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Forskolin Stimulation of Water and Cation 
Permeability in Aquaporinl Water Channels 

Andrea J. Yool, W. Daniel Stamer, John W. Regan 

Aquaporinl, a six-transmembrane domain protein, is a water channel present in many 
fluid-secreting and -absorbing cells. In Xenopus oocytes injected with aquaporinl com- 
plementary RNA, the application of forskolin or cyclic 8-bromo- adenosine 3',5'-mono- 
phosphate increased membrane permeability to water and triggered a cationic con- 
ductance. The cationic conductance was also induced by direct injection of protein 
kinase A (PKA) catalytic subunit, reduced by the kinase inhibitor H7, and blocked by 
HgCI,, an inhibitor of aquaporinl. The cationic permeability of the aquaporinl channel 
is activated by a cyclic adenosine monophosphate-dependent mechanism that may 
involve direct or indirect phosphorylation by PKA. 

Lipid bilayers have an inherently low water 
permeability, an attribute that benefits life in 
aqueous and terrestrial environments. In spe- 
cialized cells, water permeability is enhanced 
by the expression of aquaporins, integral 
membrane proteins that regulate osmotically 
driven transmembrane water fluxes ( I  ). The 
primary sequences of aquaporins predict six 
transmembrane domains and internal NH2- 
and COOH-terminal domains (2). This struc- 
tural motif is similar to that of other channels 
and transporters (3). 

In Xenopus oocytes, expression of comple- 
mentary RNA (cRNA) encoding human 
aquaporinl (CHIP28) confers an increased 
osmotic water permeability (4). Aquaporins 2 
and 5 have consensus sites for the adenosine 
3',5'-monophosphate (CAMP)-dependent 
PKA (5). Aquaporin2, the vasopressin-regu- 
lated water channel, shows a CAMP-depen- 
dent increase in water permeability when ex- 
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pressed in Xenopus oocytes (6). In contrast, 
aquaporins 1 and 3 lack typical consensus 
sequences for phosphorylation by PKA and 
are thought to be constitutivelv active. 

~oltaie-clamp studies of xinopus oocytes 
with aquaporinl cRNA provide no evidence 
for ionic permeability (4, 7). We also have 
found that the unstimulated aquaporinl 
channel shows no evidence of net ionic flux. 
However, after treatment with forskolin, 
which increases production of CAMP by ad- 
enylyl cyclase, the rate of osmotically driven 
water uptake in aquaporinl-injected oocytes 
(8) was increased (Fig. 1). Swelling was quan- 
titated by videomicroscopy after exposure of 
an .oocyte to hypotonic saline (100-mOsm 
gradient). Oocytes incubated for 15 min in 
isotonic saline containing 10 pM forskolin 
showed the greatest subsequent rate of swell- 
ing in hypotonic saline. Ethanol (0.1%), used 
for dissolving forskolin, had no effect alone on 
swelling. Unstimulated oocytes expressing 
aquaporinl showed an intermediate rate of 
swelling; their initial swelling rate was de- 
creased 66% by HgC12 (100 pM), a blocker of 
water channels (9, 10). Water-injected con- 
trol oocvtes showed a low swelling rate that 
was unaffected by forskolin. ~alcuiated coef- 
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ficients of osmotic water permeability (Pf) 
(1 1 )  were 49 2 2 ym/s (mean + SE, n = 5) 
for forskolin-stimulated aquaporinl-injected 
oocytes, 30 + 7 ym/s (n = 5) for unstimu- 
lated aquaporinl-injected oocytes, and 1.9 C 
1 pm/s (n = 3)  for water-injected oocytes. 

T he forskolin-stimulated increase of water 
permeability led us to reevaluate the ionic 
permeation properties of this channel (12). 
We measured currents by two-electrode volt- 
age clamp under initial conditions (Fig. 2, A 
and E) and 15 min after forskolin (10 yM)  
treatment in isotonic NaCl saline (Fig. 2, B 
and F). Water-injected oocytes showed no 
appreciable change in conductance. Oocytes 
expressing aquaporinl showed a large increase 
in conductance. T o  remove leak and capaci- 
tance, we subtracted traces for the initial re- 
sponse from traces after forskolin; the differ- 
ence current represents the forskolin-activat- 
ed conductance, which was negligible in wa- 
ter-injected controls but large in aquaporinl- 
injected oocytes (Fig. 2, C and G). The 
difference current was not affected by HgClz 
(20 yM) in water-injected controls (Fig. 2, C 
and D), but was reduced by 54% in aqua- 
porinl-injected oocytes (Fig. 2, G and H),  
indicating that the forskolin-stimulated ion 
conductance probably is mediated by aqua- 
porinl channels. The inhibition by HgCl, 
was similar at 20 and 100 yM, but higher 
concentrations (>1 mM) appeared detrimen- 
tal to all oqcptes and caused rapid degradation 
of membrane integrity. To rule out the possi- 
bility that the forskolin-stimulated ionic flux- 
es represented a Hg-sensitive endogenous cur- 
rent, we tested the Hg-insensitive aquaporinl 
mutant C189S (10); in this instance, the for- 
skolin-stimulated conductance was not 
blocked by Hg2+ (13). Thus, an endogenous 
current appears not to account for the forsko- 
lin-stimulated ionic response. 

