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Background: Protein-protein interaction between HCN1 and tip-link protocadherin 15CD3 suggests a role for HCN1 in
hair-cell mechanotransduction.
Results: HCN1 and HCN2 form alternate ternary protein complexes with hair-cell stereociliary proteins.
Conclusion: Alternate protein-protein interactions reflect separation of binding events for stereociliary proteins implicated in
mechanotransduction.
Significance: HCN1 is the only channel component identified as binding to a stereociliary tip-link protein.

A unique coupling between HCN1 and stereociliary tip-link
protein protocadherin 15 has been described for a teleost ves-
tibular hair-cell model and mammalian organ of Corti (OC)
(Ramakrishnan, N. A., Drescher, M. J., Barretto, R. L., Beisel,
K. W., Hatfield, J. S., and Drescher, D. G. (2009) J. Biol. Chem.
284, 3227–3238). We now show that Ca2�-dependent interac-
tion of the organ of Corti HCN1 and protocadherin 15 CD3 is
mediated by amino-terminal sequence specific to HCN1 and is
not replicated by analogous specific peptides for HCN2 or
HCN4 nor by amino-terminal sequence conserved across HCN
isoforms utilized in channel formation. Furthermore, the
HCN1-specific peptide binds both phosphatidylinositol (3,4,5)-
trisphosphate and phosphatidylinositol (4,5)-bisphosphate but
not phosphatidylinositol 4-phosphate. Singly isolated coch-
lear inner and outer hair cells express HCN1 transcript, and
HCN1 and HCN2 protein is immunolocalized to hair-cell ste-
reocilia by both z-stack confocal and pre-embedding EM immu-
nogold microscopy, with stereociliary tip-link and subcuticular
plate sites. Quantitative PCR indicates HCN1/HCN2/HCN3/
HCN4 � 9:9:1:89 in OC of the wild-type mouse, with HCN4
protein primarily attributable to inner sulcus cells. A mutant
form of HCN1 mRNA and protein is expressed in the OC of an
HCN1mutant, corresponding to a full-length sequencewith the
in-frame deletion of pore-S6 domains, predicted by construct.
The mutant transcript of HCN1 is �9-fold elevated relative to
wild-type levels, possibly representing molecular compensa-
tion, with unsubstantial changes in HCN2, HCN3, and HCN4.
Immunoprecipitation protocols indicate alternate interactions
of full-length proteins; HCN1 can interact with protocadherin
15 CD3 and F-actin-binding filamin A forming a complex that

does not includeHCN2, orHCN1 can interactwithHCN2 form-
ing a complex without protocadherin 15 CD3 but including
F-actin-binding fascin-2.

A role for HCN12 in hair cell function was first suggested by
the detection of HCN1 mRNA by in situ hybridization and
determination of full-length HCN1 mRNA sequence in a ves-
tibular model hair cell preparation isolated from the trout sac-
cule (1). Evidence of mammalian cochlear hair cell expression
of HCN1 transcript came from analysis of rat � ZAP cDNA
libraries of inner and outer cochlear hair cells (2). Protein-pro-
tein interaction protocols indicated that the cytoplasmic amino
terminus of HCN1 binds the cytoplasmic carboxyl terminus of
stereociliary tip-link protein protocadherin 15-protocadherin
15a-like protein in a trout saccular hair cell preparation and
protocadherin 15 CD3 in rat organ of Corti preparations (2).
The binding for organ of Corti proteins was Ca2�-dependent
and specific to protocadherin 15 CD3 and not replicated by
protocadherin 15 CD1. HCN1 protein was immunolocalized to
stereocilia for the teleost vestibular hair cell model and mam-
malian cochlear hair cell model with light microscopy (2), con-
sistent with putative stereociliary binding sites for tip-link pro-
teins protocadherin 15a in teleosts (3) and protocadherin 15
CD3 in mammals (4). Given that the stereociliary tip-link pro-
teins are presumed to represent the structural transduction
apparatus in hair cell mechanotransduction and have been
hypothesized to physically link to the mechanosensory trans-
duction channel(s) (5), the identification of an ion channel
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component (HCN1) that actually interacts with a tip-link pro-
tein is novel.
New studies with direct analysis of pooled samples of singly

isolated cochlear inner and outer hair cells, z-stack confocal
and immunogold protein immunolocalization, and protein-
protein interaction protocols have now yielded results consist-
entwith the specific nature of the protein-protein interaction of
HCN1 amino terminus and protocadherin 15 CD3 carboxyl
terminus in cochlear hair cells. We describe evidence for the
inclusion of HCN2 in a cochlear hair cell HCN ion channel and
the molecular mechanisms available for separate interaction of
HCN1 and HCN2 with stereociliary F-actin-binding proteins.

