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Introduction

In marine Elasmobranches, the gills are the major site of acid-base regulation (Heisler, 1988). In this epithelium, apical sodium-proton exchange likely takes place via NHE2 and/or 3 (Edwards et al, 2002), whereas the only chloride-bicarbonate exchanger identified in elasmobranches so far is an apical Pendrin-like protein (Piermarini et al, 2002). In those studies, NHEs and Pendrin co-localized in the same cells with Na+/K+-ATPase and H+-ATPase, respectively.

The aim of this study is to determine the acid-base regulatory mechanisms in the gills of the dogfish, Squalus acanthias.  Specifically, the importance of NHE2, Na+/K+-ATPase and H+-ATPase in alkalotic and acidotic fishes was investigated.  

Material and methods

Pacific spiny dogfish (Squalus acanthias) were obtained from commercial fishermen, and held in a tank provided with flowing seawater (11°C, 31 ppt salinity) at the Bamfield Marine Sciences Center (British Columbia). 28 animals were used for this study (2,33 ± 0,36 kg).

In order to induce an alkalosis or acidosis, fish were infused intravenously with either 125 mM or 250 mM NaHCO3 (4.00 ± 0.70 mL h-1 kg-1). NaCl-infused fish and sham-operated fish served as controls.

Blood samples were taken during the infusion period, and pH, total CO2, [Na+], [Cl-] and hematocrit % were measured by standard techniques. After 24 h of infusion, gill samples were snap frozen in liquid nitrogen for western blot and ATPase analyses. The ATPase assay described by McCormick (1993) was modified to determine both the ouabain (Na+/K+-ATPase inhibitor, 500 M) and bafilomicyn (H+-ATPase inhibitor, 50 nM) sensitive ATPase activities in gill samples.

For Western blot analyses, 30 L of total gill membrane protein were separated in 7.5 % polyacrylamide mini-gel (1 h at 180 V) and transferred to a nitrocellulose membrane. Binding of the primary antibodies (rabbit anti NHE2) was detected with a donkey anti-rabbit fluorescent secondary antibody. The protein bands were visualized and quantified using the Odyssey infra-red imaging system and software (Li-Cor Inc., USA).   

Results were analyzed using 1-way ANOVA, 2-way ANOVA or RM-ANOVA when appropriate.  Dunnet test (vs. sham-operated) was used for post-test comparisons in some cases.

Results and Discussion

The blood pH of base-infused fish (BIF) increased significantly after 1 h of infusion (from 7.8 ±0.05 to 8.1 ±0.05 pH units), and remained elevated for the rest of the experiment. The blood ph of acid-infused fish (AIF) dropped significantly after 6 h of infusion (7.55 ±0.09 pH units), but it recovered to control values by time = 12 h (Figure 1).

Total CO2 only changed significantly in the BIF. It increased from 4.15 ± 0.4 mM to 10.2 ± 1.15 mM after 1 h, and reminded elevated for the rest of the infusion period. In AF and control fish, total CO2 presented values between 2.1 and 4.4 mM. 
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Figure 1. Blood pH in acidotic (HCl-infused), alkalotic

(HCO3-infused) and control (NaCl-infused) fish. N=8 (0-6 h),

n=4 (12-24 h). Asterisks indicate significant differences with

the control value (NaCl) at the respective time. control

(NaCl-infused) fish. n =8 (0-6 h), n =4 (12-24 h). Asterisks

indicate significant differences with the control value (NaCl)

at the respective time.
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The other blood parameters did not show any significant difference between the treatments. ([Na+]~248 mM; [Cl-]~268 mM; osmolarity ~966.5 mM; hematocrit~90% of initial value).   

The responses of NHE2, Na+/K+-ATPase and H+-ATPase are summarized in Table 1. The gills of AIF showed a 113% increase in NHE2-like expression. This suggests that the branchial epithelium compensates the blood acidosis by exchanging protons for Na+ from the seawater. The inward directed sodium gradient, along with the action of the Na+/K+-ATPase, would be sufficient to drive electroneutral exchange through a NHE2-like protein, although involvement of NHE3-like cannot be excluded. The unchanged Na+/K+-ATPase compared to the controls doesn’t exclude a modulation of the in situ activity of the ATPase due to changes in intracellular Na+. 

The blood pH of BIF did not recover to control values. However, the increase in H+-ATPase would only make sense if the protons were secreted into the blood, thus tending to counteract the alkalotic state. Similar responses to acidosis (Lucioni et al, 2002) and alkalosis (Verlander et al, 1992) have been found in the rat intestine and kidney, respectively. 

Table 1. Ion-transporting proteins in gills of acidotic, alkalotic and control dogfish.  

Infusion
NHE2-like relative abundance (A.b.s.)


Na+/K+-ATPase

(nmol ADP

.g protein -1 h-1)
H+-ATPase

(nmol ADP

.g protein -1 h-1)

HCl (24 h)
213 ± 34*
2.5 ± 0.6  
        0.03 ± 0.02  

HCO3 (24 h)
97 ± 4
4.9 ± 2.0  
1.04 ± 0.33*

NaCl (24 h)
74 ± 7
2.7 ± 1.2   
0.21 ± 0.08

Sham-operated
100 ± 21
1.1 ± 0.5  
0.03 ± 0.03 

n = 4 for all groups

A.b.s. = arbitrary densometric units, from Western blots. 

 * indicates a significant difference with the Sham-operated (1-way ANOVA-Dunnet test).

In conclusion, our results confirm the involvement of the gills in acid-base regulation in marine Elasmobranches. The cellular mechanism would include apical Na+/H+ exchange trough an apical NHE2-like protein, whose expression is increased in acid-infused fishes. H+-ATPase seems to be involved in the response to alkalosis, most likely introducing protons into the blood. 

Future research will include immunohistochemical studies in order to determine the response of the gill cells to the acid- and base-infusions. Specifically, we’ll look for differences in the number and/or localization of Na+/K+-ATPase-rich cells and H+-ATPase-rich cells within the gill filament. Quantification of the relative abundance of a Pendrin-like protein in the different conditions will also be performed.
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