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Marine teleosts live in a hyper-osmotic, high-calcium and high-magnesium environment. To avoid dehydration they drink large quantities of the external medium and must extract sufficient free water from the imbibed fluid to maintain osmotic balance, whilst ideally minimising the absorption of divalent ions. The established model describing the mechanism of intestinal water absorption involves the active uptake of Na+ and Cl- ions first (via apical Na:Cl and Na:K:2Cl co-transporters) which drives the net uptake of water. However, more recently it has been established that a substantial fraction of the Cl- is absorbed via apical Cl-/HCO3- exchange within the intestine (Grosell et al., 2001; Wilson et al., 2002). The secreted bicarbonate is derived from cellular CO2, which as a gas has no osmotic influence, and so Cl-/HCO3- exchange can effectively drive water uptake as it represents the net movement of osmolytes (i.e. chloride) into the cell from the intestinal lumen (Wilson et al., 2002; Wilson & Grosell, 2003). Thus, the secretion of bicarbonate plays an important role in osmotic regulation by being directly linked to intestinal water absorption.

The net secretion of bicarbonate via this mechanism also plays a second, more indirect role in osmotic regulation, by causing the accumulation of very high concentrations of HCO3- within the luminal fluid (e.g. 40-130 mM; Wilson et al., 1996) as well as a relatively high pH (8.4-9.0; Wilson, 1999). This promotes the precipitation of imbibed Ca2+ and Mg2+ as their insoluble carbonates. We have presented a novel mechanism of intestinal water transport (Wilson, 1999; Wilson et al., 2002; Wilson & Grosell, 2003) whereby net secretion of HCO3- HCHparadoxically facilitates the net absorption of water, because the precipitation and excretion of Ca and Mg effectively removes osmolytes from the gut lumen. This enhances the absorptive osmotic gradient and allows marine teleosts to maintain a lower plasma osmolality than would arise without this precipitation (Wilson et al., 2002). 

A second important physiological effect of intestinal bicarbonate secretion is that precipitated Ca and Mg are excreted as solids, rather than being absorbed. This is particularly important in the marine teleosts whose kidneys are the primary site for excretion of excess divalent ions and yet have exceptionally low urine flow rates, leading to the constant risk of renal stone formation (primarily CaCO3). The absorption of 85% of the imbibed water volume along the intestine (as occurs in many teleosts; Wilson, 1999) would result in an accumulation of calcium to concentrations as high as 70 mM and hence an increased driving force for absorption into the blood. However, the actual calcium concentration within the intestinal fluid of marine teleosts is kept much lower, usually < 5 mM, almost entirely due to its precipitation and excretion as solid CaCO3 (Wilson & Grosell, 2003), and therefore minimising the risk of renal stones. Intestinal bicarbonate secretion therefore plays a rather novel role in calcium homeostasis in marine teleosts, by limiting their entry into the body fluids from the Ca/Mg-enriched environment they live in.

The excretion of both bicarbonate-rich rectal fluid and carbonate precipitates represents a significant loss of base that is anatomically separated from the uptake/excretion of other acid-base relevant ions that primarily occurs at the gills in marine teleosts (Wilson et al., 1996). Thus intestinal bicarbonate secretion plays a third role in the acid-base balance of marine teleosts, although it does not appear to be regulated in response to acid-base disturbances (e.g. metabolic alkalosis resulting from vascular infusion of NaHCO3; Wilson et al., unpublished data). However, conversely, other factors that can alter the rate of intestinal bicarbonate secretion do cause acid-base disturbances in the predicted direction. For example, intestinal bicarbonate secretion is specifically stimulated by the presence of Ca2+ ions with the gut fluid in European flounder (Platichthys flesus; Wilson et al., 2002). Furthermore, adding extra calcium (70 mM) to sea water (and hence imbibed fluid) results in a 40% depletion of plasma total CO2 in flounder (Wilson et al., 2003) and reducing calcium in artificial seawater being imbibed by the Gulf toadfish (Opsanus beta) causes a significant 42% elevation in plasma total CO2 and an alkalosis (Table 1).

Table 1. Plasma pH and total CO2 concentration in Gulf toadfish following 3 days exposure either low (0.5 mM) or normal (10 mM) calcium in artificial seawater. Values shown are means ( SEM (N). Asterisks represent significantly different from control fish at P<0.05 (*) or P < 0.01 (**).




Plasma TCO2 (mM)
Plasma pH
Control Seawater
  6.87 ( 1.29 (7)

8.00 ( 0.14 (4)

Low Ca2+ Seawater
  9.79 ( 1.48 (7)**
8.16 ( 0.12 (6)*

Therefore, changes in intestinal bicarbonate can have a significant impact upon whole animal acid-base status. The precise mechanism of how calcium regulates intestinal bicarbonate secretion is yet to be elucidated, but the multiple physiological roles it plays make this an intriguing area for future study. 
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