EXPERIMENTAL PROCEDURES

Surface Plasmon Resonance (SPR) Analysis of Binding
between HCN1 and Protocadherin 15 CD3 Expressed in Rat
Organ of Corti—Affinity-purified HCN1-N fusion polypeptide
(ligand) was immobilized on a CM5 research grade sensor chip
by amine coupling (2). Binding analysis was carried out by
injecting the affinity-purified CD3-C fusion peptide (analyte)
into the flow cells (ligand and reference cell), and the interac-
tion (response units) between analyte and ligand was recorded.
The determination of Ca2� dependence of binding was based
upon analysis of Ca2� levels in experimental solutions by
inductively coupled plasma mass spectroscopy (for details see
Ref. 2). In the examination of possible binding by the other
HCN isoforms, protocadherin 15 CD3 served as ligand, with
the amino-terminal sequence conserved across HCN isoforms
aswell asHCN2 andHCN4 amino terminus-specific sequences
serving as analytes. The expression primers for insertion of rat
HCN2-specific amino-terminal sequence, aa 1–134 (NP_
446136; supplemental Fig. 1), into the pRSET-A vector were
upstream gatGGATCCgaatggatgcgcgcgggggcggc and down-
stream gagccgcgcggcagccagtgaGAATTCgaa. (In addition,
upstream and downstream primers were designed for alternate
codon use to express peptide for the native HCN2-specific
amino terminus, reducing gc content, see supplemental Fig. 2).
Primers for rat HCN4 amino terminus-specific sequence aa
1–213 (NP_067690; supplemental Fig. 1) were upstreamgctaG-
GATCCatggacaagctgccgccgtccat and downstream tgggcca-
gagcggcttcatGAATTCactgc (restriction sites are capitalized).
HCN1 Lipid Binding—Initially, phospholipid binding to the

HCN1 amino terminus was examined with membrane strips
(Echelon Biosciences, Salt LakeCity, UT). The stripswere incu-
bated for 1 h in PBS with 1% nonfat dry milk at room tempera-
ture. Purified rat HCN1-specific amino-terminal peptide (5
�g/ml), epitope-tagged with Xpress peptide tag, was then
added to a fresh PBS � 1% milk containing protease inhibitors
(Sigma) and incubated overnight at 4 °C on a rotary shaker. The
next day, the strips were washed in PBS buffer three times (10
min each) and incubated in anti-Xpress antibody (1:7,000 dilu-
tion for 1 h at RT) to detect the fusion tag of theHCN1domains.
After washing in PBS buffer, the strips were incubated in don-
key anti-mouse-HRP secondary antibody (1:10,000 for 1 h) for
chemiluminescence detection using the detection kit (GE
Healthcare). The binding was further characterized with SPR.
The purified HCN1-specific amino terminus was immobilized
on a CM5 sensor chip (Biacore, Piscataway, NJ), and a lipid

preparation containing 10 �M phosphatidylinositol (4,5)-bis-
phosphate (PIP2) tri-ammonium salt (Avanti Polar Lipids, Ala-
baster, AL) or dipalmitoyl phosphatidylinositol (3,4,5)-trispho-
sphate (PIP3; Echelon Biosciences) was injected as analyte in
either the presence of Ca2� (92 �M) or absence of Ca2� (1 mM

