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Ion Channel Function of Aquaporin-1 Natively Expressed in
Choroid Plexus

Daniela Boassa,! W. Daniel Stamer,? and Andrea J. Yool?
"Program in Neuroscience, 2Department of Ophthalmology and Vision Science and Department of Pharmacology, and *Departments of Physiology and
Pharmacology and Arizona Research Labs Division of Neurobiology, University of Arizona, Tucson, Arizona 85724

Aquaporins are known as water channels; however, an additional ion channel function has been observed for several including
aquaporin-1 (AQP1). Using primary cultures of rat choroid plexus, a brain tissue that secretes CSF and abundantly expresses AQP1, we
confirmed the ion channel function of AQP1 and assessed its functional relevance. The cGMP-gated cationic conductance associated with
AQP1lisactivated by an endogenous receptor guanylate cyclase for atrial natriuretic peptide (ANP). Fluid transport assays with confluent
polarized choroid plexus cultures showed that AQP1 current activation by 4.5 um ANP decreases the normal basal-to-apical fluid
transport in the choroid plexus; conversely, AQP1 block with 500 M Cd** restores fluid transport. The cGMP-gated conductance in the
choroid plexus is lost with targeted knockdown of AQP1 by small interfering RNA (siRNA), as confirmed by immunocytochemistry and
whole-cell patch electrophysiology of transiently transfected cells identified by enhanced green fluorescent protein. The properties of the
current (permeability to Na *, K™, TEA ", and Cs *; voltage insensitivity; and dependence on cGMP) matched properties characterized
previously in AQP1-expressing oocytes. Background K " and Cl ~ currents in the choroid plexus were dissected from AQP1 currents using
Cs-methanesulfonate recording salines; the background currents recorded in physiological salines were not affected by AQP1-siRNA
treatment. These results confirm that AQP1 can function as both a water channel and a gated ion channel. The conclusion that the
AQP1-associated cation current contributes to modulating CSF production resolves a lingering concern as to whether an aquaporin ionic
conductance can have a physiologically relevant function.
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Introduction

Aquaporin-1 (AQP1) channels in the major intrinsic protein
(MIP) family mediate water movement across membranes in the
brain, kidney, vascular system, and other tissues (Agre et al.,
1993; King and Agre, 1996). AQP1 is abundant in the choroid
plexus, a tissue bordering brain ventricles that produces CSF by
active Na " transport and concomitant water flux from blood to
brain (Wright and Saito, 1986; Speake et al., 2001). Atrial natri-
uretic peptide (ANP) receptors in choroid plexus epithelia couple
to guanylate cyclase, stimulating cGMP generation (Tsutsumi et
al., 1987; Israel et al., 1988) and inhibiting CSF production
(Steardo and Nathanson, 1987). AQP1 has been found to have a
c¢GMP-gated cation channel function (Anthony et al., 2000; Sa-
parov et al., 2001), but its physiological relevance has remained
unclear. We confirmed ion channel function of AQP1 and tested
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for possible physiological relevance for CSF production in rat
choroid plexus primary cultures.

Although the ion channel function of AQP1 initially was ques-
tioned (Agre et al., 1997), the simplest interpretation of all the
evidence now in hand is that AQP1 directly mediates a gated
cationic current (Yool and Stamer, 2002). Other members of the
aquaporin family such as AQP6 (Yasui et al., 1999; Liu et al,,
2005) and Drosophila Big Brain (Yanochko and Yool, 2002, 2004)
also function as ion channels when expressed in oocytes but differ
in mechanisms of activation and ionic selectivities, ruling out a
simple explanation as endogenous oocyte ion channels. The lens
AQPO protein shows ion channel function in reconstituted bilay-
ers (Zampighi et al., 1985; Ehring et al., 1990, 1992), although a
physiological role for the conductance in the eye remains to be
determined.

Modulatory contributions from proteins in signaling com-
plexes with AQP1 (Cowan et al., 2000; Abu-Hamdah et al., 2004;
Kelly et al., 2005) seem likely given the tissue-specific variability
in channel properties, a concept that might also apply to other
aquaporins. Opening probabilities for cGMP-gated AQP1 ion
channels expressed in oocytes or reconstituted in bilayers are
exceptionally low (Saparov et al.,, 2001; Yool and Weinstein,
2002) and undetectable in AQP1-transfected HEK cells (Tsunoda
et al.,, 2004). Differences among these studies suggested that
AQP1 ion channel activity might depend on the expression sys-
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tem, perhaps involving differentially expressed unidentified fac-
tors. We hypothesized that the appropriate conditions for full
functionality might best be seen for AQP1 expressed in a native
tissue.

Results here confirm that natively expressed AQP1 is a cGMP-
gated ion channel activated by ANP and that activation decreases
fluid transport across confluent choroid plexus in culture. Selec-
tive loss of the cGMP-stimulated cationic current after two meth-
ods of AQP1-small interfering RNA (siRNA) treatment confirms
that the conductance cannot be attributed to other endogenous
ion channels in the choroid plexus (Hung et al., 1993; Speake et
al., 2001, 2004). Our data are the first to show ion channel func-
tion in a native aquaporin and suggest the promise that aqua-
porin ionic conductances have physiologically relevant functions
in regulatory mechanisms of transmembrane fluid transport in
brain and other tissues.

