smyth, D. H. (1960). Transfer of short-chain fatty acids by the irtestine.
Journal of Physiology 152, 48-66.

313



References

Barry, P. H. and Diamond, J. M. (1970). Junction potentials, electrode standard potentials
and other problems in interpreting electrical properties of nembranes. Journal of
Membrane Biology 3, 93-122.

Barry, P. H. and Diamond, J. M. (1984). Effects of unstirred layers on membrane
phenomena. Physiological Reviews 64,763-872.

Baum, M. A, Flores, F., Elger, M., Hentschel, H., Brown, E. M., Hebert, S. C. and Harris,
H. W. (1996). An apical extracellular calcium/pdyvalent cation sensing receptor
(CaR) present in the osmoregulatory organs of saltwater (SW) and freshwater (FW)
fish likely plays a role in salinity adaptation. Journal of the American Society of
Nephrology 7: 1276 (Abstract only).

Beyenbach, K. W. (1982). Direct demonstration of fluid secretion by glomerularrenal
tubules in a marine teleost. Nature 299, 54-56.

Beyenbach, K. W. (1995). Secretory electrolyte transport in renal proximal tubdes of fish.
In: Wood, C. M. and Shutleworth, T. J. (eds). Cellular and Molecular
Approaches to Fish Ionic Regulation. Academic Press, San Diego. pp85-105.

Beyenbach, K. W. (2004). Kidneys sans glomeruli. American Journal of Physiology -
Renal Physiology 286, F811-F827.

Biagi, B. A. and Enyeart, J. J. (1990). Gadolinium blocks low- and high-threshold calcium
currents in pituitary cells. American Journal of Physiology — Cell Physidogy 28,
C515-C520.

Bjornsson, O. G., Murphy, R. and Chadwick, V. S. (1982). Measurement of polyethylene

glycol 4000: Effect of storage and freeze thawing in biological fluids. Experientia
38, 429-430.

314



References

Bjornsson, B. T. and Nilsson, S. (1985). Renal and extra-renal excretion ofcalcium in the
marine teleost, Gadus morhua. American Journal of Physiology — Regulatory,

Integrative and Comparative Physiology 17, R18-R22.

Blanchard, J. and Grosell, M. (2006). Copper toxicity across salinities from freshwater to
seawater in the euryhaline fishFundulus heteroclitus: Is copper and ionoregulatory

toxicant in high salinities? Aquatic Toxicology 80, 131-139.

Bodznick, D. (1978). Calcium ion —odorant for natural water discriminations and
migratory behaviour of sockeye salmon. Journal of Comparative Physiology 127,
157-166.

Boland, L. M., Brown, T. A. and Dingledine, R. (1991). Gadolinium block of calcium

channels — influence of bicarbonate. Brain Research 563, 142-150.

Bond, H., Winter, M. J., Warne, J. M., McCrohan, C. R. and Balment, R. J. (2002). Plasma
concentrations of arginine vastocin and urotensin II are reduced following transfer
of the euryhaline flounder (Platichthys flesus) from seawater to fresh water.

General and Comparative Endocrinology 125,113-120.

Boquet, E., Boronat, A. and Ramoscor, A. (1973). Production of calcite (calcium carbonate)

crystals by soil bacteria is a general phenomenon. Nature 246, 527-529.

Boron, W. F., Waisbren, S. J., Modlin, I. M. and Geibel, J. P. (1994). Unique permeability
barrier of the apical surface of parietal and chief cells in isolated perfused gastric

glands. Journal of Experimental Biology 196, 347-360.

Boutet, 1., Ky, C. L. L. and Bonhomne, F. (2006). A transcriptomic approach of salinity
response in the euryhaline teleost Dicentrarchus labrax. Gene 379, 40-50.

Boutilier, R. G., Heming, T. A. and Iwama, G. K. (1984). Appendix - Physicochemical
parameters for use in fish respiratory physology. In: Hoar W. S., Randall D. J.

315



References

(eds). Fish physiology Volume X. Gills. PartA. Anatomy, Gas Trasfer, and
Acid-Base Regulation. Academic Press, London. pp 403-410.

Brauner-Osborne, H., Jensen, A. A., Sheppard, P. O., O’Hara, P. and Krogsgaard-Larsen,P.
(1999). The agonist binding domain of the calcium-sensing receptor is located at

the amino-terminal domain.Journal of Biological Chemistry 274,18382-18386.

Brown E., Colling, A., Park, D., Phillips, J., Rothery, D. and Wright, J. (2004). Seawater:
its composition, properties and behaviour. Butterworth-Heinemann, Oxford.
168p.

Brown, E. M. (1991). Extracellular Ca** sensing, regulation of parathyroid cell function,
and role of Ca*" and other ions as extracellular () messengers. Physiological
Reviews 71, 371-411.

Brown, E. M. and MacLeod, R. J. (2001). Extracellular calcium sensing and extracellular

calcium signalling. Physiological Reviews 81, 239-297.

Brown, E. M., Gamba, G., Riccardi, D., Lombardi, M., Butters, R., Kifor, O., Sun, A.,
Hediger, M. A., Lytton, J. and Hebert, S. C. (1993). Cloning and characterisation of
an extracellular Ca*"-sensing receptor from bovine parathyroid. Nature 366, 575-
580.

Brown, E. M., Vassilev, P. M. and Hebert, S. C. (1995). Calcium ions as extracellular
messengers. Cell 83, 679-682.

Bruce, J. I. E., Yang, X. S., Ferguson, C. J., Elliott, A. C., Steward, M. C., Case, R. M. and
Riccardi, D. (1999). Molecular and functional identification of a Ca** (polyvalent
cation)-sensing receptor in rat pancreas. Journal of Biological Chemistry 274,
20561-20568.

316



References

Bucking, C. and Wood, C. M. (2006a). Gastrointestinal processing of Na", CI', and K*
during digestion: implications for homeostatic balance in freshwater rainbow trout.
American Journal of Physiology — Regulatory, Integrative and Comparative
Physiology 291, R1764-1772.

Bucking, C. and Wood, C. M. (2006b). Water dynamics in the digedive tract of the
freshwater rainbow trout during the passage of a single meal. Journal of
Experimental Biology 209, 1883-1893.

Buddington, R. K. and Diamond, J. M. (1987). Pyloric ceca of fish: a "new" absorptive
organ. American Journal of Physiology - Gastrointestinal and Liver Physiology
15, G65-G76.

Buddington, R. K. and Krogdahl, A. (2004). Hormonal regulation of the fish
gastrointestinal tract. Comparative Biochemistry and Physiology A-Molecular

and Integrative Physidogy 139, 261-271.

Buddington, R. K., Chen, J. W. and Diamond, J. (1987). Genetic and phenotypic adaptation
of intestinal nutrient transport to diet in fish. Journal of Physiology 393, 261-281.

Bunce, K. T. and Spraggs, C. F. (1982). The effect of chlorpromazine on the function of
colonic and ileal mucosa in the anaesthetised rat. British Journal of
Pharmacology 77, 469-475.

Burnett, K. G., Bain, L. J., Baldwin, W. S., Callard, G. V., Cohen, S., Di Giulio, R. T.,
Evans, D. H., Gomez-Chiarri, M., Hahn, M. E., Hoover, C. A., Karchner, S. I.,
Katoh, F., MacLatchy, D. L., Marshall, W. S., Meyer, J. N., Nacci, D. E., Oleksiak,
M. F, Rees, B. B,, Singer, T. D., Stegeman, J. J., Towle, D. W., Van Veld, P. A,
Vogelbein, W. K., Whitehead, A., Winn, R. N. and Crawford, D. L. (2007).
Fundulus as the premier teleost model in environmental biology: Opportunities for
new insights using genomics. Comparative Biochemistry and Physiology D-

Genomics and Proteomics 2, 257-286.

317



References

Bury, N. R., Grosell, M., Wood, C. M., Hogstrand, C., Wilson, R. W., Rankin, J. C., Busk,
M., Lecklin, T. and Jensen, F. B. (2001). Intestinal iron uptake in the European
flounder (Platichthys flesus). Journal of Experimental Biology 204, 3779-3787.

Busque, S. M., Kerstetter, J. E., Geibel, J. P. and Insogna, K. (2005). L-type amino acids
stimulate gastric acid secretion by activaton of the calcium-sensing receptor in
parietal cells. American Journal of Physiology — Gastrointestinal and Liver
Physiology 289, G664-G669.

Caldwell, R. A., Clemo, H. F. and Baumgarten, C. M. (1998). Using gadolinium to identify
stretch-activated channels technical considerations. American Journal of
Physiology — Cell Physiology 275, C619-C621.

Carrick, S. and Balment, R. J. (1983). The renin-angiotensin system and drinking in the
euryhaline flounder, Platichthys flesus. General and Comparative Endocrinology
51, 423-433.

Carter, N., Auton, J. and Dando, P. (1976). Red cell carbonic anhydrase levels in flounders,
Platichthys flesus L., from salt water and fresh water. Comparative Biochemistry

and Physiology B-Biochemistry and Molecular Biology 55, 399-401.

Charney, A. N., Scheide, J. 1., Ingrassia, P. M. and Zadunaisky, J. A. (1988). Effect of pH
on chloride absorption in the flounder intestine. American Journal of Physiology
— Gastrointestinal and Liver Physiology 255, G247-G252.

Chattopadhyay, N. (2006). Effects of calcium-sensing receptor on the secretion of
parathyroid hormone-elated peptide and its impact on humoral hypercalcemia of
malignancy. American Journal of Physiology - Endocrinology and Metabolism
290, E761-E770.

318



References

Chattopadhyay, N., Cheng, I., Rogers, K., Riccardi, D., Hall, A., Diaz, R., Hebert, S. C.,
Soybel, D. 1. and Brown, E. M. (1998). Identification and localisation of
extracellular Ca’*-sensing receptor in rat intestine. American Journal of

Physiology — Gastrointestinal and Liver Physiology 274, G122-G130.

Cheng, 1., Quershi, 1., Chattopadhyay, N., Quershi, A., Butters, R. R., Hall, A. E., Cima, R.
R., Rogers, K. V., Hebert, S. C., Geibel, J. P, Brown, E. M. and Soybel, D. 1.
(1999). Expression of an extracellular calcium-sensing receptor in rat stomach.

Gastroenterology 116, 118-126.

Cima, R. R., Cheng, L., Klingensmith, M. E., Chattopadhyay, N., Kifor, O., Hebert, S. C.,
Brown, E. M. and Soybel, D. I. (1997). Identification and functional assay ofan
extracellular calcium-sensing receptor in Necturus gastric mucosa. American
Journal of Physiology — Gastrointestinal and Liver Physiology 273, G1051-
G1060.

Clamp, J. R. (1978). Chemical aspects of mucus: General considerations. British Medical
Bulletin 34, 25-41.

Clements, K. D. and Rees, D. (1998). Preservation of inherent contractility in isolated gut
segments from herbivorous and carnivorous marine fish. Journal of Comparative

Physiology B-Biochemical, Systemic and Environmental Physiology 168, 61-72.

Cohen, D. M. (1970). How many recent fishes are there? Proceedings of the California
Academy of Science 37, 341-346.

Collie, N. L. (1985). Intestinal nutrient transport in Coho salmon (Oncorhynchus kisutch)
and the effects of development, starvation, and seawater adaptation. Journal of
Comparative Physiology B-Biochemical, Systemic and Environmental
Physiology 156, 163-174.

319



References

Collie, N. L. and Bern, H. A. (1982). Changes in intestinal fluid transport associated wih
smoltification and sea-water adaptation in Coho salmon, Oncorhynchus kisutch

(Walbaum). Journal of Fish Biology 21, 337-348.

Conigrave, A. D. and Brown, E. M. (2006). Taste receptors in the gastrointestinal tract II.
L-amino acid sensing by calcium-sensing receptors: implications for GI physiology.
American Journal of Physiology — Gastrointestinal and Liver Physiology 291,
G753-G761.

Conigrave, A. D., Quinn, S. J. and Brown, E. M. (2000a). L-amino acid sensing by the
extracellular Ca’*-sensing receptor. Proceedings of the National Academy of
Sciences of the United States of America 97, 4814-4819.

Conigrave, A. D., Quinn, S. J. and Brown, E. M. (2000b). Cooperative multi-modal sensng
and therapeutic implications of the extracellular Ca**-sensing receptor. Trends in
Pharmacological Sciences 21, 401-407.

Cooper, C. A. and Wilson, R. W. (2008). Post-prandial alkaline tide in freshwater rainbow
trout: effects of meal anticipation on recovery fromacid-base and ion regulatory

disturbances. Journal of Experimental Biology 211, 2542-2550.

Cornell, S. C., Portesi, D. M., Veillette, P. A., Sundell, K. and Specker, J. L. (1994).
Cortisol stimulates intestinal fluid uptake in Atlantic salmon (Salmo salar) in the

post-smolt stage. Fish Physiology and Biochemistry 13, 183-190.

Crawley, J. N. and Corwin, R. L. (1994). Biological actions of chloecystokinin. Peptides
15, 731-755.

Crouthamel, W. G. and Van Dyke, K. (1975). Problem in liquid scintillation counting:

adsorption of ['*C] polyethylene glycol in dilute solutions. Analytical
Biochemistry 66,234-242.

320



References

Csaky, T. Z. and Thale, M. (1960). Effect of ionic environment on intestinal sugar
transport. Journal of Physiology 151, 59-65.