The current-voltage relation of the forsko- 
lin-stimulated ionic flux is linear (Fig. 3). The 
reversal potential in NaCl saline (-16.6 2 
1.4 mV; mean 2 SE, n = 17) indicated that 
C1- or mixed cations were the charge carriers 
(12). Equimolar substitution of 60 mM C1- 
with gluconate did not shift the reversal po- 
tential of the forskolin-stimulated current 
(-15.2 2 1.2 mV, n = 8), indicating that 
C 1  is not directly involved. Substitutions of 
C1- by acetate or aspartate also yielded rever- 
sal potentials near - 14 mV (13). In contrast, 
equimolar substitution of Nat with Kt  yield- 
ed a more positive reversal potential (-10.3 
2 2.8 mV, n = 5),  also seen with Cs+. 
Substitution of Nat by tetraethylammonium 
(TEA) yielded a more negative reversal po- 
tential (-39.6 + 6.0 mV, n = 6). The rever- 
sal potential was not appreciably affected at 
pH 6.3 or 8.3. Thus, under physiological con- 
ditions, cations appear to be the primary cur- 
rent carriers in CAMP-activated aquaporinl 
channels. Endogenous oocyte currents in wa- 

ter-injected oocytes had a reversal potential in 
NaCl saline of - 17.6 2 2.5 mV (mean 2 SE, 
n = 12). The substitution of gluconate for 60 
mM C1- gave a reversal potential of - 1.1 2 
0.9 mV (n = 9), showing that the endogenous 
current is dependent on C1-. In TEACl sa- 
line, the reversal potential was -32.3 + 2.3 
mV (n = 4), also implicating a cationic com- 
ponent. Thus, the endogenous current differs 
from the forskolin-stimulated aquaporinl cur- 
rent in several ways: it is smaller in amplitude, 
dependent in part on C1-, insensitive to 
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Fig. 1. Forskolin-stimulated increase in osmotic wa- 
ter permeability of oocytes expressing aquaporinl. 
Osmotic swelling was monitored at 15-s intervals for 
oocytes exposed to 100-mOsm hypotonic saline at 
time zero (8). Oocytes injected with aquaporinl 
cRNA were first incubated for 15 min in isotonic sa- 
line alone (O), for 15 min with forskolin (1 0 pM) (0), or 
for 5 min in 100 FM HgCI, (0) before exposure to 
hypotonic saline. Control oocytes were injected with 
water (A) and incubated for 15 min in isotonic sallne 
before exposure to hypotonic saline. Data are shown 
as the mean + SE; the number of oocytes is indicat- 
ed In parentheses. Similar results were obtained in 
five separate experiments with oocytes from different 
frogs. 

Hg2+ at 5 1 0 0  yM, and is not affected by 
forskolin. 

The macroscopic conductance, measured 
as the slope of the linear current-voltage 
relation, increased about six- to eightfold 
after forskolin treatment of aquaporinl-in- 
jected oocytes (Table 1).  Application of cy- 
clic 8-bromo-adenosine 3',5'-monophosphate 
(8Br-CAMP, 1 mM in NaCl saline) also re- 
sulted in an increase in conductance (3.98 + 
0.83-fold increase; mean 2 SE, n = 4) after 
10 to 15 min of treatment. Initial ionic con- 
ductances were not substantiallv different be- 
tween water- and aquaporinl-injected oocytes 
(Fig. 2 and Table I ) ,  which may explain why 
ionic ~ermeabilitv has not been noted ~ r e v i -  
ously.'~onic permkability in aquaporinl 'chan- 
nels appears to require intracellular signaling, 
whereas water permeability is a feature of both 
the stimulated and unstimulated states. 

Injection of the catalytic subunit of PKA 
into aquaporinl-expressing oocytes rapidly in- 
duced the cationic current (Fig. 4A). The 

-2 , , , , , j , , , 
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Fig. 3. lonic dependence of the forskolin-stimulated 
current in oocytes expressing aquaporinl , lonic se- 
lectivity was evaluated from the current-voltage rela- 
tions of the forskol~n-stimulated peak current ampll- 
tudes, plotted as mean 2 SD for isotonic external 
salines (12) containing NaCl(0) (n = 16), K gluconate 
with NaCl (A) (n = 7), or TEACl(0) (n = 6). I ,  current. 