Materials and Methods

Primary culture. Anesthetized 5-d-old Sprague Dawley rats were decapi-
tated. Dissected lateral and fourth ventricle choroid plexi were triturated
in Hanks’ solution with 0.25% trypsin. DMEM/Ham’s F-12 (1:1) me-
dium with 10% (v/v) fetal bovine serum stopped enzyme activity; cells
were filtered (100 wm), centrifuged (400 rpm; 15 min, 6°C), and resus-
pended in DMEM/Ham’s F-12 (1:1) containing 10% (v/v) fetal bovine
serum, 4 mMm L-glutamine, 5 ug/ml insulin, 1.0 U/ml penicillin, and 0.1
mg/ml streptomycin. Cells seeded on murine laminin (20 ug/ml) plates
were maintained at 37°C in humidified 5% CO,. Cytosine arabinoside
(20 um) was applied through day 4 in culture. From day 5, cells were
maintained in DMEM/Ham’s F-12 (1:1) medium (5% v/v fetal bovine
serum), refreshed every 2-3 d. Culture supplies were from Invitrogen
(Carlsbad, CA).

Immunocytochemistry. Brains rapidly frozen in OCT medium were
cryostat sectioned (17 wm), fixed (4% paraformaldehyde; 1 h), washed in
50 mwm glycine buffer, pH 7.4, and blocked with 1% donkey serum in PBS
(pH 7.4, 0.1% Triton X-100). The following primary antibodies were
applied overnight: anti-AQP1 (rabbit polyclonal) (Stamer et al., 1995) at
400 ng/ml; or anti-prealbumin (goat polyclonal; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) at 1:250. Slides were washed in blocking solution
and incubated 2 h with secondary antibodies: fluorescein-conjugated
donkey anti-rabbit IgG (1:100); or Cy5-conjugated donkey anti-goat IgG
(1:200) (Jackson ImmunoResearch, West Grove, PA). Negative controls
omitted primary antibodies. Sections were washed, mounted in Dako
(Carpinteria, CA) medium, and viewed by confocal microscopy. Cul-
tured cells on laminin-coated glass coverslips were fixed in MEM/
HEPES, pH 7.0, containing 4% sucrose and 4% paraformaldehyde,
washed in PBS (pH 7.4; 0.05% Triton X-100 and 5% donkey serum), and
incubated with primary antibodies (as described above). After primary
incubation, the cell cultures were washed with buffer (three times, 5 min
each) and incubated for 1 h at room temperature with secondary anti-
bodies. For double-staining experiments, the secondary antibodies used
were the same as described for cryostat sections. For transfected cells, the
secondary biotin-labeled donkey anti-rabbit antibody was used at 1:500
(for 1 h at room temperature) and washed three times with PBS (as
above), and the cells were incubated for 30 min with Alexafluor555/
streptavidin at 1:4000 in the dark at room temperature. Finally, the cells
were washed in PBS solution, pH 7.4, and mounted for microscopic
visualization.

Reverse transcriptase- PCR. Total RNA was isolated from primary cho-
roid plexus cultures (Qiagen kit; Qiagen ,Santa Clarita, CA). After DNase
digestion, reverse transcription was done using 2 ug of total RNA, 1 ug of
random primer, 0.2 ug of oligodeoxythymidine primer, 40 U of RNase
inhibitor, and 50 U of reverse transcriptase (Moloney murine leukemia
virus; Boehringer Mannheim, Indianapolis, IN) in a 35 ul total volume
(37°C, 1 h). Reverse-transcribed cDNA was used for PCR amplification
with sequence-specific primers. For AQP1, the sequences were as follows:
sense 5 -CCGAATTCATGGCCAGCGAGTTCAAGAAGAA-3' (31-61
bp) and antisense 5-CGGGGGTGTTATCCGGGGTGGGTCTTTT-
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AGGTCAC-3" (663—697 bp), for a product of 669 bp. For cyclophilin,
the sequences were as follows: sense 5'-GGGGAGAAAGGATTTG-
GCTA-3" and antisense 5'-GCCACTGTGGTCAGTGTCAT-3’, for a
product of 259 bp. Each PCR amplification (50 ul final volume) con-
tained 50 pmol of each primer, 0.2 mm each of deoxynucleotides, and 2.5
U of TagDNA polymerase (Promega, Madison, WI). The reactions were
performed in a PerkinElmer (Wellesley, MA) 9600 thermocycler using
the following program: denaturation (94°C, 120 s), annealing (60°C,
90 s), and polymerization (72°C, 120 s) for 35 cycles, ending with 5 min
at 72°C and storage at 4°C. For electrophoresis, 2 ul of PCR products
were run on a 2% agarose gel (80 V, 2 h) and stained with ethidium
bromide.

siRNA synthesis and transfection. Two approaches were used for the
RNA interference experiments. The first method used a mixture of
siRNAs generated with the Dicer kit (Gene Therapy Systems, San Diego,
CA). For this method, double-stranded RNA for AQP1 was synthesized
in vitro with T3 and T7 RNA polymerases, from BamHI and HindIII-
linearized human AQPI ¢DNA (from P. Agre, Duke University,
Durham, NC). As a control, a proprietary commercial mixture of siRNAs
with “no significant similarity to any known gene sequences from mouse,
rat or human” (Silencer Negative Control siRNA; Ambion, Austin, TX)
was used. In the second method, sequence-specific siRNAs designated as
AQP1-siRNA-a and AQP1-siRNA-b with matching scrambled controls
were synthesized (Ambion) based on sequences demonstrated previ-
ously to selectively target AQP1 (Splinter et al., 2003).