Cui, X-L., Soteropoulos, P, Tolias, P. and Ferraris, R. P. (2004). Fructose-responsive genes

in the small intestine of neonatal rats. Physiological Genomics 18,206-217.

Curran, P. F. (1960). Na, Cl and water transport by rat ileumin vitro. Journal of General
Physiology 43, 1137-1148.

Curran, P. F. and Solomon, A. K. (1957). Ion and water fluxes in the ileum of rats. Journal

of General Physiology 41, 143-168.

Curran, P. F. and Maclntosh, J. R. (1962). A model system for biological water transport.
Nature 193, 347-348.

Cutler, C. P. and Cramb, G. (2002). Branchial expression of an aquaporin 3 (AQP-3)
homologue is downregulated in the European eel Anguilla anguilla following

seawater acclimation. Journal of Experimental Biology 205, 2643-2651.

D'Souza-Li, L. (2006). The calcium-sensing receptor and related diseases. Arquivos

Brasileiros de Endocrinologia e Metabologia 50, 628-639.

Dabrowski, K., Leray, C., Nonnotte, G. and Colin, D. A. (1986). Protein digestion and ion
concentrations in rainbow trout (Sa/mo gairdnerii Rich) digestive tract in sea-water
and freshwater Comparative Biochemistry and Physiology A-Physiology 83, 27-
39.

Danks, J. A., Devlin, A. J., Ho, P. M. W., Diefenbachjagger, H., Power, D. M., Canario, A.,
Martin, T. J. and Ingleton, P. M. (1993). Parathyroid hormone-relatedprotein is a
factor in normal fish pituitary. General and Comparative Endocrinology 92, 201-
212.

321



References

Dantzler, W. H. (2003). Regulation of renal proximal and distal tubule transport: sodium,
chloride and organic anions. Comparative Biochemistry and Physiology A-
Molecular and Integrative Physiology 136, 453-478.

Darlington, W. A. and Quastel, J. H. (1953). Absorption of sugars from isolated surviving
intestine. Archives of Biochemistry and Biophysics 43,194-207.

Demarest, J. R. (1984). Ion and water transport by the flomder urinary bladder: salinity
dependence. American Journal of Physiology - Renal Fluid and Electrolyte
Physiology 15, F395-F401.

Desvergne, B. A., Michalik, L. and Wahli, W. (2006). Transcriptional regulation of
metabolism. Physiological Reviews 86, 465-514.

Diakov, A., Koch, J. P., Ducoudret, O, Muller-Berger, S. and Fromter, E. (2001). The
disulfonic stilbene DIDS and the marine poison maitotoxin activate the same two
types of endogenous cation conductance in the cell membrane of Xenopus laevis

oocytes. Pfliigers Archiv — European Journal of Physiology 442, 700-708.

Diamond, J. M. (1964). Mechanism of isotonic water transport. Journal of General
Physiology 48, 15-42.

Diamond, J. M. and Bossert, W. H. (1967). Standing-gradient osmotic flow —A mechanism
for coupling of water and solute transport in epithelia. Journal of General

Physiology 50, 2061-2083.
Dixon, J. M. and Loretz, C. A. (1986). Luminal alkalinisation in the intestine of the goby.

Journal of Comparative Physiology B-Biochemical, Systemic and

Environmental Physiology 156, 803-811.

322



References

Donowitz, M. (1983). Ca*" in the control of active intestinal Na and Cl transport:
involvement in neurohumoral action. American Journal of Physiology —

Gastrointestinal and Liver Physiology 245, G165-G177.

Douglas, B. R., Woutersen, R. A., Jansen, J. B. M. J,, de Long, A. J. L. and Lamers, C. B.
H. W. (1988). The influence of different nutrients on plasma cholecytokinin levels
in the rat. Experientia 44, 21-23.

Downes, A. M. and McDonald, I. W. (1964). The chromium-51 complex of
ethylenediamine tetraaceticacid as a soluble rumen marker. British Journal of
Nutrition 18, 153-162.

Drozdowski, L. and Thomson, A. B. R. (2006). Intestinal mucosal adaptation. World
Journal of Gastroenterology 12, 4614-4627.

Duffey, M. E., Thompson, S. M., Frizzell, R. A. and Schultz, S. G. (1979). Intracellular
chloride activities and active chloride absorption in the intestinal epithelium of the

winter flounder. Journal of Membrane Biology 50, 331-341.

Dukes, J. P., Deaville, R., Gottelli, D., Neigel, J. E., Bruford, M. W. and Jordan, W. C.
(20006). Isolation and characterisation of main olfactory and vomeronasalreceptor

gene families from the Atlantic salmon (Salmo salar). Gene 371,257-267.

Dvorak, M. M., Siddiqua, A., Ward, D. T., Carter, D. H., Dallas, S. L., Nemeth, E. F. and
Riccardi, D. (2004). Physiological changes in extracellular calcium concentration
directly control osteoblast function in the absence of calciotropic hormones.
Proceedings of the National Academy of Sciences of the United States of
America 101, 5140-5145.

Eddy, F. B. (2007). Drinking in juvenile Atlantic salmon (Salmo salar L.) in response to

feeding and activation of the endogenous renin-angotensin system. Comparative

323



References

Biochemistry and Physiology A-Molecular and Integrative Physiology 148, 23-
28.

Eliason, E. J., Higgs, D. A. and Farrell, A. P. (2008). Postprandial gastrointestinal blood
flow, oxygen consumption and heart rate in rainbow trout (Oncorhynchus mykiss).
Comparative Biochemistry and Physiology A-Molecular and Integrative
Physiology 149, 380-388.

Endeward, V. and Gros, G. (2005). Low carbon dioxide permeability of the apical epithdial
membrane of guinea-pig colon. Journal of Physiology 567, 253-265.

Esposito, G. and Cséaky, T. Z. (1974). Extracellular space in the epithelium of rats’ small
intestine. American Journal of Physiology 226, 50-55.

Evans, D. H., Piermarini, P. M. and Choe, K. P. (2005). The multifunctional fish gill:
Dominant site of gas exchange, osmoregulation, acid-base regulation and excretion

of nitrogenous waste. Physiological Reviews 85,97-177.

Eveloff, J., Field, M., Kinne, R. Murer, H. (1980). Sodium co-transport systems in intestine
and kidney of the winter flounder. Journal of Comparative Physiology 135, 175-
182.

Fang, X. H., Yang, B. X., Matthay, M. A. and Verkman, A. S. (2002). Evidence against
aquaporin-1-dependent CO, permeability in lung and kidney. Journal of
Physiology 542, 63-69.

Fénge, R. and Grove, D. J. (1979). Digestion. In: Hoar, W. S., Randall, D. J. and Brett, J. R.
(eds). Fish Physiology volume VIII. Bioenergetics and Growth. Academic Press,

New York. pp 215-237.

Fellner, S. K. and Parker, L. (2002). A Ca**-sensing receptor modulates shark rectalgland
function. Journal of Experimental Biology 205, 1889-1897.

324



References

Fellner, S. K. and Parker, L. (2004). Ionic strength and the polyvalent cation receptor of
shark rectal gland and artery Journal of Experimental Zoology Part A-
Comparative Experimental Biology 301, 235-239.

Ferraris, R. P. and Ahearn, G. A. (1983). Intestinal glucose transport in carnivorous and

herbivorous marine fishes. Journal of Comparative Physiology 152, 79-90.

Ferraris, R. P. and Ahearn, G. A. (1984). Sugar and amino-acid trangport in fish intestine.
Comparative Biochemistry and Physiology A-Physiology 77, 397-413.

Ferraris, R. P. and Diamond, J. M. (1989). Specific regulation of intestinal nutrient

transporters by their dietary sutstrates. Annual Review of Physiology 51, 125-141.

Field, M., Karnaky, K. J., Smith, P. L., Bolton, J. E. and Kinter, W. B. (1978). Ion transport
across the isolated intestinal mucosa of the winter flounder, Pseudopleuronectes
americanus. 1. Functional and structural properties of cellular and paracellular

pathways for Na and Cl. Journal of Membrane Biology 41, 265-293.

Fisher, R. B. (1955). The absorption of water and of some small solute molecules from the

isolated small intestine of the rat. Journal of Physiology 130, 655-664.

Fisher, R. B. and Parsons, D. S. (1949). A preparation of surviving rat small intestine for

the study of absorption. Journal of Physiology 110, 36-46.

Flanagan, J. A., Bendell, L. A., Guerreiro, P. M., Clark, M. S., Power, D. M., Canario, A. V.
M., Brown, B. L. and Ingleton, P. M. (2002). Cloning of the cDNAfor the putative
calcium-sensing receptor and its tissue distribution in sea bream (Sparus aurata).

General and Comparative Endocrinology 127,117-127.

325



References

Fleming, W. R. (1973). Electrolyte metabolism of teleosts — Including calcified tissues. In:
Florkin, M. and Scheer, B. T. (eds). Chemical Zoology. Academic Press, New
York. pp.471-508.

Fleming, W. R., Brehe, J. and Hanson, R. (1973). Some complicating factors in the study of

the calcium metabolism of teleosts. American Zoologist 13, 793-797.

Fleming, S. E., Zambell, K. L. and Fitch, M. D. (1997). Glucose and glutamine provide
similar proportions of energy to mucosal cells of rat small intestine. American
Journal of Physiology — Gastrointestinal and Liver Physiology 273, G968-
G978.

Flemstrom, G. and Isenberg, J. I. (2001). Gastroduodenal mucosal alkaline secretion and

mucosal protection. News in Physiological Sciences 16, 23-28.

Fletcher, C. R. (1978). Osmotic and ionic regulation in cod (Gadus callarias L.) 1. Water
balance. Journal of Comparative Physiology 124, 149-155.

Fletcher, C. R. (1990). Urine production and urination in the plaice Pleuronectes platessa.

Comparative Biochemistry and Physiology A-Physiology 96, 123-129.

Flik, G. and Verbost, P. M. (1993). Calcium transport in fish gills and intestine. Journal of
Experimental Biology 184, 17-29.

Flik, G., Verbost, P. M. and Wendelaar-Bonga, S. E. (1995). Calcium transport processes in
fishes. In: Wood, C. M. and Shuttleworth, T. J. (eds). Cellular and Molecular
Approaches to Fish Ionic Regulation. Academic Press, San Diego. pp. 317-342.

Fordtran, J. S. and Walsh, J. H. (1973). Gastric acid secretion rateand buffer content of

stomach after eating — results in normal subjects and in patients with duodenal

ulcer. Journal of Clinical Investigation 52, 645-657.

326



References

Fossat, B., Lahlou, B. and Bornancin, M. (1974). Involvement of a Na-K-ATPase in
sodium transport by fish urinary bladler. Experientia 30, 376-377.

Foulkes, E. C. (1996). Slices and sacs: Limitations on metabolic and functional studies in
kidney cortex and intestine. Proceedings of the Society for Experimental Biology
and Medicine 211, 155-162.

Fraser, R. A., Kaneko, T., Pang, P. K. T. and Harvey, S. (1991). Hypocalcemic and
hypercalcemic peptides in fish pituitary glands. American Journal of Physiology
— Regulatory, Integrative and Comparative Physidogy 260, R622-R626.

Frizzell, R. A., Markscheid-Kaspi, L. and Schultz, S. G. (1974). Oxidative metabolism of
rabbit ileal mucosa. American Journal of Physiology 226, 1142-1148.

Fuentes, J. and Eddy, F. B. (1997a). Effect of manipulation of the renin-angiotensin system
in control of drinking in juvenile Atlantic salmon (Salmo salar L.) in fresh water
and after transfer to sea water. Journal of Comparative Physiology B-

Biochemical, Systemic and Environmental Physiology 167, 438-443.

Fuentes, J. and Eddy, F. B. (1997b). Drinking in Atlantic salmon presmolts and smolts in
response to growth hormone and salinity. Comparative Biochemistry and
Physiology A-Physiology 117, 487-491.

Fuentes, J., Bury, N. R., Carroll, S. and Eddy, F. B. (1996). Drinking in Atlantic salmon
presmolts (Salmo salar L.) and juvenile rainbow trout (Oncorhynchus mykiss
Walbaum) in response to cortisol and sea water challenge. Aquaculture 141, 129-
137.

Fuller, C. M. and Benos, D. J. (1992). CFTR! American Journal of Physiology — Cell
Physiology 32, C267-C286.

327



References

Furuichi, Y., Takahashi, T., Imaizumi, K. and Sugano, M. (1984). Evaluation of
polyethylene glycol as a water soluble marker: absorption and excretion of "*C-
labelled polyethylene glycol in rats. Agricultural and Biological Chemistry 48,
1777-1781.

Gagnon, M. P, Bissonnette, P., Deslandes, L. M., Wallendorff, B. and Lapointe, J.-Y.
(2004). Glucose accumulation canaccount for the initial water flux triggered by

Na'/glucose cotransport. Biophysical Journal 86, 125-133.

Gaidamauskas, E., Norkus, E., Vaiciuniene, J., Crans, D. C., Vuorinen, T., Jaciauskiene, J.
and Baltrunas, G. (2005). Evidence of two-step deprotonation of D-mannitol in

aqueous solution. Carbohydrate Research 340, 1553-1556.

Gama, L., Baxendale-Cox, L. M. and Breitweiser, G. E. (1997). Ca**-sensing receptors in
intestinal epithelium. American Journal of Physiology — Cell Physidogy 273,
C1168-C1175.