EGTA). Alternatively, an L1 sensor chip (Biacore) was used to
capture PIP2 and PIP3 as ligands in binding to the HCN1-spe-
cific amino terminus as analyte (10–100 nM) in SPR analysis.
Yeast Two-hybrid Co-transformation of HCN2Carboxyl Ter-

minus and Fascin-2—The carboxyl terminus of rat HCN2 (GI:
50878266, nucleotides 1,371–2,627) was PCR-amplified from
the rat organ of Corti cDNA with the upstream primer ggc-
cGAATTCcggcgccagtaccaggagaa and the downstream primer
gtatGGATCCtcacaagttggaagagag, cloned into a yeast two-hy-
brid bait vector pGBKT7, and sequence-verified. Rat fascin-2
sequence (GI:157818956; nucleotides 1,144–1,644) was like-
wise amplified froma rat organ ofCorti cDNApreparationwith
the upstreamprimer agtcaGAATTCaacgcaagtttctgccaacac and
the downstream primer acgtGGATCCatattcccagagagcttccccc,
cloned into prey vector pGADT7, and sequence-verified. Plas-
mids were mixed (1 �g each), with co-transformation in yeast
strain AH109 according to Clontech protocols. Yeast was
plated on quadruple dropout media containing X-�-Gal and
incubated at 30 °C for 3–5 days (2).
Isolation of Inner andOuterHairCells from theCochlea of the

Adult Rat—Cochleas from ACI Black Agouti rats (4–6 weeks
of age) were dissected in physiological saline (6) on ice to yield
an organ-of-Corti fraction that included the inner hair cells and
three rows of outer hair cells attached to the osseous spiral
lamina, minus tectorial membrane. The organ of Corti sample
was incubated in 1.5 mg/ml trypsin at 37 °C in dissecting sa-
line for 15 min. After trituration with a 100-�l HPLC syringe,
the cell suspension was transferred to the well of a microscope
slide positioned on an inverted microscope stage that had been
cooled to 8 °C. Inner and outer hair cells were identified by
visual inspection at �200 magnification (Fig. 1) and drawn up
by gentle negative pressure into a 50-�m tip of a micropipette
connected by polyethylene tubing to a screw-driven syringe.
The micropipette was then quickly withdrawn from the fluid.
The fluid containing each hair cell was expelled into a 1.5-ml
microcentrifuge tube and placed on dry ice for future analysis.
The separate hair cells collected in this way were pooled to
provide adequate signal for studies of hair-cell biochemistry
and molecular biology.
Amplification of Cochlear Hair Cell Message—25–30 singly

isolated outer hair cells and a similar number of inner hair cells
were separately pooled and stored at �80 °C. The cells were
thawed on ice for 5 min, and the first-strand reaction was car-
ried out as described by the manufacturer (“Make Your Own
Mate & Plate Library System,” Clontech). One �l of random
hexamer primers, CDSIII-6 (all reagents were from Clontech),
was added to 3 �l of RNase-free water containing pooled cells.
The sample tube was then incubated at 72 °C for 2 min and
transferred to ice, and the remaining reagents (first-strand syn-
thesis buffer, DTT, dNTPs, and Moloney murine leukemia
virus reverse transcriptase, or for selected experiments,
SMARTScribe Reverse Transcriptase) were added. The mix-
turewas incubated at room temperature for 10min, followed by
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incubation at 42 °C for 10 min. One �l of SMART III-modified
oligonucleotide primer was added, mixed, and centrifuged
briefly. This step was followed by a 1-h incubation at 42 °C and
10 min at 75 °C to terminate the reaction. Then, at room tem-
perature, 1 �l of RNase H (2 units) was added and incubated at
37 °C for 20 min. The entire 10 �l was used for “long distance”
PCR (Clontech). For the latter, a 50-�l reactionwas set up using
the Advantage GC2 polymerase mix, with 5� and 3� PCR prim-
ers provided by the Clontech library system kit. PCR amplifica-
tion was carried out as follows: a hold at 95 °C for 30 s, 25 cycles
of 95 °C for 15 s alternating with 68 °C for 2 min, concluding
with a final extension at 68 °C for 2 min. The double-stranded
cDNA was stored at �80 °C.
Further amplification of the cDNA was accomplished by a