The sequences used by Splinter et al. (2003) for AQP1 show no pre-
dicted cross-reactivity with other protein coding sequences in the cho-
roid plexus; BLAST (Basic Local Alignment Search Tool) searches of the
mammalian gene database with the targeted and scrambled sequences
resulted in perfect matches exclusively for AQP1 for the sequence
siRNA-a and predominantly for AQP1 for the sequence siRNA-b, with
several related hits for partial homology with mouse TRAF-interacting
protein. The two scrambled sequences showed partial matches predom-
inantly with noncoding genomic DNA, with the exception of one hit for
the scrambled-b sequence for partial homology with mouse vomeronasal
1 receptor. TRAF is a tumor necrosis receptor-associated factor (Rothe et
al., 1994); TRAF6 is important in transcriptional regulation during CNS
development in several specific brain regions not including telencepha-
lon, thymus, and choroid plexus (Dickson et al., 2004). The vomeronasal
organ receptors mediate detection of pheromones (Ryba and Tirindelli,
1997; Rodriguez et al., 2002; Halpern and Martinez-Marcos, 2003) but
have not been described outside of the olfactory system, suggesting indi-
rect effects of the scrambled siRNA sequence on the choroid plexus are
unlikely.

For transfection, cells were plated on 35 X 10 X 12 mm laminin-
coated glass-bottom dishes. Between days 4 and 11 in culture, cells were
transfected using siPORT-Amine (Ambion) to introduce a plasmid car-
rying the enhanced green fluorescent protein (eGFP) marker (pEGFP-
N1; 100 ng/250 wl; BD Biosciences Clontech, Palo Alto, CA), either alone
or with siRNAs (AQP1-siRNA or scrambled sequences). The cells were
incubated with the transfection complex for 45 h, then 1 ml of normal
growth medium without antibiotics was added to each dish. Electrophys-
iological and immunocytochemical experiments were performed 2-3 d
after transfection.

Electrophysiological recordings. Patch-clamp experiments were per-
formed in whole-cell and excised patch-clamp configurations. Extracel-
lular solutions all contained (in mm) 1 CaCl,, 2 MgCl,, 10 glucose, and 5
HEPES, pH 7.3, and in addition contained 140 NaCl and 5 KCl for the
“NaCl saline” and 125 Cs-methanesulfonate and 20 CsCl for the “CsMES
saline.” The intracellular (pipette) solutions all contained (in mm) 2
MgCl,, 10 glucose, 5 HEPES, 0.5 EGTA, and 2 Na,ATP, pH 7.2, and in
addition contained 120 K-gluconate and 20 KCl for the “KGluc saline,”
140 KCl for the “KCl saline,” 140 tetraethylammonium (TEA)-Cl for the
“TEAClI saline,” 120 Na-gluconate and 20 NaCl for the “Na Gluc saline,”
and 135 Cs-methanesulfonate and 5 CsCl for the CsMES saline. Data
were recorded (AxoPatch 200A; Molecular Devices, Foster City, CA)
using Sylgard-coated pipettes (4—6 M() for whole-cell patches; 3-5 M€}
for excised patches). Data were filtered (2 kHz), digitized (10 kHz), and
analyzed by pClamp 9 software (Molecular Devices). Whole-cell record-
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transcription (RT)-PCR amplification
(Fig. 1a). AQP1 protein is abundantly ex-
pressed in rat choroid plexus cells in vivo
and in vitro, as detected by immunocyto-
chemistry (Fig. 1b,c) with AQP1-specific

top row: polyclonal antibodies recognizing the
AQP1 C-terminal domain (Stamer et al., 1995).
prealbum Coimmunolabeling  with  antibodies

against prealbumin provided a specific
marker for choroid plexus cells (Aleshire
et al., 1983).

Transfection of cultured choroid
plexus cells with siRNA against AQP1 dra-
matically decreased expression of AQP1
protein. siRNA-transfected cells were
identified by cotransfection with a plasmid
vector carrying eGFP (Fig. 1d—f). Control
transfection of choroid plexus cells with
the eGFP plasmid alone did not alter the
expression of AQP1 protein (Fig. 1gh).
These data demonstrated that siRNA

bottom row:

AQP1

siRNA

Figure 1.

(arrows), with AQP1 expression appropriately restricted to the apical surface.

ings were performed at 37°C; single-channel recordings were at room
temperature. Sodium nitroprusside (SNP; Sigma, St. Louis, MO) pre-
pared fresh daily in sterile water was kept on ice, light protected. Data are
mean = SEM unless stated otherwise. Statistical comparisons are noted
in the text and legends.

Transepithelial flux measurements. Primary cultures of choroid plexus
epithelia were grown 14 d in vitro on porous 0.4 wm polycarbonate
membranes (12-mm-diameter transwell plates; Costar, Cambridge,
MA), using conditions as described for primary cultures above. One day
before the flux assays, cells were fed with reduced-serum media [DMEM/
Ham’s F-12 (1:1) supplemented with 0.5% (v/v) fetal bovine serum].
Confluence of monolayers was assessed by net transepithelial electrical
resistances (TEERs) =50 Ohm cm? (Zheng et al., 1998), measured using
a TEER measurement chamber (ENDOHM-24; World Precision Instru-
ments, Sarasota, FL) in conjunction with a volt-ohmmeter (EVOM;
World Precision Instruments). After aspiration of media from apical and
basolateral compartments of transwell plates, fluid transport assays be-
gan by adding 4000 ul of isotonic media [DMEM/Ham’s F-12 (1:1)] to
the lower chamber (basolateral) and 50 ul to the upper chamber (apical).
Fluid transport was measured at 2 h intervals as the volume of fluid
accumulated against a hydrostatic head in the apical chamber, deter-
mined by analytical balance. Net fluid accumulation at the apical side was
monitored before and after treatment with 4.5 um ANP (applied baso-
laterally), in the presence and absence of 500 um Cd> ™" (applied apically).