Garfia, B., Canadillas, S., Canalejo, A., Luque, F., Siendones, E., Quesada, M., Almaden,
Y., Auilera-Tejero, E. and Rodriguez, M. (2002). Regulation of parathyroid vitamin
D receptor expression by extracellular calcium. Journal of the American Society
of Nephrology 13, 2945-2952.

Geibel, J., Sritharan, K., Geibel, R., Persing, J. S., Seeger, A., Roepke, T. K., Deichstetter,
M., Prinz, C., Cheng, S. X., Martin, D. and Hebert, S. C. (2006). Calcium-sensing
receptor abrogates secretagogue-indiced increases in intestinal net fluid secretion
by enhancing cyclic nucleotide destruction. Proceedings of the National Academy
of Sciences of the United States of America 103,9390-9397.

Genz, J., Taylor, J. R. and Grosell, M. (2008). Effects of salinity on intestinal bicarbonate

secretion and compensatory regulation of acid-base balance in Opsanus beta.
Journal of Experimental Biology 211, 2327-2335.

328



References

Gerbino, A., Fistetto, G., Colella, M., Hofer, A. M., Debellis, L., Caroppo, R. and Curci, S.
(2007). Real time measurements of water flow in amphibian gastric glands —
Modulation via the extracelluar Ca**-sensing receptor. Journal of Biological
Chemistry 282,13477-13486.

Gifford-Mena, 1., Boulo, V., Aujoulat, F., Fowden, H., Castille, R., Charmantier, G. and
Cramb, G. (2007). Aquaporin molecular characterization in the sea bass
(Dicentrarchus labrax): The effect of salinity on AQP1 and AQP3 expression.
Comparative Biochemistry and Physiology A-Molecular and Integrative
Physiology 148, 430-444.

Gonzalez, R. J., Wilson, R. W. and Wood, C. M. (2005) Ionoregulation in tropical fish from
ion-poor, acidic blackwaters. In: Val, A. L., Almeida-Val, V. M. and Randall, D. J.
(eds). The Physiology of Tropical Fish. Fish Physiology, Volume 22. Academic
Press, San Diego. pp. 397-437.

Goss, S. L., Lemons, K. A., Kerstetter, J. E. and Bogner, R. H. (2007). Determination of
calcium salt solubility with changes in pH and PCO,, simulating varying
gastrointestinal environments. Journal of Pharmacy and Pharmacology 59,
1485-1492.

Green, R. and Giebisch, G. (1984). Luminal hypatonicity — a driving force for fluid
absorption from the proximal tubule. American Journal of Physiology — Renal

Physiology 246, F167-F174.

Griffith, R. W. (1974). Environment and salinity tolerance in genus Fundulus. Copeia 2,
319-331.

Griffith, R. W. (1987). Freshwater or marine origin of the vertebrates? Comparative
Biochemistry and Physiology A-Physiology 87, 523-531.

Griffith, R. W. (1994). The life of the first vertebrates. Bioscience 44, 408-417.

329



References

Grosell, M. (2006). Intestinal anion exchange in marine fish osmoregulation. Journal of
Experimental Biology 209, 2813-2827.

Grosell, M. and Jensen, F. B. (1999). NO, uptake and HCO; secretion in the intestine of
the European flounder (Platichthys flesus). Journal of Experimental Biology 202,
2103-2110.

Grosell, M. and Genz, J. (2006). Ouabain-sensitive bicarbonate secretion and acid
absorption by the marine teleost fish intestine play a role in osmoregulation.
American Journal of Physiology - Regulatory, Integrative and Comparative
Physiology 291, R1145-R1156.

Grosell, M. and Taylor, J. R. (2007). Intestinal anion exchange in teleost water balance.
Comparative Biochemistry and Physiology A-Molecular and Integrative
Physiology 148, 14-22.

Grosell, M., De Boeck, G., Johannsson, O. and Wood, C. M. (1999). The effects of silver
on intestinal ion and acid-baseregulation in the marine teleost fish, Papophrys
vetulus. Comparative Biochemistry and Physiology C-Toxicology and
Pharmacology 124, 259-270.

Grosell, M., Laliberte, C. N., Wood, S., Jensen, F. B. and Wood, C. M. (2001). Intestinal
HCOs secretion in marineteleost fish: evidence for an apical ratherthan a

basolateral CI/HCO;™ exchanger. Fish Physiology and Biochemistry 24, 81-95.

Grosell, M., Wood, C. M., Wilson, R. W., Bury, N. R., Hogstrand, C., Rankin, C. and
Jensen, F. B. (2005). Bicarbonate secretion plays a role in chloride and water
absorption of the European flounder irtestine. American Journal of Physiology -

Regulatory, Integrative and Comparative Physiology 288, R936-R946.

330



References

Grosell, M., Gilmour, K. M. and Perry, S. F. (2007). Intestinal carbonic anhydrase,
bicarbonate and proton carriers play arole in the acclimation of rainbow trou to
seawater. American Journal of Physiology — Regulatory, Integrative and
Comparative Physiology 293, R2099-R2111.

Guerreiro, P. M., Renfro, J. L., Power, D. M. and Canario, A. V. M. (2007). The parathyroid
hormone family of peptides: structure, tissue distribution, regulation and potential
functional roles in calciumand phosphate balance in fish. American Journal of
Physiology — Regulatory, Integrative and Comparative Physblogy 292, R679-
R696.

Gulliford, M. C., Pover, G. G. and Scarpello, J. H. B. (1987). Solute adsorption as a source
of error in the estimation of '*C-labelled polyethylene glycol. Clinical Science 73,
P16 (Abstract only).

Hakim, A. A. and Lifson, N. (1969). Effects of pressure on waterand solute transport by

dog intestinal mucosain vitro. American Journal of Physiology 216, 276-284.

Hakim, A. A., Lester, R. G. and Lifson, N. (1963). Absorption by an in vifro preparation of
dog intestinal mucosa. Journal of Applied Physiology 18, 409-413.

Halm, D. R., Krasny, E. J. and Frizzell, R. A. (1985a). Electrophysiology of flounder
intestinal mucosa. I. Conductance properties of the cellular and paracellular

pathways. Journal of General Physiology 85, 843-864.

Halm, D. R., Krasny, E. J. and Frizzell, R. A. (1985b). Electrophysiology of flounder
intestinal mucosa. II. Relation of the electrical potential profile to coupled NaCl

absorption. Journal of General Physiology 85, 865-883.
Hamann, S., Herrera-Perez, J. J., Bundgaard, M., Alvarez-Leefmans, F. J. and Zeuthen, T.

(2005). Water permeability of Na'-K"-2Cl cotransporters in mammalian epithelial
cells. Journal of Physiology 568, 123-135.

331



References

Hang, X. M., Power, D, Flik, G. and Balment, R. J. (2005). Measurement of PTHrP,
PTHRI1, and CaSR expression levels in tissues of sea bream (Sparus aurata) using
quantitative PCR. Annals of the New York Academy of Sciences 1040, 340-344.

Hanson, P. J. and Parsons, D. S. (1976). The utilisation of glucose and production of lactate
by in vitro preparations of rat small intestine: effects of vascular perfusion. Journal
of Physiology 255, 775-795.

Harris, J. M. (1992). Introduction to biotechnical and biomedical applications of
poly(ethylene glycol). In: Harris, J. M. (ed). Poly(Ethylene Glycol) Chemistry:
Biotechnical and Biomedical Applications. Plenum Press, New York. pp.1-14.

Hebert, S. C. (2004). Calcium and salinity sensing by the thick ascending imb: A journey
from mammals to fish and back again. Kidney International 66, S28-S33.

Hebert, S. C., Cheng, S. and Geibel, J. (2004). Functions and roles of the extracellular C&*-

sensing receptor in the gastrointestinal tract. Cell Calcium 35, 239-247.

Hellberg, H. and Bjerkas, I. (2005). Intestinal epithelium in Anarhichas lupus L., with
emphasis on cell renewal. Journal of Fish Biology 66, 1342-1356.

Heymann, J. B. and Engel, A. (1999). Aquaporins: Phylogeny, structure and physiology of
water channels. News in Physiological Sciences 14, 187-193.

Hickman, C. P. (1968a). Glomerular filtration and urine flow in the euryhalne southern
flounder, Paralichthys lethostigma, in seawater. Canadian Journal of Zoology 46,
427-437.

Hickman, C. P. (1968b). Urine composition and kidney tubular function in southern

flounder, Paralichthys lethostigma, in seawater. Canadian Journal of Zoology 46,
439-455.

332



References

Hickman, C. P. (1968c). Ingestion, intestinal absorption, and elimination of seawater and
salts in the southern flounder, Paralichthys lethostigma. Canadian Journal of
Zoology 46, 457-466.

Hickman, C. P. and Trump, B. F. (1969). The kidney. In: Hoar, W. S. and Randall, D. J.
(eds). Fish Physiology. Volume I. Academic Press, New York. pp91-239.

Hinshaw, D. B. and Burger, J. M. (1990). Protective effect of glutamine on endothelial cell
ATP in oxidant injury. Journal of Surgical Research 49, 222-227.

Hirano, T. (1974). Some factors regulating water intake by eel, Anguilla japonica. Journal
of Experimental Biology 61, 737-747.

Hirano, T. and Mayer-Gostan, N. (1976). Eel esophagus as an osmoregulatory organ.
Proceedings of the National Academy of Sciences of the United States of
America 73,1348-1350.

Hobson, S. A., McNeil, S. E., Lee, F. and Rodland, K. D. (2000). Signal transduction
mechanisms linking increased extracellular calcium to proliferation in ovarian

surface epithelial cells. Experimental Cell Research 258, 1-11.

Hoffmann, E. K., Schettino, T. and Marshall, W. S. (2007). The role of volume-sensitive
ion transport systems in regulation of epithelial transport. Comparative
Biochemistry and Physiology A — Molecular and Integrative Physiology 148,
29-43.

Holland, N. D. and Chen, J. (2001). Origin and early evolution of the vertebrates: new
insights from advances in molecular biology, anatomy, and palacontology.
Bioessays 23,142-151.

333



References

Holm, S. (1979). A simple sequential rejective multiple test procedure. Scandinavian

Journal of Statistics 6, 65-70.

Holm, M., Johansson, B., Pettersson, A. and Fandriks, L. (1998). Carbon dioxide mediates
duodenal mucosal alkaline secretion in resporse to luminal acidity in the

anaesthetised rat. Gastroenterology 115, 680-685.

Holmes, W. N. and McBean, R. L. (1963). Studies on the glomerular filtration rate of
rainbow trout (Salmo gairdneri). Journal of Experimental Biology 40, 335-341.

Holstein, B. (1979). Gastric acid secretion and drinking in the Atlantic cod (Gadus morhua)
during acidic or hyperosmotic perfusion of the intestine. Acta Physiologica
Scandinavica 106, 257-265.

Horowicz, P., M. T. Schneider, and T. Begenisch. 1978. Principles of electrical methods for
studying membrane movements of ions. In: Andreoli, T. E. (ed). Physiology of
Membrane Disorders. Plenum Medical, New York. pp.185-202.

House, C. R. and Green, K. (1963). Sodium and water transport across i©lated intestine of
a marine teleost. Nature 199, 1293-1294.

House, C. R. and Green, K. (1965). lon and water transport in isolated intestine of marine

teleost Cottus scorpius. Journal of Experimental Biology 42, 177-189.

Houston, A. H. and Mearow, K. M. (1979). ["*C] PEG-4000, chloride, chloride/potassium
and sodium spaces as indicators of extracellular phase volume in the tissues of
rainbow trout, Salmo gairdneri Richardson. Comparative Biochemistry and
Physiology A-Physiology 62, 747-751.

Huang, K. C. and Chen, T. S. T. (1971). lon transport across intesinal mucosa of winter
flounder, Pesudopleuronectes americamis. American Journal of Physiology 220,

1734-1738.

334



References

Hub, J. S. and de Groot, B. L. (2006). Does CO, permeate through aquaporin-1?
Biophysical Journal 91, 842-848.

Hubbard, P. C., Barata, E. N. and Canario, A. V. M. (2000). Olfactory sensitivity to changes
in environmental [Ca*"] in the marine teleost Sparus aurata. Journal of

Experimental Biology 203, 3821-3829.

Hubbard, P. C., Ingleton, P. M., Bendell, L. A., Barata, E. N. and Canario, A. V. M. (2002).
Olfactory sensitivity to changes in environmental [Ca*'] in the freshwaterteleost
Carassius auratus: an olfactory role for the Ca**-sensing receptor? Journal of
Experimental Biology 205, 2755-2764.

Humbert, W., Kirsch, R. and Meister, M. F. (1984). Scanning electron-microscopic study of
the esophageal mucous layer in the eel,Anguilla anguilla L. Journal of Fish
Biology 25, 117-122.

Humbert, W., Kirsch, R. and Simonneaux, V. (1986). Is mucus involved in
biocrystallisation — study of the intestinal mucus ofthe sea-water eel Anguilla
anguilla L. Cell and Tissue Research 245, 599-604.

Humbert, W., Voegel, J. C., Kirsch, R. and Simonneaux, V. (1989). Role of intestinal mucus
in crystal biogenesis — an electron-microscopical,diffraction and x-ray

microanalytical study. Cell and Tissue Research 255, 575-583.

Hunt, J. N. and Wan, B. (1967). Electrolytes of mammalian gastric juice. In: Code, C. F.
(ed). Handbook of Physiology Section 6: Alimentary Canal, Volume I1
Secretion. American Physiological Society, Waverly Press Inc., Baltimore. pp. 781-
804.