PCR utilizing gene-specific primers that crossed introns
designed with Accelrys software (San Diego) (HCN1 upstream,
gtgcagtggtgagaatcttc, and downstream, gctggtaacttgtggaatgac;
nested primers for HCN1 upstream, gggaaacagtattcctacgc, and
downstream, actgcctccttgaagaatcc; HCN2 upstream, aagttctc-
cctgcggatgttt, and HCN2 downstream, acgatccagggcgccgtg-
gtctcg). Two �l of template were used per 50-�l reaction. PCR
conditions were as follows: a hold at 95 °C for 2 min, 50–65
cycles of 95 °C for 20 s, 62 °C for 20–25 s, and 72 °C for 30–45
s, with final extension at 72 °C for 2–5 min. Water was substi-
tuted for cDNA in negative controls. All amplification products
were sequenced for molecular identification.
Confocal Microscopy and Immunofluorescence—The tempo-

ral bones from 5- to 6-week-old B629SF2/J wild-typemice were
rapidly harvested, and the cochleas were isolated and perfused
with fixative, 4% paraformaldehyde, 0.1% glutaraldehyde at
4 °C, entering the roundwindow and exiting at the helicotrema.
The labyrinthine tissues were isolated, washed with PBS three
times for 10 min, pretreated in 0.3% Triton X-100 (T-8787,
Sigma) in PBS for 5–10min, incubated in 0.1% sodium borohy-
dride for 30 min, blocked in normal sera (corresponding to the

species used to raise the secondary antibodies) for 30 min at
room temperature, and incubated with primary antibody at
4 °C overnight. The tissues were washed three times (5 min
each) and incubated at room temperature in secondary anti-
bodies for 30min each (rhodamine-phalloidin 60min), washed
three times in PBS, and mounted as surface preparations. The
primary antibodies included affinity-purified goat anti-HCN1
(targeting the carboxyl terminus of mouse HCN1, sc-19706,
Santa Cruz Biotechnology, Santa Cruz, CA; 1:50), mouse
monoclonal antibody raised to a fusion protein, corresponding
to aa 778–910 of rat HCN1 (ab84816, Abcam, Cambridge,MA,
1:100), and rabbit anti-human HCN2 amino-terminal aa 147–
161 crossing to mouse (APC-030, Alomone Labs, Jerusalem,
Israel, 1:200). Secondary antibodies included donkey anti-goat-
568 (A11057,Molecular Probes, 1:2,000), chick anti-rabbit-488
(A21441, Molecular Probes, 1:2,000), and goat anti-mouse-568
(A11031, Molecular Probes, 1:2,000). Rhodamine-phalloidin
was added at 1:100 (Molecular Probes). Surface preparations
were viewed, and 1-�m z-stack optical slices were captured
with a Zeiss meta LSM 510 with 543 nm excitation and 565–
615 emission (red) and 488 nm excitation and 500–550 nm
emission (green). Fluorescence and 3,3�-diaminobenzidine
(DAB) detection of immunoreactivity for filamin A (MAB1678,
Chemicon/Millipore, Billerica, MA) in the rat organ of Corti
was carried out as described previously (2, 7). Preabsorption
negative controls for Alomone HCN1 and HCN2 primary anti-
bodies were carried out with DAB detection on 4–5-�m sec-
tions of rat cochlea with a chicken anti-rabbit IgG-B secondary
antibody that was mouse/human-absorbed (SC-2986, Santa
Cruz Biotechnology) with results comparedwith those for non-
preabsorbed antibody. Preabsorption of the antibodies with the
respective antigenic peptides resulted in a parallel decrease in
immunostaining of stereocilia and the cell body of hair cells.
Pre-embedding Immunogold Electron Microscopy—Pre-em-

bedding immunogold was used to maintain the antigenicity in
tissues potentially lost in post-embedding procedures during
resin polymerization by heat prior to immunocytochemical
analysis. The temporal bones from 2-month-old Black Agouti
ACI rats of mixed gender were rapidly harvested, and the
cochleas were isolated and perfused with fixative, 4% parafor-
maldehyde, 0.1% glutaraldehyde at 4 °C, entering the round
window and exiting at the helicotrema. Following fixation for
1 h, the cochlear tissues were washed three times with PBS,
pretreated with 0.3% Triton X-100 for 5–10 min and 0.1%
sodium borohydride for 30 min, and blocked with 5% normal
serum (corresponding to the species in which the secondary
antibody was raised) for 30 min at room temperature. The
cochlear tissues were incubated in primary antibody overnight
at 4 °C, followed by incubationwith secondary antibodies for 30
min at room temperature. The tissues were exposed to 0.5%
OsO4 in PBS for 10 min and dehydrated in a graded ethanol
series, cleared in propylene oxide, and embedded in Epon.
Semi-thin sectionswere examinedwith aZeiss EM900 electron
microscope. Primary antibodies included a rabbit polyclonal
raised to rat HCN1 amino terminus, aa 6–24 (APC-056, Alo-
mone; 1:25), and a rabbit polyclonal raised to amino acids 147–
161 of human HCN2, identical to rat HCN2 sequence (APC-
030, Alomone; 1:200). The secondary antibody was 10 nm