Results

AQP1 is abundantly expressed in the choroid plexus in vivo
and in vitro

In primary cultures of the choroid plexus isolated from postnatal
day 5 rats, expression of AQP1 mRNA was confirmed by reverse

AQP1 expression in the choroid plexus in vivo and in vitro and knockdown by AQP1—siRNA treatment. a, Reverse
transcription-PCR confirmation of AQP1 expression in vitro. Lane 1, Low mass DNA marker; lanes 2—6, 8, PCR products for AQP1
using cDNA from reverse-transcribed (RT) RNA (Ianes 2, 3) at 114 and 400 ng, respectively, non-RT-RNA (lane 4; showing lack of
genomic contamination), cloned AQP1 ¢cDNA (lanes 5, 6), and no template (lane 8); lane 7, PCR product for cyclophilin (cyclop)
using cDNA from reverse-transcribed RNA as a constitutively expressed control marker. b, Cryostat-sectioned fourth ventricle rat
choroid plexus immunostained for AQP1 (green) and prealbumin (red). ¢, Confocal image of primary cultures showing AQP1
(green) and prealbumin (red). d—f, AQP1-siRNA knockdown. d, e, Phase contrast superimposed with epifluorescentimages 48 h
after cotransfection of AQP1-mixed siRNA and eGFP marker (green), immunolabeled for AQP1 (red). £, Fluorescence image
showing AQP1 (red) is absent in the eGFP—siRNA-transfected cell (blue arrowhead). The top panel shows AQP1 and eGFP; the
bottom panel is the same image for AQP1 alone. Scale bars, 10 um. g—i, eGFP-transfected control. g, h, Control cells transfected
with eGFP alone (48 h) show that both AQP1 (red) and eGFP (green) are present in the transfected cell. h, Top, AQP1 and eGFP.
Bottom, AQP1 alone. i, Confocal image of a control eGFP-transfected cell (green) expressing AQP1 (red). A z-scan by confocal
microscopy (bottom) along the indicated axis (white line; top) shows eGFP filling the cytoplasm of a cell in a full cross section

against AQP1 effectively knocked down
protein expression in choroid plexus cells,
confirming the molecular identity of the sig-
nal detected by RT-PCR and immunocyto-
chemistry, as well as providing a useful tool
for assessing the role of AQP1 in mediating
cGMP-induced ionic currents (see below).
The correct targeting of AQP1 to the apical
membrane was confirmed for cultured cho-
roid plexus cells using z-scanning confocal
microscopy of control eGFP-transfected
cells (Fig. 17). The cytoplasmic eGFP fills the
cell, whereas the signal for AQP1 is limited to
the apical side of the cell.

Properties of SNP-induced ionic currents in choroid

plexus cells

Selective activation of ionic current in cultured choroid plexus
cells was recorded by whole-cell patch clamp after bath applica-
tion of SNP, a nitric oxide donor that catalyzes the synthesis of
intracellular cGMP. Endogenous K™ and Cl ~ currents known to
be present in the choroid plexus (Garner and Brown, 1992;
Kotera and Brown, 1994; Speake et al., 2001, 2002, 2004; Speake
and Brown, 2004) were minimized by ionic substitution of NaCl
and KCl with Cs-methanesulfonate, resulting in a low initial con-
ductance before application of cGMP agonists (Fig. 2a). A robust
SNP-dependent Cs * current was activated in choroid plexus cells
(Fig. 2a—c); the cationic current showed a linear voltage—current
relationship and block by external Cd*™", demonstrating proper-
ties comparable to those described previously for cloned human
AQP1 heterologously expressed in Xenopus oocytes (Anthony et
al., 2000; Yool, 2002; Boassa and Yool, 2003).

Previous work demonstrated that AQP1 cationic channels ex-
pressed in oocytes are permeable to Cs *, Na ™, K™, and, to a lesser
extent, TEA™ with no appreciable Cl ~ permeability (Yool et al.,
1996). Ionic substitution in the bath and pipette salines showed that
the cGMP-dependent current in the choroid plexus is a nonselective
cationic conductance with comparable relative permeabilities, as de-
termined by comparison of the reversal potential with predicted
equilibrium potentials for Cl~ channels and nonselective cation
channels (Fig. 2d). Predicted cationic reversal potentials were calcu-
lated based on the quantitative relative permeability values defined
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Figure2. Properties of the cGMP-dependent cation current in cultured choroid plexus cells analyzed by whole-cell patch clamp. a— ¢, lonic currents in Cs-methanesulfonate salines (pipette and

bath) were activated by SNP and blocked by extracellular Cd*™*

.a, Traces of currents recorded in a cell before SNP (initial), after a bolus application of SNP, and after subsequent additions of C