Hydén, S. (1955). The recovery of polyethylene glycol after passage through the digestive
tract. Annals of the Royal Agricultural College, Sweden 22, 411-424.

335



References

Ingleton, P. M., Bendell, L. A., Flanagan, J. A., Teitsma, C. and Balment, R. J. (2002).
Calcium-sensing receptors and parathyrod hormone-related protein n the caudal
neurosecretory system of the flounder (Platichthys flesus). Journal of Anatomy

200, 487-497.

Jackson, M. J., Cassidy, M. M. and Weller, R. S. (1970). Studies on intestinal fluid
transport I. Estimation of the extracellular space of everted sacs ofrat small

intestine. Biochimica et Biophysica Acta 211, 425-435.

Jackson, M. J. and Cassidy, M. M. (1970). Studies on intestinal fluid transport II. The
location of fluid accumulatedin the wall of rat jejunum during incubation in vitro.

Biochimica et Biophysica Acta 211, 436-447.

Jacobson, E. D., Bondy, D. C., Broitman, S. A. and Fordtran, J. S. (1963). Validity of
polyethylene glycol in estimating intestinal water volume. Gastroenterology 44,
761-767.

Jaiswal, J. K. (2001). Calcium — how and why? Journal of Biosciences 26, 357-363.

Janvier, P. (1999). Catching the first fish. Nature 402, 21-22.

Janvier, P. (2007). Living primitive fishes and fishes fromdeep time. In: MacKenzie, D. J.,
Farrell, A. P. and Brauner, C. J. (eds). Primitive Fishes. Fish Physiology Volume
26. Academic Press, San Diego. pp. 1-51.

Jenkins, P. G., Pulsford, A. L. and Harris, J. E. (1992). Microscopy of the absorptive cells
and gut-associated lymphoid tissue of the flounder Platichthys flesus. Journal of

the Marine Biological Association of the United Kingdom 72, 553-567.

Josepovitz, C., Pastorizamunoz, E., Timmerman, D., Scott, M., Feldman, S. and

Kaloyanides, G. J. (1982). Inhibition of gentamicin uptake in rat renal cortex in

336



References

vivo by aminoglycosides and organic polycations. Journal of Pharmacology and

Experimental Therapeutics 223, 314-321.

Kallay, E., Kifor, O., Chattopadhyay, N., Brown, E. M., Bischof, M. G., Peterlik, M. and
Cross, H. S. (1997). Calcium-dependent c-myc proto-oncogene expression and
proliferation of CACO-2 cells: A role for a luminal extracellular calciumsensing

receptor. Biochemical and Biophysical Research Communications 232, 80-83.

Karasov, W. H. And Diamond, J. M. (1983). A simple method for measuring intestinal
solute uptake in vitro. Journal of Comparative Physiology B-Biochemical,

Systemic and Environmental Physiology 152, 105-116.

Karnaky, K. J. (1986). Structure and function of the chloride cell of Fundulus heteroclitus
and other teleosts. American Zoologist 26, 209-244.

Karnaky, K. J. (1998). Osmotic and ionic regulation. In: Evans, D. H. (ed). The Physiology
of Fishes (2" Edition).CRC Press., Boca Raton, Florida. pp. 157-176.

Kerstetter, T. H. and White, R. J. (1994). Changes in intestinal water absorption in Coho
salmon during short-term seawater adaptation - A developmental study.
Aquaculture 121, 171-180.

Kessler, A., Faure, H., Petrel, C., Rognan, D., Cesario, M., Ruat, M., Dauban, P. and Dodd,
R. H. (2006). N-1-benzoyl-N-2-[ 1-(1-naphhyl)ethyl]-trans-1,2-
diaminocyclohexanes Development of 4-chlorophenylcarboxamide (Calhex 231)

as a new calcium sensing receptor ligand demonstrating potent calcilytic activity.
Journal of Medicinal Chemistry49, 5119-5128.

Kirsch, R. (1978). Role of the esophagus in osmoregulafon in teleost fishes. In: Jorgensen,

C. B. and Skadhauge, E. (eds). Osmotic and Volume Regulation (Alfred Benzon
Symposium XI). Academic Press, New York. pp.138-154.

337



References

Kirsch, R. and Meister, M. F. (1982). Progressive processing of ingested water in the gut of

sea-water teleosts. Journal of Experimental Biology 98, 67-81.

Konturek, S. J., Radecki, T., Thor, P. and Dembinski, A. (1973). Release of cholecystokinin
by amino acids. Proceedings of the Society for Experimental Biology and
Medicine 143, 305-309.

Koven, W., Rojas-Garcia, C. R., Finn, R. N., Tandler, A. and Ronnestad, 1. (2002).
Stimulatory effect of ingested protein and/or free amino acids on the secretion of
the gastro-endocrine hormone cholecystokinin and on tryptic activity, in early-

feeding herring larvae, Clupea harengus. Marine Biology 140, 1241-1247.

Krag, E., Krag., B and Lenz, K. (1975). A comparison of stable and *H-labelled
polyethylene glycol 4000 as non-absorbable water phase markers in the human

ileum and faeces. Scandinavian Journal of Gastroenterology 10, 105-108.

Kultz, D., Bastrop, R., Jurss, K. and Sieber, D. (1992). Mitochondria-rich (MR) cells and
the activities of the Na'/K'-ATPase and carbonic anhydrase in the gill and opercular
epithelium of Oreochromis mossambicus adapted to various salinities.

Comparative Biochemistry and Physiology B-Biochemistry and Molecular
Biology 102, 293-301.

Kuoppala, A., Lindstedt, K. A., Sarrinen, J., Kovanen, P. T. and Kokkonen, J. O. (2000).
Inactivation of bradykinin by angiotensin-converting enzyme and by
carboxypeptidase N in humanplasma. American Journal of Physiology — Heart
and Circulatory Physiology 278, H1069-H1074.

Kurita, Y., Nakada, T., Kato, A., Doi, H., Mistry, A. C., Chang, M-H., Romero, M. F. and
Hirose, S. (2008). Identification of intestinal bicarbonate transporters involved in
formation of carbonateprecipitates to stimulate water absorption in marine teleost
fish. American Journal of Physiology — Regulatory, Integrative and
Comparative Physiology 294, R1402-R1412.

338



References

Kwak, J. O., Kwak, J., Kim, H. W, Oh, K. J., Kim, Y. T., Jung, S. M. and Cha, S. H.
(2005). The extracellular calciumsensing receptor is expressed in mouse mesangial
cells and modulates cell proliferation. Experimental and Molecular Medicine 37,
457-465.

Lacampagne, A., Gannier, F., Argibay, J., Garnier, D. and Leguennec,J. Y. (1994). The
stretch-activated ion channel blocker gadolinium also blocks L-type calcium
channels in isolated ventricular myocytes of the guinea pig. Biochimica et
Biophysica Acta — Biomembranes 1191, 205-208.

Lang, F., Busch, G. L., Ritter, M., Volkl, H., Waldegger, S., Gulbins, E. and Héussinger, D.
(1998). Functional significance of cell volume regulatory mechanisms.
Physiological Reviews 78,247-306.

Lapointe, J.-Y., Gagnon, M., Poirier, S. and Bissonnette, P. (2002). The presence of local
osmotic gradients can account for the water flux driven by the Na"-glucose

cotransporter. Journal of Physiology 542, 61-62.

Lapointe, J.-Y. (2007). Response to Zeuthen and Zeuthen's comment to the editor: Enough
local hypertonicity is enough. Biophysical Journal 93, 1417-1419.

Larsen, E. H., Sorensen, J. B. and Sorensen, J. N. (2002). Analysis of the sodium
recirculation theory of solute-coupled water transport in small intestine. Journal of

Physiology 542, 33-50.

Larsson, D. (1999). Vitamin D in teleost fish: non-genomic regulation of intestinal calcium

transport. Goteborg University PhD Thesis.
Larsson, D., Lundgren, T. and Sundell, K. (1998). Ca*" uptake through voltage-gated L-

type Ca®* channels by polarized enterocytes from Atlantic cod Gadus morhua.
Journal of Membrane Biology 164, 229-237.

339



References

Larsson, D., Aksnes, L., Bjornsson, B. T., Larsson, B., Lundgren, T. and Sundell, K.
(2002). Antagonistic effects of 24R,25-dihydroxyvitamin D-3 and 25-
hydroxyvitamin D-3 on L-type Ca*" channels and Na"/Ca*" exchange in enterocytes
from Atlantic cod (Gadus morhua). Journal of Molecular Endocrinology 28,53-

68.

Larsson, D., Nemere, I., Aksnes, L. and Sundell, K. (2003). Environmental salinity
regulates receptor expression, cellular effects, and circulating levels of two
antagonising hormones, 1,25-dihydroxyvitamin D-3 and 24,25-dthydroxyvitamin
D-3, in rainbow trout. Endocrinology 144,559-566.

LeFevre, M. E., Cronkite, C. and Brodsky, W. A. (1970). Changes in oxygen consumption
of isolated tissues after ouabain administration or substitution of choline for sodium

in bathing media. Biochimica et Biophysica Acta 222, 212-215.

Lee, J. S. (1961). Flows and pressures in lymphatc and blood vessels of intestine in water

absorption. American Journal of Physiology 200, 979-983.

Lee, J. S. (1963). Role of mesenteric lymphatic system in water absorption from rat

intestine in vitro. American Journal of Physiology 204, 92-96.

Levine, R. R., McNary, W. F., Kornguth, P. J. and LeBlanc, R. (1970). Histological
reevaluation of everted gut technique for studying intestinal absorption. European

Journal of Pharmacology 9, 211-219.
Lifson, N. and Parsons, D. S. (1957). Support of water absorption by rat jejunum in vitro by

glucose in serosal fluid. Proceedings of the Society for Experimental Biology

and Medicine 95, 532-534.

340



References

Lionetto, M. G. and Schettino, T. (2006). The Na'-K"-2CI cotransporter and the osmotic
stress response in amodel salt transport epithelium. Acta Physiologica 187, 115-
124.

Lionetto, M. G., Giordano, M. E., Nicolardi, G. and Schettino, T. (2001). Hypertonicity
stimulates CI transport in the intestine of freshwater acclimated eel, Anguilla

anguilla. Cellular Physiology and Biochemistry 11, 41-54.

Livingston, E. H., Miller, J. and Engel, E. (1995). Bicarbonate diffusion through mucus.
American Journal of Physiology — Gastrointestinal and Liver Physiology 269,
G453-G457.

Loo, D. D. F.,, Zeuthen, T., Chandy, G. and Wright, E. M. (1996). Cotransport of water by
the Na'/glucose cotransporter. Proceedings of the National Academy of Sciences
of the United States of America 93, 13367-13370.

Loretz, C. A. (1987). Regulation of goby intestinal ion absorption by the calcium

messenger system. Journal of Experimental Zoology 244, 67-78.

Loretz, C. A. (1995). Electrophysiology of ion transpott in teleost intestinal cells. In: Wood,
C. M. and Shuttleworth, T. J. (eds). Cellular and Molecular Approaches to Fish
Ionic Regulation. Academic Press, San Diego. pp. 25-56.

Loretz, C. A. (2008). Extracellular calcium-sensing receptors in fishes. Comparative
Biochemistry and Physiology A-Molecular and Integrative Physiology 149,
225-245.

Loretz, C. A. and Bern, H. A. (1980). Ion transport by the urinary bladder of the gobiid

teleost, Gillichthys mirabilis. American Journal of Physiology - Regulatory,
Integrative and Comparative Physiology 8, R415-R423.

341



References

Loretz, C. A., Pollina, C., Hyodo, S., Takei, Y., Chang, W. H. and Shoback, D. (2004).
cDNA cloning and functional expression of a Ca**-sensing receptor with truncated
C-terminal tail from the Mozambique tilapia (Oreochromis mossambicus). Journal

of Biological Chemistry 279, 53288-53297.

Loretz, C. A., Pollina, C., Hyodo, S. and Takei, Y. (2007). Tilapia extracellular Ca**-sensing
receptor is expressed in osmoreguladry and endocrine tissues. Federation of
American Societies for Experimental Biology (FASEB) Journal 21, 963.9
(Abstract only).

Loser, C., Eisel, A., Harms, D. and Folsch, U. R. (1999). Dietary polyamines are essential
luminal growth factors for small intestinal and colonic mucosal growth and
development. Gut 44, 12-16.

Love, A. H. G., Mitchell, T. G. and Neptune, E. M. (1965). Transport of sodium and water
by rabbit ileum in vitro and in vivo. Nature 206, 1158.

Lukie, B. E. (1983). Entry of [*’H] water and [1,2-"*C] polyethylene glycol 4000 into normal
and cystic fibrosis salivary mucus. Journal of Laboratory and Clinical Medicine

101, 426-431.

Macherey, H. J., Sprakties, G. and Petersen, K. U. (1993). HCOs reduces paracellular
permeability of guinea-pig duodenal mucosaby a Ca** (Prostaglandin)-dependent
action. American Journal of Physiology — Gastrointestinal and Liver

Physiology 264, G126-G136.

MacKay, W. C. and Lahlou, B. (1978). Relationships between Na" and CI fluxes in the
intestine of the European flourder, Platichthys flesus. In: Lahlou, B. (ed).
Epithelial Transport in the Lower Vertebrates. Cambridge University Press,
Cambridge. pp. 151-162.

342



References

Martinez, A-S., Cutler, C. P., Wilson, G. D., Phillips, C., Hazon, N. and Cramb, G. (2005).
Regulation of expression of two aquaporin homolags in the intestine of the
European eel: effects of seawater acclimation andcortisol treatment. American

Journal of Physiology — Regulatory, Integrative and Comparative Physblogy
288, R1733-R1743.