FIGURE 1. Isolation of inner and outer hair cells from the adult rat organ of
Corti as described in the text and microscopically observed (�200 mag-
nification). Left panel, IHC. Right panel, OHC. Scale bar, 10 �m (IHC and OHC).
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gold-conjugated goat anti-rabbit IgG (G3779, Sigma) at 1:50.
For negative controls, we substituted equivalent rabbit IgG for
rabbitHCN1 andHCN2primary antibodies, which is appropri-
ate for affinity-purified primary antibodies.
Quantitative PCR: Characterization of HCN Isoform Expres-

sion in Organ of Corti ofWild Type andHCN1Mutant—Organ
of Corti fractions from 5- to 6-week-old B6129SF2/J wild-type
mice and HCN1 mutant B6;129-HCN1tm2Kndl/J mice (six ani-
mals each, The Jackson Laboratory, Bar Harbor, ME) were iso-
lated in ice-cold dissecting saline containing RNase inhibitor
and the mRNA converted to cDNA by standard techniques,
including a DNase step to remove genomic DNA (6). Full-
length HCN1 cDNA amplification was carried out with
upstream primer atgcagaggcagttcacctccatgc and downstream
primer gctcccgaggacatctgtctgaacaag.
Quantitative RT-PCR was carried out in 25-�l reactions in

three sets containing two replicates each. Power SYBR Green
PCR MasterMix (Applied Biosciences, Carlsbad, CA) was pre-
pared as instructed in the user protocol. Reactions were carried
out in an Opticon DNA Engine (Bio-Rad). Primers were
designed with Accelrys software targeting individual HCN iso-
forms so as not to cross to other HCN isoforms or to other
proteins and checked with two-sequence BLAST alignment
comparison. Furthermore, we obtained sequence verification
that specific primers applied to the organ of Corti cDNA actu-
ally yielded the expected individual HCN isoform. Specific
primers designed with Accelrys software included the follow-
ing: HCN1 control upstream agtcacatgctgtgcattg and down-
stream tccagagactggatcaaagc; HCN1 mutant upstream gggatg-
gctgtcttcagttcctg and downstream tgtcagctggtaacttgtgg; HCN2
upstream agattgtgaacttcaactgcc and downstream tctcggatgatg-
taatctccag; HCN3 upstream actacgagcatcgctaccag and down-
stream gggtcagcatgagcaaacag; HCN4 upstream atgaacaccgc-
taccaaggc and downstream tgtcacaaagttgggatctgc; GAPDH
upstream agtatgtcgtggagtctactg and downstream ggttcac-
acccatcacaaac.
To estimate copy number, we used primer pairs for each

HCN isoform in PCRs containing known amounts of the tem-
plate. Templates were generated by PCR amplification of a
larger portion of each sequence that contained the target
sequence and cloned in pGEMT-easy vector. Isolated plasmids
were sequence-verified before the reaction and quantified by
theQubit fluorescent system (Invitrogen). A standard curve for
each primer pair was generated from control reactions with
115–115,000 copies of plasmids containing the respectiveHCN
inserts. Duplicate reactions were carried out three times under
identical conditions, and the Ct values for each set were aver-
aged and plotted on an Excel sheet. The values of the standard
curve were calculated by Excel as follows: HCN1 mutant: y �
�3.53x � 42.65, R2 � 0.9923; HCN1 control: y � �3.79x �
43.75, R2 � 0.9937; HCN2: y � �3.45x � 41.75, R2 � 0.994;
HCN3: y � �3.76x � 43.72, R2 � 0.9965; and HCN4: y �
�3.47x � 42.97, R2 � 0.9957.
Western Blot Analysis of HCN1 Protein Fragments in the