d2+

to the bath saline. Concentrations are estimated final values. Voltage steps are +40to — 110, froma —30mV holding potential. b, Current—voltage relationship for the cell shown in a. ¢, Summary
ofthe mean amplitude of the initial conductance (init) and the SNP-induced conductances before and after block by Cd > (n = 5 each). d, Monovalent cation selectivity determined by the measured
reversal potentials, £, of SNP-induced currents (n = 6 each) in various ion-substituted salines (circle) compared with calculated equilibrium potentials for CI ~ (asterisk) and nonselective cation
(triangle) conductances. e, Block of the response to SNP but not to ANP by the soluble guanylate cyclase inhibitor 0DQ (14 wm; 15 min). £, h, lonic currents in Cs * salines activated by ANP. f,
ANP-dependent activation of a voltage-insensitive conductance comparable to that seen with SNP. Voltage steps were +40 to — 110 from a holding potential of —30 mV. g, Summary histogram
of the mean whole-cell conductances measured after preincubation with 0DQ for initial recordings (init), and after treatment with SNP or ANP (n = 5 per treatment group). h, Current amplitude at
+40mV measured by brief pulses from a holding potential of —30mV every 10s. SNP, ANP, and Cd were applied as boluses over times indicated by bars, with estimated final concentrations shown.
0DQ preincubation prevented the response to SNP but not ANP. The highest dose of ANP appeared to decrease current amplitude, perhaps reflecting desensitization. The current was blocked by

.

for AQP1 channels expressed in oocytes (Yool et al., 1996) and su-
perimposed closely with the measured values in the choroid plexus.

The activation of ionic conductance in response to SNP was
blocked effectively by the soluble guanylate cyclase inhibitor 1 H-
[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ). Conversely,
ODQ did not affect the conductance response to ANP, which
activates an endogenous ODQ-insensitive receptor guanylate cy-
clase present in the choroid plexus (Fig. 2e). Thus, the SNP-
stimulated ionic conductance is induced by generation of cGMP
rather than by chemical modifications such as S-nitrosylation
(Ahern et al., 2002). It is noteworthy that the cGMP-dependent
conductance can be stimulated by an endogenous signaling path-
way in the choroid plexus, a necessary feature of a potentially
physiologically relevant response.

The conductance induced by ANP, recorded with Cs * bath
and pipette salines, showed properties comparable to those seen
for the response induced by SNP. The ANP-evoked current
showed a low initial conductance and an agonist-dependent non-
voltage-sensitive current with a reversal potential consistent with
cationic selectivity (Fig. 2f). The ANP response was not sensitive

to the soluble guanylate cyclase inhibitor ODQ (Fig. 2g) and was
blocked by Cd** (200 um) (Fig. 2h).

Application of a cGMP agonist (8Br-cGMP) to the internal
face of excised inside-out patches from choroid plexus cells re-
sulted in the activation of a large-conductance channel (Fig. 3)
measured in symmetrical Cs * salines (chord conductance, 166 =
3 pS; mean = SD, n = 6 patches). The large-conductance channel
showed properties of unitary conductance, long open-channel
events, and dependence on cGMP similar to those described pre-
viously for AQP1 channels in oocytes (Anthony et al., 2000) and
was blocked reversibly by 500 um Cd** applied to the internal
face of the patch. Two classes of small-conductance channels
(~20 and 50 pS) also were present in patches with and without
8Br-cGMP. In summary, 4 of 11 inside-out patches and 2 of 4
outside patches showed the large-conductance AQP1-like chan-
nel activity. These data support the hypothesis that the novel ion
channel in the choroid plexus is AQP1; however, molecular con-
firmation was needed to rule out the possibility that another
endogenous choroid plexus ion channel by coincidence showed
the same set of properties.



Boassa et al. @ AQP1 Channels in Choroid Plexus

a 8Br-cGMP (1 mM) pin

el e S

- Lt L4

1 Ty s e W

b P after Cd 2* (500 uM)

- 2

MWMWMWMMWQ@M
AR EITTTURN WP TV PR ORI 11, (0 i
C after wash

)@'
o Wb W
AW Mot

10 pA | 150 ms

"

d 4 CGMP 1mm 197 A
2
* after Cd <" 10 :<% f AAE
| - A
= A A x/i@
S N S S_— ey []
-50 * -30 5 -10 10 30 50 70
:  f s V (mV)
.

. 10

b -15

Figure3. Excised inside-out patch recording from choroid plexus in vitro, illustrating activity
ofa (d** -sensitive AQP1-like channel. a, Consecutive sweeps at +60 mV after application of
8Br-cGMP (1 mwm). The numbered boxes mark three classes of channels distinguished by unitary
conductances. b, Selective block of the large-conductance, AQP1-like channel by Cd ™ (500
uM). ¢, Recovery after washout of Cd® ™. d, Current amplitudes determined from all-points
histograms. Unitary channel current levels are identified at +60 mV by numbered boxes; other
amplitudes reflect combinations of channel events.