Maddrey, W. C., Serebro, H. A., Marcus, H. and Iber, F. L. (1967). Recovery,
reproducibility, and usefulness of polyethylene glycol, iodine-labelled rose bengal,

sulphobromophthalein, and indocyanine green as non-absorbable markers. Gut 8,

169-171.

Madsen, S. S., McCormick, S. D., Young, G., Endersen, J. S., Nishioka, R. S. and Bern, H.
A. (1994). Physiology of seawater acclimation in the striped bass, Morone saxatilis

(Walbaum). Fish Physiology and Biochemistry 13, 1-11.

Maetz, J. and Skadhauge, E. (1968). Drinking rates and gill ionic turnover in relation to
external salinities in the eel. Nature 217, 371-373.

Maftia, M., Trischitta, F., Lionetto, M. G., Storelli, C. and Schettino, T. (1996). Bicarbonate
absorption in eel intestine: Evidence for the presence of membrane-bound carbonic
anhydrase on the brush border membranes of the enterocyte. Journal of

Experimental Zoology 275, 365-373.

Malawer, S. J. and Powell, D. W. (1967). An improved turbidimetric analysis of
polyethylene glycol utilizing an emulsifier. Gastroenterology 53, 250-256.

Malvin, R. L., Schiff, D. and Eiger, S. (1980). Angiotensin and drinking rates in the
euryhaline killifish. American Journal of Physiology — Regulatory, Integrative

and Comparative Physblogy 239, R31-R34.

Mandel, L. J., Bacallao, R. and Zampighi, G. (1993). Uncoupling of the molecular fence
and paracellular gate functions in epithelial tight junctions. Nature 361, 552-555.

343



References

Manzon, L. A. (2002). The role of prolactin in fish osmoregulaton: A review. General and

Comparative Endocrinology 125, 291-310.

MariCal (2008). MariCal — Solutions for global aquaculture. http://www.marical.biz/
(Accessed 7" August 2008).

Marshall, E. K. (1934). The comparative physiology of the kidney in relation to theories of

renal secretion. Physiological Reviews 14, 133-159.

Marshall, W. S. and Bryson, S. E. (1998). Transport mechanisms of seawater teleost
chloride cells: an inclusive model of a multifunctional cell. Comparative
Biochemistry and Physiology A-Molecular and Integrative Physiology 119, 97-
106.

Marshall, W. S., Howard, J. A., Cozzi, R. R. F. and Lynch, E. M. (2002). NaCl and fluid
secretion by the intestine of the teleost Fundulus heteroclitus: involvement of

CFTR. Journal of Experimental Biology 205, 745-758.

Marshall, W. S. and Grosell, M. (2006). Ion transport and osmoregulation in fish. In:
Evans, D. H. (ed). The Physiology of Fishes. CRC Press, Boca Raton, Florida. pp.
177-230.

Martinez, A-S., Cutler, C. P., Wilson, G. D., Phillips, C., Hazon, N. and Cramb, G. (2005a).
Regulation of expression of two aquaporin homolags in the intestine of the
European eel: effects of seawater acclimation andcortisol treatment. American
Journal of Physiology - Regulatory, Integrative and Comparative Physidogy
288, R1733-R1743.

Martinez, A-S., Cutler, C. P., Wilson, G. D., Phillips, C., Hazon, N. and Cramb, G. (2005b).

Cloning and expression of three aquaporin homologues from the European eel

344



References

(Anguilla anguilla): effects of seawater acclimation and cortisol treatment on renal

expression. Biology of the Cell 97, 615-627.

Marvao, P, Emilio, M. G., Gil Ferreira, K., Fernandes, P. L. and Gil Ferreira, H. (1994).
Ion transport in the intestine of Anguilla anguilla: Gradients and translocators.

Journal of Experimental Biology 193, 97-117.

Mashiter, K. E. and Morgan, M. R. J. (1975). Carbonic anhydrase levels in tissues of
flounders adapted to seawater and freshwater Comparative Biochemistry and
Physiology A-Physiology 52, 713-717.

Matsuo, K., Ota, H., Akamatsu, T., Sugiyama, A. and Katsuyama, T. (1997).
Histochemistry of the surface mucous gel layer of the human colon. Gut 40, 782-
789.

McDonald, D. G. and Milligan, C. L. (1992). Chemical Properties of the Blood. In: Hoar,
W. S., Randall, D. J. and Farrell, A. P. (eds). Fish Physiology Volume XII, Part B
The Cardiovascular System. Academic Press, San Diego. pp. 55-133.

McDonald, M. D. and Grosell, M. (2006). Maintaining osmotic balance with an
aglomerular kidney. Comparative Biochemistry and Physiology A-Molecular
and Integrative Physidogy 143, 447-458.

McFarland, W. N. and Munz, F. W. (1965). Regulation of body weight and serum
composition by hagfish in various media. Comparative Biochemistry and
Physiology 14, 383-398.

McHardy, G. J. R. and Parsons, D. S. (1957). The absorption of water and salt from the

small intestine of the rat. Quarterly Journal of Experimental Physiology 42, 33-
48.

345



References

McLarnon, S. J. and Riccardi, D. (2002). Physiological and pharmacological agonists of
the extracellular Ca**-sensing receptor. European Journal of Pharmacology 447,
271-278.

McLarnon, S. J., Holden, D., Ward, D. T., Jones, M. N., Elliott, A. C. and Riccardi, D.
(2002). Aminoglycoside antibiotics induce pH-sensitive activation of the calcium-
sensing receptor. Biochemical and Biophysical Research Communications 297,
71-717.

McMillan, D. N. and Houlihan, D. F. (1989). Short-term responses of protein synthesis to
re-feeding in rainbow trou. Aquaculture 79, 37-46.

Mizumori, M., Meyerowitz, J., Takeuchi, T., Lim, S., Lee, P., Supuran, C. T., Guth, P. H.,
Engel, E., Kaunitz, J. D. and Akiba, Y. (2006) Epithelial carbonic anhydrases
facilitate PCO, and pH regulation in rat duodenal mucosa. Journal of Physiology
573, 827-842.

Morris, R. (1972). Osmoregulation. In: Hardisty, M. W. and Potter, 1. C. (eds). The biology
of lampreys, Volume 2. Academic Press, London pp. 193-239.

Moyle, P. B. and Cech Jr., J. J. (2000). Fishes: An introduction to ichthyology (4"
Edition). Prentice-Hall, New Jersey. 612p.

Munger, R. S, Reid, S. D. and Wood, C. M. (1991). Extracellular fluid volume
measurements in tissues of the rainbow trout (Oncorhynchus mykiss) in vivo and

their effects on intracellular pH an ion calculations. Fish Physiology and
Biochemistry 9,313-323.

Musch, M. W,, Orellana, S. A., Kimberg, L. S., Field, M., Halm, D. R., Krasny, E. J. and

Frizzell, R. A. (1982). Na'-K'-CI co-transpott in the intestine of a marine teleost.
Nature 300, 351-353.

346



References

Nadella, S. R., Grosell, M. and Wood, C. M. (2006). Physical characterization of high-
affinity gastrointestinal Cu transport in freshwaterrainbow trout Oncorhynchus
mykiss. Journal of Comparative Physiology B-Biochemical, Systemic and
Environmental Physiology 176, 793-806.

Naftalin, R. J. (2008). Osmotic water transport with glucose in GLUT2 and SGIT.
Biophysical Journal 94,3912-3923.

Nagashima, K. and Ando, M. (1994). Characterisation of esophageal desalination in the
seawater eel, Anguilla japonica. Journal of Comparative Physiology B-

Biochemical, Systemic and Environmental Physiology 164, 47-54.

Naito, T., Saito, Y., Yamamoto, J., Nozaki, Y., Tomura, K., Hazama, M., Nakanishi, S. and
Brenner, S. (1998). Putative pheromonereceptors related to the Ca'-sensing

receptor in Fugu. Proceedings of the National Academy of Sciences of the
United States of America 95,5178-518l1.

Najib, L. and Martine, F. P. (1996). Adaptation of rainbow trout to seawater: Changesin
calcitonin gene-related peptide levels are associated with an increase in hormone-

receptor interaction in gill membranes. General and Comparative Endocrinology
102, 274-280.

Nakhoul, N. L., Davis, B. A., Romero, M. F. and Boron, W. F. (1998). Effect of expressing
the water channel aquaporin-1 on the CQ permeability of Xenopus oocytes.

American Journal of Physiology — Cell Physiology 274, C543-C548.

Nearing, J., Betka, M., Quinn, S., Hentschel, H., Elger, M., Baum, M., Bai, M.,
Chattopadyhay, N., Brown, E. M., Hebert, S. C. and Harris, H. W. (2002).
Polyvalent cation receptor proteins (CaRs) are salinity sensors in fish. Proceedings
of the National Academy of Sciences of the United States of America 99, 9231-
9236.

347



References

Nelson, J. S. (1994). Fishes of the world. John Wiley & Sons, New York. 624p.

Nemeth, E. F., Steffey, M. E., Hammerland, L. G., Hung, B. C. P., Van Wagenen, B. C.,
DelMar, E. G. and Balandrin, M. F. (1998). Calcimimetics with potent and selective
activity on the parathyroid calcium receptor. Proceedings of the National
Academy of the United States of America 95,4040-4045.

Nemeth, E. F., Delmar, E. G., Heaton, W. L., Miller, M. A., Lambert, L. D., Conklin, R. L.,
Gowen, M., Gleason, J. G., Bhatnagar, P. K. and Fox, J. (2001). Calcilytic
compounds: potent and selective Ca*" receptor antagonists that stimulate the

secretion of parathyroid hormone. Journal of Pharmacology and Experimental
Therapeutics 299, 323-331.

Nemeth, E. F. (2002). The search for calcium receptor antagonists (calcilytics). Journal of

Molecular Endocrinology 29, 15-21.

Nemeth, E. F. (2004). Calcimimetic and calcilytic drugs: just for parathyroid celk? Cell
Calcium 35, 283-289.

Newsholme, P., Lima, M. M. R., Porcopio, J., Pithon-Curi, T. C., Doi, S. Q., Bazotte, R. B.
and Curi, R. (2003). Glutamine and glutamate as vital metabolites. Brazilian

Journal of Medical and Biological Research 36, 153-163.

Nichols, R. L., Choe, E. U. and Weldon, C. B. (2005). Mechanical and antibacterial bowel
preparation in colon and rectal surgery. Chemotherapy 51, 115-121.

Northcutt, R. G. and Gans, C. (1983). The genesis of neural crestand epidermal placodes -
a reinterpretation of vertebrate origins. Quarterly Review of Biology 58, 1-28.

Novitsky, J. A. (1981). Calcium carbonate precipitation by marine bacteria.

Geomicrobiology Journal 2, 375-388.

348



References

O’Neill, W. C. (1999). Physiological significance of volume-regulatory transporters.
American Journal of Physiology — Cell Physiology 276, 995-1011.

Ochsenfahrt, H. (1979). Relevance of blood-flow for the absorption of drugs in the

vascularly perfused, isolated intestine of the rat. Naunyn-Schmiedebergs Archives
of Pharmacology 306, 105-112.

Oide, M. and Utida, S. (1967). Changes in waterand ion transport in isolated intestines of
the eel during salt adaptation and migration. Marine Biology 1, 102-106.

Ojo, A. A. and Wood, C. M. (2007). In vitro analysis of the bioavailability of six metals via

the gastro-intestinal tract of the rainbow trout (Oncorhynchus mykiss). Aquatic
Toxicology 83, 10-23.

Olson, K. R. (1992). Blood and extracellular flud volume regulation: Role of the renin-
angiotensin system, kallikrein-kinin system and atrial natriuretic peptides. In: Hoar,

W. S., Randall, D. J. and Farrell, A. P. (eds). Fish Physiology Volume XII, Part B
The Cardiovascular System. Academic Press, Inc., London. pp135-254.

Olson, K. R. (1996). Secondary circulation in fish: Anatomical organisation and

physiological significance. Journal of Experimental Zoology 275, 172-18S.

Overgaard, J., Busk, M., Hicks, J. W., Jensen, E B. and Wang, T. (1999). Respiratory

consequences of feeding in the snake Python molorus. Comparative Biochemistry

and Physiology A-Molecular and Integrative Physiology 124, 359-365.

Pan, X. Y., Terada, T., Okuda, M. and Inui, K. I. (2004). The diurnal rhythm of the

intestinal transporters SGLT1 and PEPT1 is regulated by the feeding conditions in
rats. Journal of Nutrition 134, 2211-2215.

Pang, P. K. T., Griffith, R. W. and Atz, J. W. (1977). Osmoregulation in elasmobranchs.
American Zoologist 17, 365-377.

349



References

Pang, P. K. T., Griffith, R. W., Maetz, J. and Pic, P. (1978). Calcium uptake in fishes. In:
Lahlou, B. (ed). Epithelial Transport in the Lower Vertebrates. Cambridge
University Press, Cambridge. pp. 121-132.

Parmalee, J. T. and Renfro, J. L. (1983). Esophageal desalination of seawater in flounder:
role of active sodium transport. American Journal of Physiology - Regulatory,

Integrative and Comparative Physiology 245, R888-R893.

Parsons, D. S. (1967). Methods for investigation of intestinal absorption. In: Code, C. F.
(ed). Handbook of Physiology. Section 6, Alimentary canal III. American
Physiological Society, Washington. pp1177-1216.