Fig. 2. lonic conductance 
Water-injected AQP1 -injected 

aquaporinl (AQP1)-injected 
but not in water-injected oo- 
cytes. Total currents in iso- 
tonic NaCl saline were re- 
corded before treatment (A 

G) were obtained by sub- 
tracting initial traces from 

ment. The forskolin-stimu- 
those after forskolin treat- 

lated current was reduced 
by 20 yM HgCI, (H). Water- 
injected oocytes were not 
affected (D). For two-elec- 
trode voltage-clamp record- 
ings, voltage steps from 
+60 to - 1 10 mV were used 
in increments of 10 mV from a holding potential of -30 mV (12). 
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Fig. 4. Activation of the aquaporinl ionic current and phospho- 
rylation of a fusion protein of aquaporinl by the catalytic subunit of 
protein kinase A. (A) Injection of the catalytic subunit of protein 
kinase A (PKA, -1 U total in 10  nl) was done on-line during 
repeated voltage steps (to +40 mV at 5-s intervals over 8 to  12 
min) in oocytes expressing aquaporinl channels and in water- 
injected controls (top three panels). Aquaporinl -injected oocytes 
were also tested after 2 to 3 hours incubation with kinase inhibitor 
H7 (1 0 p M )  Traces are shown at 1 -min intervals (times are indi- 
cated at right of traces). The holding potential was -30 mV; traces 
shown are not subtracted for leak and capacitance. (B) The Coo- 
massie-stained SDS-polyacrylamide gel (left) shows the positions 
of GST (lane 1,27 kD) and the aquaporinl COOH-terminal fusion 
protein (GST/AQP; lane 2,31 kD). The corresponding autoradio- 
graph (right) shows phosphorylation by [r-32P]ATP (14 pM) of the 
fusion protein (GST/AQP, lane 2) but not GST alone (lane 1) after 
10 min with 60 U of PKA catalytic subunit (18). Molecular sizes are 
indicated on the right (in kilodaltons). 

A PKA catalytic subunit 

a 

a 

urn 
=I 

B 
Coomass~e / Autoradioqraph 

_ -107 - - 76 

- 52 
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- 37 
GSTIAQP* 

GST- - - 27 
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Table 1. Conductance properties of water-injected and aquaporinl -injected oocytes. Total conductance 
represents values before treatment of oocytes with forskolin (1 0 pM, 12 to  15 min). Data are shown as the 
mean + SE, and the number of oocytes analyzed is given in parentheses. Conductance was measured 
from the linear slope of the current-voltage relation. Values for percentage block by Hg2+ are combined for 
NaCl and K gluconate conditions, which showed no significant difference (P > 0.1 0; Student's t test). 

Conductance property 
Water-injected Aquaporinl -injected 

( 4  ( 4  

Total initial conductance (pA/V) 
NaCl 2.86 + 0.6 (14) 8.63 + 2.0 (16) 
K gluconate 3.82 + 1 .O (9) 4.53 + 0.5 (8) 
TEACl 1 .OO + 0.04 (4) 3.13 + 1.1 (4) 

Increase after forskolin treatment (%) 
NaCl 113+9(12)  633 2 142(11) 
K gluconate 150 + 17 (9) 814 2 94  (8) 
TEACl 121 + lO(4) 666 + 113 (4) 

Inhibition of forskolin-activated 5 0  (22) 55.7 + 3.8 (1 3) 
conductance by HgCI, (%) 

effect reached max imum amplitude by 7 t o  8 
min after in ject ion and was reduced by  treat- 
ment  w i t h  the  kinase inhibi tor  H7. Treat- 
ment  w i t h  H7 also blocked the similar effect 
caused by  direct in ject ion o f  8Br-CAMP (13). 
Water-injected control  oocytes showed n o  re- 
sponse t o  injected catalytic subunit o r  t o  8Br- 
CAMP. Because aquaporinl lacks a preferred 
consensus sequence for phosphorylation by  
PKA, the stimulation o f  conductance may be 
a consequence o f  phosphorylat ion a t  a n  
atypical  site (14). Incubat ion  o f  a fusion 
v ro te in  conta in ing the  COOH-terminus o f  - 
aquapor in l  w i t h  t he  catalyt ic subunit o f  
PKA resulted in label ing w i t h  32P, suggest- 
i n g  t ha t  di rect  phosphorylat ion may occur 
(Fig. 4B); however, ind i rec t  phosphoryl- 
a t i on  o f  another  rotei in is also ~oss ib le .  
~ c t i v a t i o n  b y  cyclic nucleot ide 'binding 
(15) is un l ike ly  t o  b e  a pr imary mechanism 
because t h e  effect o f  8Br-CAMP in jec t i on  
was antagonized b y  t reatment w i t h  H7. 

W e  conclude that CAMP-mediated stimu- 
la t ion  induces aquaporinl channels t o  be- 
come more permeant t o  water and t o  acquire 
cationic permeability. T h e  regulation o f  per- 
meabil i ty through a CAMP-dependent mech- 
anism has potential relevance in many cells 
that  express aquaporinl, including those in 
eye that regulate intraocular pressure (16) and 
in capillary endothelia o f  cardiac and skeletal 
muscle (1 7). T h e  CAMP-dependent increase 
in permeability t o  water and cations suggests 
that  aquaporinl channels could contribute t o  
aspects o f  receptor-mediated signaling as wel l  
as regulated water fluxes. 
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diography (16 hours; X-OMAT, Kodak). 
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