AQP1 knockdown by siRNA eliminates the

c¢GMP-activated current

To determine whether the SNP-activated Cd** -sensitive current
is carried by native AQP1 ion channels in the choroid plexus, we
used siRNAs to knock down levels of AQP1 protein expression.
We used two different approaches: (1) transfecting the cells with
a mixture of siRNAs generated by enzymatic digestion of AQP1
double-stranded RNA, with a commercially available mixed
siRNAs as the control; and (2) transfecting with sequence-
directed synthetic siRNAs with matched scrambled sequences as
controls, characterized previously for AQP1 in cholangiocytes
(Splinter et al., 2003).
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In whole-cell patch recordings, eGFP-positive cells trans-
fected with 15 nm of the AQP1-mixed siRNAs failed to show a
Cs " current in response to SNP (Fig. 4a). Similarly, inclusion of
10 mM 8Br-cGMP in the pipette saline failed to induce a Cs ™
current in the AQP1-mixed siRNA-treated cells (Fig. 4b), consis-
tent with the observation that AQP1 protein levels are reduced by
the siRNA treatment (Fig. 1). In contrast, choroid plexus cells
transfected with eGFP alone, or with eGFP and the control-
siRNA mixture, showed ionic conductances in response to SNP
(Fig. 4a) and intracellular cGMP (Fig. 4b) that were not signifi-
cantly different from the responses measured in nontransfected
control cells (Fig. 4c). Two doses (15 and 60 nm) of control com-
mercial siRNA mixture were tested. At a dose equal to that used to
knock down AQP1 (15 nm), the control siRNA had no effect. Ata
fourfold excess, the control siRNA appeared to cause a modest
decrease in the amplitude of the conductance response, suggest-
ing high doses might have nonspecific effects. Nonetheless, the
conductances measured for both groups of control siRNA-
treated cells were significantly greater than that in the AQP1-
siRNA-treated group.

The sequence-targeted AQP1-siRNAs effectively suppressed
the cGMP-induced Cs * currents in choroid plexus cells (Fig. 4d).
The magnitude of the knockdown correlated with the dose of
AQP1-siRNA and furthermore showed a differential efficacy be-
tween the two AQP1-siRNA sequences that matched published
data (Splinter et al., 2003), in that AQP1-siRNA-b was more
effective than AQP1-siRNA-a. The matching scrambled control—
siRNAs for the two AQP1 sequences (-a and -b) at the higher dose
had no effect on the cGMP-induced conductance (Fig. 4d); the
control groups were not significantly different from nontrans-
fected cells.

Endogenous currents measured in the absence of cGMP
stimulation in physiological saline conditions were not signif-
icantly affected by the AQP1-mixed siRNA treatment (Fig. 5).
Voltage-dependent currents (primarily K *) were measured in
whole-cell patch recordings using an on-line leak subtraction
protocol. Total currents, measured as unsubtracted traces,
comprised mainly K* and Cl~ currents. The outward rectifi-
cation of the voltage-sensitive current and the linear current—
voltage relationship of the total current were superimposed
for the control and siRNA-treated cells, standardized to the
maximum outward current at +60 mV for each cell (Fig. 5b).
Reversal potentials were not affected by siRNA treatment, in-
dicating that the relative contributions from the ensemble of
background ion channels were not altered. The absolute val-
ues of the background total currents were comparable for con-
trol and siRNA-treated cells, demonstrating that the loss of the
voltage-insensitive AQPI1-like conductance after siRNA
knockdown cannot be attributed to a parallel decrease in a
background voltage-insensitive current (Fig. 5¢). Although a
small decrease in the mean current amplitude for the voltage-
sensitive component after siRNA treatment was seen, it was
not significantly different from control. These data indicate
that the introduction of the mixture of AQP1-siRNAs did not
have any substantial effects on other general classes of ion
channels found in the choroid plexus. These findings support
the specificity of the siRNA knockdown and demonstrate that
the cGMP-activated cationic current in the choroid plexus is
mediated by AQP1. Contributions of AQP1 channels to the
total currents were not observed in these recordings and were
not expected in the absence of cGMP stimulation.
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AQP1 ion channel activation decreases a
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cal sides were measured (providing the
baseline flow rate); volumes were mea-
sured again for the same filters after a2 h
incubation with ANP (with and without
Cd**). ANP decreased the flow rate to
58.5 & 13.4% of baseline (n = 4; mean *+
SD), and this inhibitory effect was re-
versed by Cd*™ (85.5 + 14.9% of baseline;
n = 4; mean = SD), which restored fluid
movement to near baseline levels. Further
characterization of AQP1 by knockdown
with siRNA was not feasible, because the
transfection efficiency in the primary choroid plexus cell cultures
was, at best, 10% of the cells. Alternatively, we observed that
downregulation of AQP1 protein after extended times in culture
corresponded with a decreased effectiveness of ANP on trans-
epithelial fluid transport. Immunocytochemical analyses showed
that AQP1 consistently was expressed at high levels in apical
membrane at 2 weeks in vitro but was substantially downregu-
lated by 3 weeks in vitro. In corresponding transport studies of the
choroid plexus at 23 d in vitro, there was no inhibitory effect of
ANP on net fluid movement (data not shown).

Discussion

ANP receptors in the choroid plexus couple to guanylate cyclase,
stimulating cGMP (Tsutsumi et al., 1987; Israel et al., 1988) and
inhibiting CSF production (Steardo and Nathanson, 1987). We
show that natively expressed AQP1 functions as a cGMP-gated
ion channel and that the ionic conductance modulates fluid
transport in the choroid plexus in a manner consistent with the
observed effects in vivo. The similarities between AQP1 channel
properties in the choroid plexus and the oocyte expression sys-
tem, and the effective knockdown by AQP1-siRNAs, confirm
that this conductance cannot be attributed to other channels

