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The Na+,K+,2Cl- cotransporter (NKCC) is present in most cell types and epithelia, performing either secretion (NKCC1) or absorption (NKCC2) of NaCl. Loop diuretics such as furosemide inhibit the activity of both isoforms. The pufferfish Sphoeroides testudineus  Linnaeus, 1758 (St) is an euryhaline species in the estuaries of Brazil, found in waters where salinity ranges from 34  (tidal plains) to 0 (tidal creeks). S. greeleyi Gilbert, 1900 (Sg), is also found along the coast of Brazil in shallow bays and estuaries and has been observed to be restricted to areas of higher salinity than S. testudineus. Both species are excellent plasma ion regulators, in a range from 35-5 salinity, even after 5 days of exposure. These fishes are daily submitted to a  wide variation in salinity due to the tidal cycle, switching from hypo- to hyper-regulation within a time span of ~6 hours. Mechanisms through which the transition between hypo- and hyper-regulation takes place in estuarine teleosts are not well known, and the investigation of the localization/ expression of branchial transport systems may contribute to the building of a model for that transition. 

The objective of this study was to investigate the effect of furosemide injection on hypo-regulation (when in 35 seawater) and hyper-regulation (in 5 seawater) and the effect of salinity on the abundance of NKCC in the gill ephitelium, as detected by immunocytochemistry.

Materials and Methods

Fish were acclimated for either 6h or 5 days (5d) in 35 or 5 seawater (SW). After these periods, 1 mL of either furosemide (10 mg/mL) (furosemide injection-FI) or a 300 mOsm.kgH2O-1 NaCl saline (Saline injected -SI) was injected (intra-muscle). One hour post injection, blood samples were obtained for determination of plasma osmolality ([Osm]), chloride ([Cl-]), and hematocrit (Hct), through standard methods. Muscle samples were obtained for determination of muscle water content (H2O%). One left gill arch was removed and processed according to standard protocols of immunocytochemistry. The monoclonal primary antibody T4 for NKCC (DSHB, Iowa) and a secondary antibody (fluorescein-labeled) goat anti-mouse (Pierce() were employed. Statistical analysis of the data was done using the software SigmaStat( version 2.03, always with significance level set at 0.05. “TWO-WAY ANOVA” were performed to evaluate osmolality, chloride, hematocrit and water muscle content, followed by the post hoc test of Tukey. Mann-Whitney tests were employed for the analysis of fluorescence intensity, always within a species. 
Results and Discussion

FI lead to increased [Osm] and [Cl-] in 35 SW and to decreased values in 5 SW, for both species, after 6h and 5d. These results are compatible with NKCC inhibition during hypo-regulation (in 35 SW), as would be expected, and a possible inhibition of NKCC during hyper-regulation (in 5 SW). FI lead to no significant effects on Hct and muscle H2O%, probably meaning lack of effect on volume regulation of either blood cells or muscle tissue (Table 1).

Immunocytochemistry revealed the presence of NKCC in the inter-lamellar region of the gill ephitelium of St and Sg acclimated to 35 SW and 5 SW, for both 6h and 5d. However, there was a significant reduction in fluorescence intensity in St after 5d in 5 SW, when compared to the signal in 35 SW (Figure 1). 

Table 1: Furosemide injected (F) and Saline injected (S) S. testudineus and S. greeleyi maintained for 6h or 5d in 5 or 35 SW. Different letters in the superscript indicate statistical differences, within the same species.



[Osm] mOsm/kg.H2O
[Cl-] mM
Hct %
H2O %

S. testudineus
S 5sw/6h
316.0(10.3a
148.1(7.9b
29.5(2.0
29.5(2.0a


F 5sw/6h
295.5(8.3a
118.4(4.8a
22.7(1.5
22.7(1.5b


S 35sw/6h
337.4(4.5a
163.2(3.6b
25.2(2.0
25.2(2.0a


F 35sw/6h
388.7(14.5b
173.1(8.8b
26.3(2.3
26.3(2.3a


S 5sw/5d
314.5(3.3a
145.5(5.2b
31.7(0.8c
31.7(0.8b


F 5sw/5d
288.5(9.3a
117.3(7.5a
24.7(1.3b
24.7(1.4c


S 35sw/5d
321.5(5.5a
166.2(5.7b
31.0(0.8c
31.0(0.8b


F 35sw/5d
394.7(14.5b
169.2(10.1b
18.7(1.8a
18.7(1.8a

S. greeleyi
S 5sw/6h
319.8(4.9b
155.5(11.1b
24.0(1.6
24.0(1.6


F 5sw/6h
275.3(7.3a
126.1(5.4a
21.5(1.6
21.5(1.6


S 35sw/6h
358.1(18.3b
192.0(9.8c
20.7(1.9
20.7(1.9


F 35sw/6h
425.0(21.1c
187.1(10.0c
21.0(3.0
21.0(3.0


S 5sw/5d
328.8(14.4b
152.1(7.8b
20.2(0.9
20.2(0.9b


F 5sw/5d
289.3(3.4a
130.2(6.8a
19.8(1.2
19.8(1.2a


S 35sw/5d
360.7(10.5b
178.3(9.6c
21.6(1.2
21.6(1.2b


F 35sw/5d
414.2(10.4c
179.0(5.2c
22.3(1.1
22.3(1.1a
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B: S. greeleyi
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Figure 1: Average fluorescence intensity of NKCC in S. testudineus (4<n<6) (A), and S. greeleyi (3<n<5) (B). Different letters over the bars indicate significant differences. White bars: 6h; Filled bars: 5d.
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