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C-type natriuretic peptide (CNP) stimulates chloride secretion in the shark rectal gland by inducing production of the 
intracellular messenger cyclic GMP (cGMP). Our lab sought to better understand the role that cGMP plays in transducing the 
intracellular signal responsible for the exit of chloride through the cystic fibrosis transmembrane conductance regulator 
(CFTR) and how the activity of cGMP is coordinated with another intracellular messenger: cyclic AMP (cAMP). Short circuit 
current experiments were performed on cultured monolayers of primary rectal gland epithelial cells in which the adenylyl 
cyclase inhibiting drug somatostatin was used to suppress levels of cAMP in CNP stimulated epithelial cells. Our results 
indicate that cGMP alone cannot account for the CNP stimulation of chloride secretion in the rectal gland. 
 

C-type natriuretic peptide (CNP), a hormone released from the heart of the dogfish shark, strongly activates 
chloride secretion through CFTR channels in the osmoregulatory shark rectal gland (SRG)4.  CNP binds to its 
surface receptor NPR-B and elicits this response by inducing production of the intracellular messenger cyclic 
GMP (cGMP)1. Cyclic GMP and cyclic AMP (cAMP) levels in the SRG are regulated by the specific isozyme 
type III phosphodiesterase (PDE3)3. Previous studies in our lab have indicated that cGMP acts as a competitive 
inhibitor of PDE3, preventing the hydrolysis of the intracellular messenger cAMP and thus activating the 
cAMP-PKA-CFTR pathway responsible for chloride secretion2,5.  Thus, as CNP increases cytosolic cGMP 
levels, cAMP levels simultaneously rise and chloride secretion results. Here we sought to exclude the possibility 
of direct cGMP cross activation of PKA, a cAMP-independent mechanism that would bypass the early steps in 
the cAMP signaling pathway. 
 

To investigate cGMP’s potential role as a cross activator of PKA, short circuit current measurements of 
chloride secretion (expressed as microAmperes/cm2) were performed across filter-grown monolayers of SRG 
epithelial cells in Ussing chambers. To this aim, primary rectal gland cell cultures were prepared6 and were 
grown on Corning-Costar Transwell collagen I/III coated 0.4 µm pore PFTE membrane inserts (6.5 mm in 
diameter).  Cells were allowed to grow for approximately two weeks in cell culture medium.  Confluent 
monolayers were placed in an Ussing chamber (EM-LVSYS-4 Physiologic Instruments, San Diego) and voltage 
clamped. 
 

Figure 1 shows a representative experiment of 3 that were performed.  Once a baseline current was 
established chloride flux was stimulated by the addition of CNP (0.05 µM) to the serosal compartment. After 
approximately 20 min, somatostatin (0.1 µM) (known to inhibit adenylyl cyclase but not guanylyl cyclase 
through a Gi-coupled receptor) was added to the serosal side of the monolayer followed by amrinone (50 µM), a 
selective inhibitor of PDE3.  Subsequently the adenylyl cyclase activator forskolin (10 µM) was added to the 
serosal compartment, followed by the NKCC inhibitor bumetanide.  
 

The results show that Cl- secretion induced by CNP is almost fully inhibited by somatostatin, indicating that 
cGMP-activated Cl- secretion in the SRG is dependent on basal cAMP generation by adenylyl cyclase, in line 
with our model of CNP-cGMP-PDE3-cAMP-PKA-CFTR signaling. As predicted, the subsequent blockade of 
cAMP and cGMP hydrolysis by amrinone, mimicking the effect of CNP/cGMP, was unable to overcome the 
inhibitory effect of somatostatin.  In contrast, hyperactivation of adenylyl cyclase by forskolin apparently 
counteracted adenylyl cyclase inhibition by somatostatin effectively, resulting in full activation of CFTR by the 
cAMP-PKA-CFTR pathway.  
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Figure 1.  Treatment of cultured monolayer of SRG epithelial cells with somatostatin (0.1 µM) after stimulation with CNP 
(0.05 µM) caused a drop in current to almost base line levels that could not be stimulated further by the PDE3 inhibitor 
amrinone but was effectively re-activated by forskolin. 
 
 From these results we conclude (1) CNP/cGMP-activated Cl- secretion by SRG epithelial cells is dependent 
on basal cAMP formation and cAMP signaling; (2) cGMP alone fails to activate CFTR through a cAMP-
independent mechanism, e.g., cGMP-activation of a specific cGMP-dependent protein kinase or cAMP-cross 
activation of PKA. 
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