HCN1Mutant—Thirty five�g of brain protein from theHCN1
mutant (21-day-old, B6;129-HCN1tm2Kndl/J, The Jackson Lab-
oratory) was loaded into wells of a 1� SDS-polyacrylamide gel,
according to protocols described previously (2). The Western

blot was probed with a rabbit polyclonal antibody targeting the
amino terminus of rat HCN1 that crossed to mouse (18/19 aa
identity, APC-056, Alomone, 1:2,000). Alternatively, theWest-
ern blot was probed with affinity-purified goat polyclonal anti-
body targeting sequence near the carboxyl terminus of mouse
HCN1 (sc-19706, Santa Cruz Biotechnology; 1:1,000). The sec-
ondary antibodies tagged with horseradish peroxidase were as
follows: donkey anti-rabbit IgG (sc-2317, Santa Cruz Biotech-
nology, 1:10,000) and donkey anti-goat IgG (sc-2033, Santa
Cruz Biotechnology, 1:6,000). Chemiluminescence was used
for detection. For negative controls, rabbit IgG or goat IgG
equivalent to the primary antibodies was used to probe West-
ern blots of brain from the HCN1 mutant.
Immunoprecipitation—Rat brain lysate was prepared by son-

ication of the tissue (Ultrasonicator W375 Cell Disruptor,
Qsonica, Newtown, CT) on ice in PBST containing 0.1% Triton
X-100/Tween 20 and 1� protease inhibitor mixture (G6521,
Promega, Madison,WI) followed by centrifugation (20,900 � g
for 5 min) at 4 °C. The supernatant was diluted in PBST �
protease inhibitor containing 10% glycerol, brought to a con-
centration of 1 mg/ml protein, and pretreated with protein
A-agarose beads saturated in PBST to remove nonspecific
binding proteins from the lysate. After centrifugation at
20,900 � g for 5 min at 4 °C to remove the beads (and nonspe-
cific binding proteins), the supernatant was utilized for immu-
noprecipitation overnight (4 °C) with mouse anti-human fil-
amin A (clone PM6/317, MAB1678, Chemicon), which crosses
to rat sequence, rabbit anti-human HCN2 (targeting aa 147–
161, UniProtKB/Swiss Prot Q9UL51, identical to rat HCN2
sequence, APC-030, Alomone), or goat anti-fascin-2 (EB08002,
Everest Biotech, UK). Fresh proteinA-agarose was added for 30
min at 4 °C, and the beads were pelleted by centrifugation
(1,370 � g), washed five times in cold 1� PBST � protease
inhibitor containing 10% glycerol, and heat-denatured in SDS
gel loading dye in boiling water for 10min prior to electropho-
resis (2). PVDF membrane blots of the gel were blocked
with 1% nonfat milk in PBST (and 1% BSA for protocadherin
15 CD3) and incubated with primary antibodies against fil-
amin A (Chemicon), HCN1 (Santa Cruz Biotechnology),
protocadherin 15 CD3 (Covance, Princeton, NJ, custom
chick antibody raised against rat protocadherin 15 CD3 car-
boxyl-terminal epitope, SSTGEDSAPESQRSRTHKPSGPSN,
GenBankTM accession number XP_001079990), or HCN2
(Alomone). HCN1 and protocadherin 15 CD3were analyzed in
brain lysate immunoprecipitated with HCN2, and HCN2 and
HCN1 (and protocadherin 15 CD3) were analyzed in brain
lysate immunoprecipitated with fascin-2. HRP-conjugated sec-
ondary antibodies (Santa Cruz Biotechnology) were diluted
(1:6,000–1:10,000) in blocking solutions consisting of nonfat
milk (1%) in PBST (plus 1%BSA for protocadherin 15CD3) plus
2% serum corresponding to the species in which the secondary
antibodywas raised. The respective proteins were detectedwith
Western Lightning chemiluminescence (2). Negative controls
included the following: (a) brain lysate (no immunoprecipitation)�
beads� primary and secondary antibodies for detection; (b) IgG-
specific immunoprecipitation of lysate for each of the primary
antibodies used for immunoprecipitation� beads� primary and
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secondary antibodies for detection; (c) IgG � beads (no lysate) �
primary and secondary antibodies for detection.