Parsons, D. S. and Wingate, D. L. (1961a). The effect of osmotic gradierts on fluid transfer

across rat intestine in vitro. Biochimica et Biophysica Acta 46, 170-183.

Parsons, D. S. and Wingate, D. L. (1961b). Changes in the flud content of rat intestine
segments during fluid absorption in vitro. Biochimica et Biophysica Acta 46, 184-
186.

Peacock, M., Bilezikian, J. P., Klassen, P. S., Guo, M. D., Turner, S. A. and Shoback, D.
(2005). Cinacalcet hydrochloride maintains long-term normocalcemiain patients
with primary hyperparathyroidism. Journal of Clinical Endocrinology and
Metabolism 90, 135-141.

Pearce, S. H. S., Wooding, C., Davies, M., Tollefsen, S. E., Whyte, M. P. and Thakker, R. V.
(1996). Calcium-sensing receptor mutations in familial hypocalciuric

hypercalcaemia with recurrent pancreatitis. Clinical Endocrinology 45, 675-680.

Peiris, D., Pacheco, I., Spencer, C. and MacLeod, R. J. (2007). The extracellular calcium-
sensing receptor reciprocally regulates the secretion of BMP-2 and the BMP

350



References

antagonist Noggin in colonic myofibroblasgs. American Journal of Physiology —
Gastrointestinal and Liver Physiology 292, G753-G766.

Pickard, D. W. and Stevens, C. E. (1972). Digesta flow through the rabbit large intestine.
American Journal of Physiology 222, 1161-1166.

Pin, J.-P., Galvez, T. and Prezeau, L. (2003). Evolution, structure and activation mechanism
of family 3/C G-protein-coupled receptors. Pharmacology and Therapeutics 98,
325-354.

Plumb, J. A., Burston, D., Baker, T. G. and Gardner, M. L. G. (1987). A comparison of the
structural integrity of several commonly used preparations of rat small-intestine in
vitro. Clinical Science 73, 53-59.

Plummer, L. N. and Busenberg, E. (1982). The solubilities of calcite, aragonite and vaterite
in CO,-H,O solutions between 0 and 90 °C, and an evaluation of the aqueous model
for the system CaCOs-CO»-H,O. Geochimica et CosmochimicaActa 46, 1011-
1040.

Pollack, M. R., Brown, E. M., Wu Chou, Y-H., Hebert, S. C., Marx, S. J., Steinmann, B.,
Levi, T., Seidman, C. E. and Seidmant, J. G. (1993). Mutations in the human Ca*'-
sensing receptor gene cause familial hypocalciuric hypercalcemia and neonatal

severe hyperparathyrodism. Cell 75, 1297-1303.

Pollack, M. R., Brown, E. M., Estep, H. L., McLaine, P. N., Kifor, O., Park, J., Hebert, S.
C., Seidman, C. E. and Seidman, J. G. (1994). Autosomal dominant hypocalcaemia

caused by a Ca*'-sensing receptor gene mutation. Nature Genetics 8, 303-307.
Posho, L., Darcyvrillon, B., Blachier, F., Duee, P. H. (1994). The contribution of glucose

and glutamine to energy metabolism in newborn pig enterocytes. Journal of

Nutritional BiochemistryS5, 284-290.

351



References

Potts, W. T. W. and Evans, D. H. (1967). Sodium and chloride balance in the killifish
Fundulus heteroclitus. Biological Bulletin 133, 411-425.

Powell, D. W. (1981). Barrier function of epithelia. American Journal of Physiology —
Gastrointestinal and Liver Physiology 241, G275-G288.

Preston, G. M., Carroll, T. P., Guggino, W. B. and Agre, P. (1992). Appearance of water
channels in Xenopus oocytes expressing red cell CHIP28 protein. Science 256, 385-
387.

Procino, G., Carmosino, M., Tamma, G., Gouraud, S., Laera, A., Riccardi, D., Svelto, M.
and Valenti, G. (2004). Extracellular calciumantagonises forskolin-induced
aquaporin 2 trafficking in collecting duct cells. Kidney International 66, 2245-
2255.

Quinn, S. J., Ye, C. P, Diaz, R., Kifor, O., Bai, M., Vassilev, P. and Brown, E. M. (1997).
The Ca**-sensing receptor: A target for polyamines. American Journal of
Physiology — Cell Physiology 273, C1315-C1323.

Quinn, S. J., Kifor, O., Trivedi, S., Diaz, R., Vassilev, P. and Brown E. M. (1998). Sodium
and ionic strength sensing by the calciumreceptor. Journal of Biological
Chemistry 273,19579-19586.

Quinn, S. J., Bai, M. and Brown, E. M. (2004). pH sensing by the calcium-sensing receptor.
Journal of Biological Chemistry 279,37241-37249.

Radman, D. P, McCudden, C., James, K., Nemeth, E. M. and Wagner, G. F. (2002).
Evidence for calcium-sensing receptor mediated stanniocalcin secretion in fish.

Molecular and Cellular Endocrinology 186, 111-119.

Raldua, D., Otero, D., Fabra, M. and Cerda, J. (2008). Differential localisation and

regulation of two aquaporin-1 homolgs in the intestinal epithelia of the marine

352



References

teleost Sparus aurata. American Journal of Physiology — Regulatory,

Integrative and Comparative Physiology 294, R993-R1003.

Randall, D.J., Burggren, W. and French, K. (1997). Animal Physiology: Mechanisms and
Adaptations (4th edition). W. H. Freeman and Company, New York. 728p.

Reid, E. W. (1892). Report on experiments upon “absorpion without osmosis”. British
Medical Journal1, 323-326.

Reid, E. W. (1900). On intestinal absorption, especially on the absorption of serum, peptone
and glucose. Philosophical Transactions of the Royal Society of London, Series
B 102, 211-297.

Reid, E. W. (1901). Transport of fluid by certain epithelia. Journal of Physiology 26, 436-
444.

Reid, D. F., Ego, W. T. and Townsley, S. J. (1959). Ion exchange through epithelia of fresh
and seawater adapted teleosts studied with radioactive isotopes. Anatomical
Record 134, 628 (Abstract only).

Renfro, J. L. (1975). Water and ion transport by urinary bladderof teleost

Pseudopleuronectes americanus. American Journal of Physiology 228, 52-61.

Renfro, J. L. (1980). Relationship between renal fluid and Mg secretion n a glomerular
marine teleost. American Journal of Physiology - Renal Fluid and Electrolyte

Physiology 7, F92-F98.
Reshkin, S. J. and Ahearn, G. A. (1987). Intestinal glucose transport and salinity adaptation

in a euryhaline teleost. American Journal of Physiology — Regulatory,

Integrative and Comparative Physiology 252, R567-R578.

353



References

Reuss, L. and Hirst, B. H. (2002). Water transport controversies — an overview. Journal of

Physiology 542, 1-2.

Rhoads, J. M., Keku, E. O., Bennett, L. E., Quinn, J. and Lecce, J. G. (1990). Development
of L-glutamine stimulated electroneutral sadium absorption in piglet jejunum.
American Journal of Physiology — Gastrointestinal and Liver Physiology 259,
G99-G107.

Rhoads, J. M., Keku, E. O., Woodard, J. P., Bangdiwala, S. 1., Lecce, J. G. and Gatzy, J. T.
(1992). L-glutamine with D-glucose stimulates oxidative metabolism and NaCl
absorption in piglet jejunum. American Journal of Physiology — Gastrointestinal
and Liver Physiology 263, G960-G966.

Rhoads, J. M., Chen, W., Chu, P., Berschneider, H. M., Argenzio, R. A. and Paradiso, A. M.
(1994). L-glutamine and L-asparagine stimulae Na'-H" exchange in porcine jejunal
enterocytes. American Journal of Physiology — Gastrointestinal and Liver
Physiology 266, G828-G838.

Rhoads, D. B., Rosenbaum, D. H., Unsal, H., Isselbacher, K. J. and Levitsky, L. L. (1998).
Circadian periodicity of intestinal Na'/glucose cotransporter | mRNA levels is
transcriptionally regulated. Journal of Biological Chemistry 273, 9510-9516.

Riccardi, D. and Gamba, G. (1999). The many roles of the calcium-sensing receptor in
health and disease. Archives of Medical Research 30, 436-448.

Riccardi, D., Hall, A. E., Chattopadhyay, N., Xu, J. Z., Brown, E. M. and Hebert, S. C.
(1998). Localisation of the extracellular Ca" polyvalent cation-sensing protein in

rat kidney. American Journal of Physiology — Renal Physiology 274, F611-F622.

Riordan, J. R., Forbush, B. and Hanrahan, J. W. (1994). The molecular basis of chloride
transport in shark rectal gland. Journal of Experimental Biology 196, 405-418.

354



References

Robertson, J. D. (1957). The habitat of the early vertebrates. Biological Reviews of the
Cambridge Philosophical Society 32, 156-187.

Robertson, J. D. (1975). Osmotic constituents of the blood plasma and parietal muscle of
Squalus Acanthias L. Biological Bulletin 148, 303-319.

Robertson, J. D. (1989). Osmotic constituents of the blood-plasma and parietal muscle of
Scyliorhinus canicula (L). Comparative Biochemistry and Physiology A-
Physiology 93, 799-805.

Robinson, R. A. and Stokes, R. H. (1965). Electrolyte solutions. The measurement and
interpretation of conductance, chemical potential and diffusion in solutions of

simple electrolytes. Butterworths, London 571p.

Rodland, K. D. (2004). The role of the calcium-sensing receptor in cancer. Cell Calcium
35, 291-295.

Rodriguez, M. E., Almaden, Y., Canadillas, S., Canalejo, A., Siendones, E., Lopez, L.,
Aguilera-Tejero, E., Martin, D. and Rodriguez, M. (2007). The calcimimetic R-568
increases vitamin D receptor expression in rat parathyroid. American Journal of

Physiology — Renal Physiology 292, F1390-F1395.

Romero, M. E, Fulton, C. M. and Boron, W. F. (2004). The SLC4 family of HCO5
transporters. Pfliigers Archiv — European Journal of Physiology 447, 495-509.

Ross, B. D. (1972). Perfusion techniques in biochemistry. Clarendon Press, Oxford.
479p.

Rubin, R. P. (1982). Calcium and cellular secretion. Plenum, London. 288p.

355



References

Rubenstein, A. and Tirosh, B. (1994). Mucus gel thickness and turnover in the
gastrointestinal tract of the rat: Response to cholinergic stimulus and implicaton for

mucoadhesion. Pharmaceutical Research 11, 794-799.

Russell, W. M. S. and Burch, R. L. (1959). The principles of humane experimental
technique. Methuen, London. 239p.

Rutten, M. J., Bacon, K. D., Marlink, K. L., Stoney, M., Meichsner, C. L., Lee, F. P.,
Hobson, S. A., Rodland, K. D., Sheppard, B. C., Trunkey, D. D., Deveney, K. E.
and Deveney, C. W. (1999). Identification of a functional Ca**-sensing receptor in
normal human gastric mucous epithelial cells. American Journal of Physiology —

Gastrointestinal and Liver Physiology 277, G662-G670.

Sadoshima, J-1., Takahashi, T., Jahn, L. and Izumo, S. (1992). Roles of mechano-sensitive
ion channels, cytoskeleton and contractile activity in stretch-induced immediate-
early gene expression and hypertrorthy of cardiac myocytes. Proceedings of the
National Academy of Sciences of the United States of America 89,9905-9909.

Saeger, J. (1974) Der Befischungszustand der Flunderpopulation in der Kieler Bucht. Ph.D.
Thesis, Kiel University. 115p.

Sakamoto, T. and Ando, M. (2002). Calcium ion triggers rapid morphological oscillation of
chloride cells in the mudskipper, Periophthalmus modestus. Journal of
Comparative Physiology B-Biochemical, Systemic and Environmental
Physiology 172, 435-439.

Sancho, E., Batlle, E. and Clevers, H. (2003). Live and let die in the intestinal epithelium.
Current Opinion in Cell Biology 15, 763-770.

Sanderson, I. R. and Naik, S. (2000). Dietary regulation of intestinal gene expression.
Annual Review of Nutrition 20, 311-338.

356



References

Sands, J. M., Naruse, M., Baum, M., Jo, 1., Hebert, S. C., Brown, E. M. and Harris, H. W.
(1997). Apical extracellular calcium/polyvalent cation-sensing receptor regulates
vasopressin-elicited water permeability in rat kidney inner medullary collecting
duct. Journal of Clinical Investigation 99, 1399-1405.

Santos, C. R. A., Estevao, M. D., Fuentes, J., Cardoso, J. C. R., Fabra, M., Passos, A. L.,
Detmers, F. J., Deen, P. M. T., Cerda, J., Power, D. M. (2004). Isolation of a novel
aquaglyceroporin from a marine teleost (Sparus auratus): function and tissue

distribution. Journal of Experimental Biology 207, 1217-1227.

Schedl, H. P. (1966). Use of polyethylene glycol and phenol red as unabsorbed indicators
for intestinal absorption studies in man. Gut 7, 159-163.

Schedl, H. P, Maughan, R. J. and Gisolfi, C. V. (1994). Intestinal absorption during rest
and exercise — implications for formulating an oral rehydration solution (ORS).

Medicine and Science in Sports and Exercise 26, 267-280.

Schettino, T., Trischitta, F., Denaro, M. G., Faggio, C. and Fucile, 1. (1992). Requirement of
HCO;s for CI absorption in seawater-adapted eel intestine. Pflugers Archiv —

European Journal of Physiology 421, 146-154.