Whole-cell currents in Cs-methanesulfonate saline before and after SNP and after subsequent application of Cd > in cells trans-
fected with AQP1-mixed siRNA (15 nm), commercial control siRNA (60 nm), or eGFP alone. b, Currents recorded without (left) and
with (right) 8Br-cGMP in the pipette from cells transfected with 15 nm AQP1-siRNA mixture, 60 nm control siRNA mixture, or eGFP
alone, and from nontransfected cells. Voltage steps are +60 to — 110 mV from a holding potential of —60mV. ¢, Summary of the
results of treatments with AQP1-mixed siRNAs and commercial control siRNA. Conductances (G/G
mean cGMP-evoked conductance for all nontransfected cells within the same set of cultures. **p << 0.0001, statistically significant
difference from all other cGMP groups (unpaired two-tailed Student’s ¢ test). d, Summary of the results of treatments with
synthetic sequence-specific AQP1-siRNAs [labeled as “a” and “b” to match the published data of Splinter etal. (2003)] at different
concentrations and control siRNAs synthesized as scrambled versions of AQP1-siRNA-a and -b. Conductances (G/G,,,,) of Cs *
currents with 10 mm 8Br-cGMP in the pipette saline were standardized to the mean cGMP-evoked conductance for all nontrans-
fected cells within the same set of cultures. *p << 0.05 and **p << 0.006, statistically significant differences from the nontrans-
fected group (unpaired two-tailed Student’s ¢ test). NS, Not significant; no transf, no transfection.

max) Were standardized to the

known to be expressed in the choroid plexus (Hung et al., 1993;
Speake et al., 2001, 2004).

Aquaporins have four water-selective pores, one in each subunit
(Murata et al., 2000; Sui et al., 2001). In AQP1, the ion-conducting
pore has been suggested to reside at the tetrameric center (Yool and
Weinstein, 2002). The bacterial glycerol facilitator (GlpF), although
not known as an ion channel, has ion binding sites in its central
cavity that implicate this domain as a candidate ion pore in other ion
channel aquaporins (Fu et al., 2000). Molecular dynamic modeling
predicts that Na ™ ions can, in theory, be pulled through the AQP1
central pore by a driving force (Yu et al., in press), whereas the indi-
vidual subunit water pores do not allow ion permeation. Pharmaco-
logical data show that the AQP1 water and ion pathways are distinct;
water permeability is blocked by TEA ™ and not Cd*" (Brooks et al.,
2000; Yool et al., 2002), whereas the ionic conductance is blocked by
Cd** but not TEA (Yool, 2002). An expanding role for aquaporins is
becoming evident (Yool and Stamer, 2004). Ion channel function
has been demonstrated for AQPO (Zampighi et al., 1985; Ehring et
al.,, 1990, 1992), AQP1 (Anthony et al., 2000; Boassa and Yool, 2003),
AQP6 (Yasui et al., 1999), and a related MIP channel known as Big
Brain (Yanochko and Yool, 2002, 2004) that is essential in early
nervous system development in Drosophila.
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Figure5. Lackof appreciable effects of AQP1—siRNA treatment on endogenous background

ion currents in the choroid plexus, measured with physiological salines in the absence of cGMP
stimulation. a, Comparison of traces of ionic currents from choroid plexus cells that were un-
treated (control; top row) or transfected with 15 nm AQP1-mixed siRNA (bottom row). Currents
were measured without leak subtraction (total currents) and with an on-line P/4 leak subtrac-
tion protocol (voltage-sensitive currents), with NaCl bath saline and K-gluconate pipette saline.
b, Averaged current—voltage relationships compiled for all cells tested in the two treatment
groups, with current amplitudes standardized to the maximal outward current amplitude mea-
sured at +60 mV, show no differences in rectification and reversal potentials. ¢, Data from b
plotted as absolute rather than standardized amplitudes show no significant differences in
mean currentamplitudes between the control and siRNA treatment groups. Control group, n =
13-14; AQP1-siRNA-treated group, n = 6.
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Figure6. Net fluid transport assay in confluent monolayers before and after treatment with
4.5 um ANP, with and without 500 m Cd 2 in the apical solution. The baseline rate defined as
100% indicates the net fluid flow rate in the monolayer culture before treatment with ANP;
baseline flow rates averaged 50 yul/h and ranged from 35 to 117 wl/h for different prepara-
tions. Data for flow rates after treatments were standardized as a percentage of the correspond-
ing baseline rate in the same monolayer culture. *p << 0.05 and **p << 0.001, statistically
significant differences (unpaired two-tailed Student’s ¢ test). NS, Nonsignificant. ANP, n = 4;
ANP + (d?*,n = 4. Data are mean = SD.

Over the past decade, uncertainty in the AQP field has moved
from an initial controversy about whether AQP1 is an ion chan-
nel (Agre et al., 1997) to whether or not the ion channel function
can serve any meaningful contribution. The observation that
AQP1 can serve as a cGMP-gated ion channel (Anthony et al.,
2000; Boassa and Yool, 2002, 2003) has been confirmed indepen-
dently by reconstitution in bilayers (Saparov et al., 2001), but the
activity was suggested to be an artifact (i.e., misfolding of the
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AQP1 channel protein to produce a gain of function as a cGMP-
gated cation-selective channel). The basis for uncertain func-
tional relevance stems from the low numbers of AQP1 ion chan-
nels found to be active in expression systems. In oocytes, the
c¢GMP-activated current typically ranges 5-10 A at +40 mV
from 1 ng of AQP1 RNA injected, a respectable level compared
with other ion channels. However, using the parallel water per-
meability of the channel, it is possible to estimate the total num-
ber of AQP1 channels in the oocyte, which outstrips the number
of ion channels by >50,000-fold (Yool and Weinstein, 2002).
When reconstituted in bilayers, the proportion of available ion
channels is estimated at one per million (Saparov etal., 2001); ion
channel activity was undetectable in AQP1-transfected HEK cells
(Tsunoda et al., 2004). In lieu of explanation as an accident, these
differences could suggest that AQP1 ion channel activity is sensi-
tive to regulatory mechanisms or interactions that vary with the
expression system.