RESULTS

Molecular Requirements for HCN1 Amino Terminus Binding
to Protocadherin 15 CD3 Determined with Rat Organ of Corti
Proteins—Previously, we obtained evidence for Ca2�-depen-
dent binding of the amino terminus of HCN1 in its entirety to
the carboxyl terminus of protocadherin 15 CD3 with KD �
5.26 � 10�8 at 61 �M Ca2� (2). The amino termini of the HCN
isoforms include an isoform-specific sequence followed by an
isoform-conserved sequence up to the first transmembrane
domain (supplemental Fig. 1). The specific amino termini for
the HCN2-HCN4 isoforms have limited identity to HCN1,
ranging from 10 to 15%, with amino acid similarity ranging
from 15 to 20%. A mechanism for Ca2� dependence would

reside in the HCN1-specific terminus as opposed to amino ter-
mini of other HCN isoforms. The HCN1-specific amino termi-
nus incorporates an EF hand-like sequence (aa 11–18), SRD (aa
13–15), and DGC aa 16–18, cited as Ca2�-binding motifs,
which are not replicated in specific amino-terminal sequences
for HCN3 and HCN4. HCN2 includes SRD at aa 64–67 but
does not include the motif DGN. In contrast to the specific
amino-terminal sequences, the conserved regions of the amino
termini exhibit 96% identity across all HCN isoforms.
In the present investigation, the HCN1-specific amino-ter-

minal sequence was found to be sufficient for Ca2�-dependent
binding to protocadherin 15 CD3 by SPR analysis (Fig. 2,A and
B, comparedwithC; seeTable 1), with aKD value for theHCN1-
specific amino-terminal sequence of 3.75 � 10�8 M compared
with a KD value of 4.05 � 10�8 M for the full HCN1 amino
terminus, both at 100 �M Ca2�. The HCN1 conserved amino

FIGURE 2. Molecular requirements for HCN amino terminus binding to protocadherin 15 CD3 determined with SPR for rat organ of Corti proteins.
A, SPR for HCN1-specific (nonconserved) amino terminus sequence as follows: protocadherin 15 CD3 as ligand, HCN1-specific (nonconserved) amino terminus
as analyte at 100 nM; 100 �M Ca2� (light green), 1 mM EGTA (turquoise); buffer control (100 �M Ca2�, black). B, HCN1-specific amino terminus as analyte at 100
nM; 100 �M Ca2� (pink, black, and turquoise, three repeats); buffer control (red). C, HCN1 full-length amino terminus as analyte at 100 nM; 100 �M Ca2� (green),
26.5 �M Ca2� (black), 1 mM EGTA (turquoise). D, conserved HCN1 amino-terminal sequence as analyte at 200 nM; 100 �M Ca2�. E, HCN2-specific amino terminus
as analyte at 100 nM, 100 �M Ca2� (red); HCN1-specific amino terminus at 100 nM, 100 �M Ca2� (green). There is no binding of the HCN2-specific amino-terminal
sequence to protocadherin 15 CD3. F, HCN4-specific (nonconserved) amino terminus as analyte at 100 nM, 100 �M Ca2� (red); HCN1-specific (nonconserved)
amino terminus as analyte at 100 nM, 100 �M Ca2� (blue). There is no binding of HCN4 to protocadherin 15 CD3. A–F, three SPR determinations were performed
for each condition/construct. (For KD values, see Table 1.) RU, response units.
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terminus did not bind (Fig. 2D) nor was there any interaction
between the specific nonconserved amino terminus of HCN2
or HCN4 with protocadherin 15 CD3 (Fig. 2, E and F,
respectively).
Binding of the Rat HCN1-specific Amino Terminus to