Schiller, L. R., Santa Ana, C. A., Porter, J. and Fordtran, J. S. (1997). Validation of
polyethylene glycol 3350 as a poorly absorbable marker for intestinal perfusion

studies. Digestive Diseases and Sciences 42, 1-5.

Schoenmakers, T. J. M., Verbost, P. M., Flik, G. and Wendelaar-Bonga, S. E. (1993).
Transcellular intestinal calcium transport in freshwater and seawater fish and its
dependence on sodium calcium exchange. Journal of Experimental Biology 176,
195-206.

357



References

Schultz, S. G. (1998). A century of (epithelial) transport physiology: from vitalism to
molecular cloning. American Journal of Physiology - Cell Physiology 274, C13-
C23.

Schultz, S. G. (2001). Epithelial water absorption: Osmosis or cotransport? Proceedings of
the National Academy of Sciences of the United States of America 98,3628-
3630.

Scott, W.B. and Scott, M. G. (1988). Atlantic Fishes of Canada. Canadian Bulletin of
Fisheries and Aquatic Sciences219, 731p.

Scott, G. R., Schulte, P. M. and Wood, C. M. (2006). Plasticity of osmoregulatory function
in the killifish intestine: drinking rates, salt and watertransport, and gene

expression after freshwater transfer. Journal of Experimental Biology 209, 4040-
4050.

Scott, G. R., Baker, D. W., Schulte, P. M. and Wood, C. M. (2008). Physiological and
molecular mechanisms of osmoregulatory plagicity in killifish after seawater

transfer. Journal of Experimental Biology 211, 2450-2459.

Seeman, E. and Delmas, P. D. (2001). Reconstructing the skeleton with intermittent

parathyroid hormone. Trends in Endocrinology and Metabolism 12, 281-283.

Sender, S., Bottcher, K., Cetin, Y. and Gros, G. (1999). Carbonic anhydrase in the gils of
seawater- and freshwateracclimated flounders Platichthys flesus: Purification,
characterisation and immunohistochemical localsation. Journal of Histochemistry

and Cytochemistry 47,43-50.

Shearer, K. D. (1984). Changes in elemental composition of hatchery-reared rainbow trout,
Salmo gairdneri, associated with growth and reproduction. Canadian Journal of
Fisheries and Aquatic Sciences 41, 1592-1600.

358



References

Shehadeh, Z. H. and Gordon, M. S. (1969). The role of the intestine in salinity adaptation
of the rainbow trowt, Salmo gairdneri. Comparative Biochemistry and
Physiology 30, 397-418.

Shephard, K. L. (1982). The influence of mucus on the diffusion of ions across the
esophagus of fish. Physiological Zoology 55, 23-34.

Shojaei, A. H. and Li, X. (1997). Mechanisms of buccal mucoadhesion of novel
copolymers of acrylic acid and polyethylene glycol monoethylether
monomethacrylate. Journal of Controlled Release 47,151-161.

Silva, P., Solomon, R., Spokes, K. and Epstein, F. (1977). Ouabain inhibition of gill Na-K-
ATPase: relationship to active chloride transport. Journal of Experimental
Zoology 199, 419-426.

Simkiss, K. (1973). Calcium metabolism of fish in relation to ageing. In: Bagenal, T. B.
(ed). The Ageing of Fish. Unwin Brothers Ltd., London. pp. 1-12.

Simonneaux, V., Barra, J. A., Humbert, W. and Kirsch, R. (1987a). The role of mucus in ion
absorption by the esophagus of the sea-water eel (Anguilla anguilla L) -
Electrophysiological, structural and cytochemical investigations. Journal of
Comparative Physiology B-Biochemical Systemic and Environmental
Physiology 157, 187-199.

Simonneaux, V., Humbert, W. and Kirsch, R. (1987b). Mucus and intestinal ion exchanges
in the sea-water adapted eel, Anguilla anguilla L. Journal of Comparative
Physiology B-Biochemical, Systemic and Environmental Physiology 157, 295-
306.

Simonneaux, V., Humbert, W. and Kirsch, R. (1988). Structure and osmoregulatory

functions of the intestinal folds in the seawater eel, Anguilla anguilla. Journal of

359



References

Comparative Physiology B-Biochemical, Systemic and Environmental

Physiology 158, 45-55.

Singer, T. D., Tucker, S. J., Marshall, W. S. and Higgins, C. F. (1998). A divergent CFTR
homologue: highly regulated sal transport in the euryhaline telewst F. heteroclitus.
American Journal of Physiology — Cell Physiology 274, C715-C723.

Skadhauge, E. (1969). Mechanism of salt and waterabsorption in intestine of eel (4dnguilla
anguilla) adapted to waters of various salinities. Journal of Physiology 204, 135-
158.

Skadhauge, E. (1974). Coupling of transmural flows of NaCl and water in intestine of eel
(Anguilla anguilla). Journal of Experimental Biology 60, 535-546.

Skov, P. V. and Bennett, M. B. (2003). The secondary vascular system of Actinopterygii:

interspecific variation in origins and investment. Zoomorphology 122, 181-190.
Sleet, R. B. and Weber, L. J. (1982). The rate and manner of sea-water ingestion by a
marine teleost and corresponding sea-water modification by the gut. Comparative

Biochemistry and Physiology A-Physiology 72, 469-475.

Smith, H. W. (1930). The absorption and excretion of water and salts by marine teleosts.
American Journal of Physiology 93, 480-505.

Smith, H. W. (1932). Water regulation and its evolution in the fishes. Quarterly Review of
Biology 7, 1-26.

Smith, M. W. (1964). In vitro absorption of water and solutes from intestine of goldfish
Carassius auratus. Journal of Physiology 175, 38-49.

360



References

Smith, M. W., Ellory, J. C. and Lahlou, B. (1975). Sodium and chloride transport by the
intestine of the European flourder Platichthys flesus adapted to fresh or sea water.
Pflugers Archiv — European Journal of Physiology 357, 303-312.

Smith, P. L., Welsh, M. J., Stewart, C. P., Frizzell, R. A., Orellana, S. A. and Field, M.
(1980). Chloride absorption by the intestine of the winter flounder
Pseudopleuronectes americanus: Mechanism of inhibition by reduced pH. Bulletin
of the Mount Desert Island Biological Laboratory 20, 96-101.

Sokal, R. R. and Rohlf, F. J. (1994). Biometry: Principles and practice of statistics in
biological research (3" Edition). W. H. Freeman and Co. Ltd., London. 880p.

Souba, W. W. (1993). Intestinal glutamine metabolism andnutrition. Journal of

Nutritional Biochemistry4, 2-9.

Spring, K. R. (1998). Routes and mechanism of fluid transport by epithelia. Annual
Review of Physiology 60, 105-119.

Spring, K. R. (1999). Epithelial fluid transport — A century of investigation. News in
Physiological Sciences 14, 92-98.

Spring, K. R. (2002). Solute recirculation. Journal of Physiology 542, 51.

Srere, P. A. (1987). Complexes of sequential metabolic enzymes. Annual Review of
Biochemistry 56,89-124.

Steffensen, J. F. and Lomholt, J. P. (1992). The secondary vascular system. In: Hoar, W. S.,

Randall, D.J. and Farrell, A. P. (eds). Fish Physiology Volume XII, Part A The
Cardiovascular System. Academic Press, San Diego pp185-217.

361



References

Sterling, D., Reithmeier, R. A. F. and Casey, J. R. (2001). A transport metabolon.
Functional interaction of carbonic anhydrase Iland chloride/bicarbonate
exchangers. Journal of Biological Chemistry 276,47886-47894.

Sterling, D., Alvarez, B. V. and Casey, J. R. (2002). The extracellular component of a
transport metabolon — Extracellular loop 4 of the human AE1 CI/HCO;™ exchanger
binds carbonic anhydraselV. Journal of Biological Chemistry 277,25239-25246.

Steward, M. C., Ishiguro, H. and Maynard-Case, R. (2004). Mechanisms of bicarbonate
secretion in the pancreatic duct. Annual Review of Physiology 67, 377-409.

Storelli, C., Vilella, S. and Cassano, G. (1986). Na-dependent D-glucose and L-alanine
transport in eel intestinal brush-border membrane vesicles. American Journal of
Physiology — Regulatory, Integrative and Comparative Physblogy 251, R463-
R469.

Storelli, C., Vilella, S., Romano, M. P., Maffia, M. and Cassano, G. (1989). Brush-border
amino-acid transport mechanisms in carnivorous eel integine. American Journal
of Physiology — Regulatory, Integrative and Comparative Physiology 257,
R506-R510.

Stumpf, A., Almaca, J., Kunzelmann, K., Wenners-Epping, K., Huber, S. M., Haberle, J.,
Falk, S., Duebbers, A., Walte, M., Oberleithner, H. and Schillers, H. (2006). IADS,
a decomposition product of DIDS activates acation conductance in Xenopus
oocytes and human erthrocytes: New compound forthe diagnosis of cystic fibrosis.

Cellular Physiology and Biochemistry 18, 243-252.
Sundell, K. and Bjornsson, B. T. (1988). Kinetics of calcium fluxes across the intestinal

mucosa of the marine teleost, Gadus morhua, measured using an in vitro perfusion

method. Journal of Experimental Biology 140, 171-186.

362



References

Sundell, K., Bjornsson, B. T., Itoh, H. and Kawauchi, H. (1992) Chum salmon
(Oncorhynchus keta) stanniocalcin inhibits in vitro intestinal calcium uptake in
Atlantic cod (Gadus morhua). Journal of Comparative Physiology B-
Biochemical, Systemic and Environmental Physiology 162, 489-495.

Sundell, K., Norman, A. W. and Bjornsson, B. T. (1993). 1,25(OH), vitamin-Ds increases
1onised calcium concentrations in the immature Atlantic cod Gadus morhua.

General and Comparative Endocrinology 91,344-351.

Sundell, K., Larsson, D. and Bjornsson, B. T. (1996). Calcium regulation by the vitamin D-
3 system in teleosts, with special emphasis on the intestine. In: Dacke, C., Danks,
J., Caple, I. and Flik, G. (eds). Comparative Endocrinology of Calcium
Regulation. Society for Endocrinology, Bristol. pp. 75-84.

Sundell, K., Jutfelt, F., Agustsson, T., Olsen, R. E., Sandblom, E., Hansen, T. and
Bjornsson, B. T. (2003). Intestinal transport mechanisms and plasma cortisol levels
during normal and out-of-season parr-smolt transformation of Atlantic salmon,

Salmo salar. Aquaculture 222, 265-285.

Sutton, S. C., Rinaldi, M. T. S. and Vukovinsky, K. E. (2001). Comparison of the
gravimetric, phenol red, and “C-PEG-3350 methods © determine water absorption
in the rat single-pass intestinal perfusion model. American Association of

Pharmaceutical Scientists 3, 25.

Suyehiro, Y. A. (1942). A study on the digestive system and feeding habits of fish.
Japanese Journal of Zoology 10, 1-303.

Takahashi, . and Kiyono, H. (1999). Gut as the largest immunologic tissue. Journal of
Parenteral and Enteral Nutrition 23, S7-S12.

363



References

Takei, Y., Tsuchida, T., Li, Z. and Conlon, M. J. (2001). Antidipsogenic effects of eel
bradykinins in the eel, Anguilla japonica. American Journal of Physiology —
Regulatory, Integrative and Comparative Physiology 281, R1090-R1096.

Talbot, C., Preston, T. and East, B. W. (1986). Body composition of Atlantic salmon (Salmo
salar L.) studied by neutron activaion analysis. Comparative Biochemistry and
Physiology A-Physiology 85, 445-450.

Taylor, J. R. and Grosell, M. (2006a). Feeding and osmoregulation: dual function of the
marine teleost intestine. Journal of Experimental Biology 209, 2939-2951.

Taylor, J. R. and Grosell, M. (2006b). Evolutionary aspects of intestinal bicarbonate
secretion in fish. Comparative Biochemistry and Physiology A-Molecular and
Integrative Physidogy 143, 523-529.

Taylor, J. R., Whittamore, J. M., Wilson, R. W. and Grosell, M. (2007). Postprandial acid-
base balance and ion regulation in freshwater and seawater-adapted European
flounder, Platichthys flesus. Journal of Comparative Physiology B-Biochemical,
Systemic and Environmental Physiology 177, 597-608.

Thakker, R. V. (2004). Diseases associaed with the extracellular calciumsensing receptor.
Cell Calcium 35, 275-282.

Tierney, M. L., Luke, G., Cramb, G. and Hazon, N. (1995). The role of the renin-
angiotensin system in the control of blood pressure and drinking in the European

eel, Anguilla anguilla. General and Comparative Endocrinology 100,39-48.
Till, A. R. and Downes, A. M. (1965). The preparation oftrittum-labelled polyethylene

glycol and its use as asoluble rumen marker. British Journal of Nutrition 19, 435-
442,

364



References

Trischitta, F., Denaro, M. G., Faggio, C. and Schettino, T. (1992). Comparison of CI
absorption in the intestine of the seawater and freshwateradapted eel, Anguilla
anguilla: Evidence for the presence of an Na-K-Cl cotransport system on the

luminal membrane of the enterocyte. Journal of Experimental Zoology 263, 245-
253.

Trischitta, F., Denaro, M. G., Faggio, C., Fucile, F. and Schettino, T. (1994). Effect of pH
on transepithelial electrical parameters in seawater-adapted eel intestine. Journal of

Comparative Physiology B-Biochemical Systemic and Environmental
Physiology 164, 286-291.