What proportion of AQP1 channels in the choroid plexus
might contribute to the ionic conductance? A rough estimate is
possible using fluid transport and ionic conductance data. A
whole-cell cGMP-dependent conductance of ~100 nS and a
single-channel conductance of 166 pS puts the number of active
AQP1 ion channels at ~700 per cell (or more if the open proba-
bility is <1). To calculate water-channel number, the area of the
10® um?* filter covered by confluent choroid plexus cells (~200
wm? each) corresponds to ~5 X 10° cells per filter. The mean net
fluid transport rate per filter was 50 ul/h, or ~10™* ul/h cell. The
AQP1 unitary water permeability is 10 "> cm’/s (Zeidel et al.,,
1992), or 10 ~7 ul/h. Thus, the numbers of water pores per cell
would be ~1000 and of tetramers would be ~250, no doubt an
underestimate because total water flux must exceed the net fluid
accumulation. If total water flux is 10-fold greater than the mea-
sured net, the ratio of AQP1 ion channels to water channels
would be ~1:10. However, it is equally reasonable that the ratio
might be 1:100 or 1:1000. An important caveat is that the real
number of AQP1 channels per cell remains to be measured. If the
level of AQP1 expression in the highly water-permeable kidney
proximal tubule (4 X 10* per um?) (Maeda et al., 1995) is an
example of a maximum case, by analogy the estimated number of
AQP1 tetramers per choroid plexus cell could be as high as ~107,
which would yield an ion-to-ion channel ratio of ~1:10,000. Any
of these outcomes suggests that the availability of AQP1 to func-
tion as an ion channel is increased in the native choroid plexus
environment compared with other preparations studied thus far.
Precedent for the idea that a majority of channels can be in an
inactive mode comes from quantitative analysis of the epithelial
Na ™ channel ENaC; open-channel probability calculations were
found to be one order of magnitude lower when referenced to the
total population of ENaC channels, as opposed to assessment
only of the electrically active subpopulation (Firsov et al., 1996).
The difference for AQP1 is that the electrically silent channels
have a known function as water pores, whereas the purpose of
silent modes in other classes of ion channels is not equally
obvious.

Tissue-specific control of AQP1 ion channel availability is log-
ical given differences in the functional goals of organs; not all
tissues in which AQP1 is highly expressed would benefit from the
presence of a large-conductance cationic current. For example,
calculations from proximal tubule model suggested that a trace
population of active AQP1 ion channels (equivalent to that seen
in the oocyte expression system) would be sufficient to measur-
ably influence Na™* reabsorption (Yool and Weinstein, 2002).
Thus, the water-to-ion channel ratio of AQP1 might be a target of
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convergent control mechanisms, influenced by lipid environ-
ment, posttranslational modifications, cytoskeletal associations,
or protein—protein interactions with molecules such as EphB2
tyrosine receptor kinase, anion transporters, and others (Cowan
et al., 2000). Membrane environment and protein interactions
govern properties of other ion channels (Konstas et al., 2003;
Guggino, 2004; Kimura et al., 2004; Lin et al., 2004; Romanenko
et al., 2004; Schreiber et al., 2004; Sorgen et al., 2004; Yanochko
and Yool, 2004; Li and Naren, 2005; Song et al., 2005; Wang et al.,
2005; Deval et al., 2006).

Ion channels and water channels are distinguished by their
substrate specificity. An intriguing combination is seen in AQP1.
In future work, it will be interesting to consider how depolariza-
tion, localized gradients of Na ™ at the water channel vestibules,
back-leak of Na™, or other mechanisms involving activated
AQP1 ion channels might contribute to the observed decrease in
the net transport of fluid across the choroid plexus barrier in
response to ANP. In the choroid plexus, unlike most epithelial
cells, the Na *-K *-ATPase transporter is located in the apical
membrane (Masuzawa etal., 1984) and provides the driving force
for fluid secretion into the ventricle. Elevation of cGMP causes
inhibition of Na™-K*-ATPase (Ellis et al., 2000), providing a
logical mechanism for achieving decreased CSF production by
downregulation of Na™ active transport. Our data suggest
cGMP-activated AQP1 ion channels also contribute to the regu-
latory response, because block of the AQP1 ionic conductance
with Cd** reverses the inhibitory effect on ANP on fluid trans-
port. This effect is opposite to what would be expected from
Cd** block of the Na *-K " -ATPase pump, which should further
suppress CSF production rather than restore it.

Pathologies and injuries associated with an imbalance be-
tween production and removal of CSF currently are limited in
treatment options such as systemic diuretics or physical shunt-
ing. Recognition of AQP1 as a regulated multifunctional channel
suggests it is a potential therapeutic target for pathological con-
ditions involving altered fluid homeostasis (edema, hydrocepha-
lus, pseudotumor cerebri, glaucoma, and others) and toxicity.
The kidney proximal tubule and choroid plexus both express
high levels of AQP1 and, coincidentally, are targets of Cd** tox-
icity (Valois and Webster, 1989; Thevenod, 2003). Expanding our
understanding of mechanisms for the selective activation and
block of aquaporin channels and their role in transmembrane
signaling and transport are areas of compelling interest for ad-
vances in research and medicine.
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