Trischitta, F., Denaro, M. G., Faggio, C. and Lionetto, M. G. (2001). Ca™ regulation of
paracellular permeability in the middle intestine of the eel Anguilla anguilla.
Journal of Comparative Physiology B-Biochemical, Systemic and

Environmental Physiology 171, 85-90.

Trivedi, R., Mithal, A. and Chattopadhyay, N. (2008). Recent updates on the calcium-
sensing receptor as a drug target. Current Medicinal Chemistry 15,178-186.

Tsuchida, T. and Takei, Y. (1998). Effects of homologous atrial natruuretic peptide on
drinking and plasma ANG Il level in eels. American Journal of Physiology —
Regulatory, Integrative and Comparative Physiology 275, R1605-R1610.

Tu, C. L., Oda, Y., Komuves, L. and Bikle, D. D. (2004). The role of the calcium-sensing
receptor in epidermal differentiation. Cell Calcium 35, 265-273.

Tytler, P. and Blaxter, J. H. S. (1988). The effects of external salinity on the drinking rates

of the larvae of herring, plaice and cod. Journal of Experimental Biology 138, 1-
15.

365



References

Usher, M. L., Talbot, C. and Eddy, F. B. (1988). Drinking in Atlantic salmon smolts
transferred to seawater and the relationship between drinking and feeding.
Aquaculture 73, 237-246.

Usher, M. L., Talbot, C. and Eddy, F. B. (1991). Intestinal water transport in juvenile
Atlantic salmon (Salmo salar L.) during smelting and following transfer to
seawater. Comparative Biochemistry and Physiology A-Physiology 100, 813-
818.

Ussing, H. H. and Zerahn, K. (1951). Active transport of sodium as the source of electric
current in the short-circuited isolated frog skin. Acta Physiologica Scandinavica
23, 110-127.

Van Winkle, L. J. (2001). Genetic regulation of expression of intestinal biomembrane
transport proteins in response to dietary proten, carbohydrate and lipid. Current
Topics in Membranes 50, 113-161.

Veillette, P. A., White, R. J. and Specker, J. L. (1993). Changes in intestinal fluid transport
in Atlantic salmon (Sal/mo salar L) during parr-smolt transformation. Fish

Physiology and Biochemistry 12,193-202.

Veillette, P. A., Sundell, K. and Specker, J. L. (1995). Cortisol mediates the increasein
intestinal fluid absorption in Atlantic salmon during parr smolt transformation.

General and Comparative Endocrinology 97,250-258.

Veillette, P. A., White, R. J., Specker, J. L. and Young, G. (2005). Osmoregulatory
physiology of pyloric ceca: Regulated and adaptive changes in chinook salmon.
Journal of Experimental Zoology Part A-Comparative Experimental Biology
303A, 608-613.

Verkman, A. S. (2002). Does aquaporin-1 pass gas? — An opposing view. Journal of
Physiology 542, 31.

366



References

Vogel, W. O. P. (1985). Systemic vascular anastomoses, primaryand secondary vessels in
fish, and the phylogeny of lymphatics. In: Johansen, K. and Burggren, W. W. (eds).
Cardiovascular Shunts. (Alfred Benzon Symposium 21). Munksgaard,
Copenhagen. pp. 143-159.

Vogel, W. O. P. and Claviez, M. (1981). Vascular specialisation in fish, but no evidence for
lymphatics. Zeitschrift fur Naturforschung C-A Journal of Biosciences 36, 490-
492.

Vogel, W. O. P. and Mattheus, U. (1998). Lymphatic vessel in lungfishes (Dipnoi) — I. The
lymphatic vessel system in Lepidosireniformes. Zoomorphology 117, 199-212.

Walsh, P. J. (1987). Lactate uptake by toadfish hepatocytes: passive diffusion is sufficient.
Journal of Experimental Biology 130, 295-304.

Walsh, P. J., Blackwelder, P., Gill, K. A., Danulat, E. and Mommsen, T. P. (1991).
Carbonate deposts in marine fish intestines — A new source of biomineralisation.

Limnology and Oceanography 38, 1227-1232.

Walsh, P. J., Kajimura, M., Mommsen, T. P. and Wood, C. M. (2006). Metabolic
organisation and effects of feeding on enzyme activities of the dogfish shark
(Squalus acanthias) rectal gland. Journal of Experimental Biology 209, 2929-
2938.

Walton Smith, F. G. (1974). CRC Handbook of Marine Science, Volume I. CRC Press,
Cleveland, Ohio.

Wang, T., Busk, H. and Overgaard, J. (2001). The respiratory consequences offeeding in

amphibians and reptiles. Comparative Biochemistry and Physiology A-
Molecular and Integrative Physiology 128, 535-549.

367



References

Wang, Y., Cohen, J., Boron, W. F., Schulten, K. and Tajkhorshid, E. (2007). Exploring gas
permeability of cellular membranes and membrane channels with molecular

dynamics. Journal of Structural Biology 157, 534-544.

Ward, D. T. (2004). Calcium receptor-mediated intracellular signalling. Cell Calcium 35,
217-228.

Ward, D. T., Brown, E. M. and Harris, H. W. (1998). Disulfide bonds in the extracellular
calcium-polyvalent cation-sensing receptor correlate with dimer formation and its
response to divalent cations in vifro. Journal of Biological Chemistry 273,14476-
14483.

Watanabe, S., Fukumoto, S., Chang, H., Takeuchi, Y., Hasegawa, Y., Okazaki, R., Chikatsu,
N. and Fujita, T. (2002). Association between activating mutations of calcium-

sensing receptor and Bartter's syndrome. Lancet 360, 692-694.

Weisbren, S. J., Geibel, J. P., Modlin, I. M. and Boron, W.F. (1994). Unusual permeability
properties of gastric gland cells. Nature 368, 332-335.

Wendelaar Bonga, S. E. and Pang, P. K. T. (1991). Control of calcium regulating hormones

in the vertebrates: parathyroid hormone, calcitonin, prolactin and stanniocalcin.

International Review of Cytology 128, 139-213.

Wheeler, A. C. (1969). The fishes of the British Isles and north-west Europe.
Macmillian, London 672p.

Whitlock, R. T. and Wheeler, H. O. (1964). Coupled transpott of solute and water across
rabbit gallbladder epithelium. Journal of Clinical Investigation 43, 2249-2265.

Williams, R. J. P. (1970). The biochemistry of sodium, potassium, magnesium and calcium.
Quarterly Reviews 24, 331-365.

368



References

Willits, R. K. and Saltzman, W. M. (2001). Synthetic polymers alter the structure of

cervical mucus. Biomaterials 22, 445-452.

Willits, R. K. and Saltzman, W. M. (2004). The effect of synthetic polymers on the
migration of monocytes through human cervical mucus. Biomaterials 25, 4563-

4571.

Wilson, R. W. (1999). A novel role for the gut of seawater teleosts in acid-base balance. In:
Egginton, S., Taylor, E. W. and Raven, J. A. (eds). Regulation of Acid-Base Status
in Animals and Plants. SEB Seminar Series, Volume 68. Cambridge University
Press, Cambridge. pp. 257-274.

Wilson, R. W. and Grosell, M. (2003). Intestinal bicarbonate secretion in marine teleost fish
- source of bicarbonate, pH sensitivity, and consequences forwhole animal acid-

base and calcium homeostasis. Biochimica et Biophysica Acta 1618, 163-174.

Wilson, R. W. and Grosell, M. (in preparation) The effect of divalent cations and calcium-
sensing receptor agonists on ion and water transport in the intestine of the Gulf

toadfish (Opsanus beta).

Wilson, R. W., Gilmour, K. M., Henry, R. P. and Wood, C. M. (1996). Intestinal base
excretion in the seawater-adapted rainbow trout: a role in acid-base balance?

Journal of Experimental Biology 199, 2331-2343.

Wilson, R. W., Wilson, J. M. and Grosell, M. (2002). Intestinal bicarbonate secretion by
marine teleost fish - why and how? Biochimica et Biophysica Acta 1566, 182-193.

Wilson, R. W., Millero, F. J., Taylor, J. R., Walsh, P. J., Christensen, V., Jennings, S. and

Grosell, M. (in review). Contribution of fish to the marineinorganic carbon cycle.

Submitted to Science.

369



References

Wilson, T. H. (1956). A modified method for the study of intestinal absorption in vitro.
Journal of Applied Physiology 9, 137-140.

Wilson, T. H. (1962). Intestinal absorption. Saunders, London. 263p.

Wilson, T. H. and Wiseman, G. (1954). The use of sacs of everted small intestine for the
study of the transference of substances from the mucosal to the serosal surface.
Journal of Physiology 123, 116-125.

Windmueller, H. G. (1982). Glutamine utilisation by the small integine. Advances in
Enzymology and Related Areas of Molecular Biology 53, 201-237.

Windmueller, H. G. and Spaeth, A. E. (1974). Uptake and metabolism of plasma glutamine
by small intestine. Journal of Biological Chemistry 249, 5070-5079.

Winne, D. and Gorig, H. (1982). Appearance of "*C-polyethylene glycol 4000 in intestinal
venous blood: influence of osmolarity and laxatives, effect on net water flux
determination. Naunyn-Schmiedeberg's Archives of Pharmacology 321, 149-
156.

Wingate, D. L., Sandberg, R. J. and Phillips, S. F. (1972). A comparison of stable and'*C-
labelled polyethylene glycol as volume indicators in the humanjejunum. Gut 13,
812-815.

Winter, M. J., Ashworth, A., Bond, H., Brierley, M. J., McCrohan, C. R. and Balment, R. J.
(2000). The caudal neurosecretory system: Control and function of a novel

neuroendocrine system in fish. Biochemistry and Cell Biology 78, 193-203.

Wiseman, G. (1953). Absorption of amino-acids using an in vitro technique. Journal of
Physiology 120, 63-72.

370



References

Wiseman, G. (1961). Sac of everted intestine technic for study of intestinal absorption in

vitro. Methods of Medical Research 9, 287-292.

Wolf, K. (1963). Physiological salines for freshwater teleosts. Progressive Fish Culturist
25, 135-140.

Wood, C. M. and Marshall, W. S. (1994). Ion balance, acid-base regulation, and chloride
cell function in the common killifish, Fundulus heteroclitus — a euryhaline estuarine

teleost. Estuaries 17, 34-52.

Wood, C. M., Kajimura, M., Mommsen, T. P. and Walsh, P. J. (2005). Alkaline tide and
nitrogen conservation after feeding in anelasmobranch (Squalus acanthias).

Journal of Experimental Biology 208, 2693-2705.

Worning, H. and Amdrup, E. (1965). Experimental studies on the value of the reference
substances polyethyleneglycol, bromsulphthalein, and >'Cr as indicators of the fluid

content in the intestinal lumen. Gut 6, 487-493.

Wu, G., Knabe, D. A., Yan, W. and Flynn, N. E. (1995). Glutamine and glucose metabolism
in enterocytes of the neonatal pig. American Journal of Physiology — Regulatory,

Integrative and Comparative Physiology 37, R334-R342.

Yancey, P. H. and Somero, G. N. (1980). Methylamine osmoregulatory solutes of
elasmobranch fishes courteract urea inhibition of enzymes. Journal of

Experimental Zoology 212, 205-213.
Yang, H., Soderholm, J. D., Larsson, J., Permert, J., Olaison, G., Lindgren, J. and Wiren,

M. (1999). Glutamine effects on permeability and ATP content of jejunal mucosa in
starved rats. Clinical Nutrition 18, 301-306.

371



References

Yang, H., Soderholm, J. D., Larsson, J., Permert, J., Lindgren, J., Wiren, M. (2000).
Bidirectional supply of glutamine maintains enterocyte ATP content in the in vitro

Ussing chamber model. International Journal of Colorectal Disease 15, 291-296.

Yano, S., Brown, E. M. and Chattopadhyay, N. (2004). Calcium-sensing receptor in the
brain. Cell Calcium 35, 257-264.

Ye, C. P, HoPao, C. L., Kanazirska, M., Quinn, S. J., Seidman, C. E., Seidman, G., Brown,
E. M. and Vassilev, P. M. (1997). Deficient cation channel regulaton in neurons
from mice with targeted disruption of the extracellular Ca**-sensing receptor gene.
Brain Research Bulletin 44, 75-84.

Zadunaisky, J. A., Cardona, S., Au., L., Roberts, D. M., Fisher, E., Lowenstein, B., Cragoe,
E. J. and Spring, K. R. (1995). Chloride transpott activation by plasma osmolarity
during rapid adaptation to high salinity of Fundulus heteroclitus. Journal of
Membrane Biology 143,207-217.

Zeuthen, T., Zeuthen, E. and Klaerke, D. A. (2002). Mobility of ions, sugar, and water in
the cytoplasm of Xenopus oocytes expressing Na'-coupled sugar transpoters
(SGLT1). Journal of Physiology 542, 71-87.

Zeuthen, T. and Zeuthen, E. (2007). The mechanism of water transport by Na'-coupled
glucose transporters expressed inXenopus oocytes. Biophysical Journal 93, 1413-
1416.

Zhang, Z., Qiu, W., Quinn, S. J., Conigrave, A. D., Brown, E. M. and Bai, M. (2002). Three
adjacent serines in the extracellular domains of the CaR are required for L-amino
acid-mediated potertiation of receptor function. Journal of Biological Chemistry
277, 33727-33735.

372