Phospholipids—The amino termini of other cyclic nucleotide-
gated channels bind phospholipids, thus modulating the cur-
rent. For example, residues 61–90 of CNGA2 are necessary for
PIP3 binding and suppression of CNGA2 currents, putatively
mediated by positively charged arginine residues (Fig. 3A). The
HCN1-specific amino terminus also includes those positively
charged aa residues putatively involved inCNGA2 lipid binding
(Fig. 3A). With membrane lipid strip analysis and SPR, binding
was observed for the HCN1-specific amino terminus with PIP3
and PIP2, but not with other phospholipids (Fig. 3, B–E). SPR
indicated Ca2� dependence of the binding. The KD value for
PIP3, as ligand, binding to the HCN1-specific amino terminus,
as analyte, was 2.75 � 10�9 M (Table 1, 92 �MCa2�). The com-
parable KD value for PIP2 was 3.38 � 10�8 M (Table 1, 92 �M

Ca2�).
Amplification of Cochlear Hair Cell HCN1 and HCN2

cDNA—The question of HCN1 transcript expression by
cochlear inner and outer hair cells, in addition to protein
expression previously examined (2), was further addressed
by application of specific primers to the cDNA from pooled
samples of individually isolated and morphologically docu-
mented inner and outer hair cells from the adult rat cochlea.
Primers designed to cross introns elicited amplification of
the product of predicted size, 397 bp, from the cDNA of
multiple sets of inner and outer hair cells from the rat
cochlea (Fig. 4A). The IHC product gave 100% nucleotide
identity to rat HCN1. The OHC product was amplified with
a nested primer that yielded a PCR product with 100% iden-
tity to rat HCN1 nucleotide sequence. Specific primers for
HCN2 elicited amplification of HCN2 cDNA of predicted
size, 209 bp, from cochlear outer hair cells with 100% nucle-
otide identity to rat HCN2 sequence (Fig. 4B).
Confocal Immunofluorescence for HCN1 andHCN2 inOrgan

of Corti of the Adult Mouse—HCN1 protein was immunolocal-
ized to cochlear hair cells within the organ of Corti with both
z-stack confocal microscopy and pre-embedding electron
microscopy for multiple primary antibodies. In a three-dimen-
sional reconstruction of 43 z-stack 1-�m optical slices of a sur-
face preparation of mouse organ of Corti (Fig. 5, A and B),
HCN1 immunofluorescence (red) from the use of the Abcam
HCN1 antibody was localized to OHC stereocilia. The optical

slices used for reconstruction would extend to subcuticular
sites. Immunofluorescence for inner hair cell stereocilia regions
was visible butmore sparse (Fig. 5,A andB, red). HCN1 protein
was also immunolocalized to type I afferents beneath the inner
hair cell and in type II afferents beneath the OHC. There was
considerably less immunofluorescence for HCN2 (Fig. 5,A and
B, green) (Alomone antibody) than for HCN1 in the cochlear
outer hair cells for this combination of antibodies. Strong signal
for HCN2, however, was found in extensions of Deiters’ sup-
porting cells adjacent to outer hair cells at the level of the retic-
ular lamina in the three-dimensional reconstruction (Fig. 5A).
HCN2 immunofluorescence co-localized with HCN1 in type I
afferents below the IHC (Fig. 5, A and B, overlap in yellow).

Similar results for immunolocalization of HCN1 to outer
hair cell stereocilia were obtained for a second source of pri-
mary antibody for HCN1 (Santa Cruz Biotechnology) (Fig. 5C,
red, 1-�m optical section). HCN1 immunofluorescence was
localized to the inner portion of the stereociliary array in the
classic inverted W formation, which would correspond to the
tops of the shorter stereocilia. Immunofluorescence for HCN2
(Fig. 5D, green, 1-�m optical section) (Alomone) overlapped
that of HCN1 in outer hair cell stereocilia (Fig. 5E, yellow) and
in addition appeared to extend beyond immunofluorescence
for HCN1 at stereociliary sites.
In the above localization experiments, both HCN1 and

HCN2 antibodies were applied together. In contrast, consider-
ably more immunoreactivity was observed for the same HCN2
primary antibody in stereociliary arrays of both outer and inner
cochlear hair cells when this antibody was applied separately
and only compared with rhodamine-conjugated phalloidin
detecting F-actin in secondary antibody incubations (Fig. 5,
F–I). The differences inHCN2 immunoreactivitywith the same
antibody and concentration may reflect competition by HCN1
and HCN2 primary antibodies at the HCN antigenic sites (Fig.
5, A–E) in the first comparison as opposed to lack of competi-
tion in the second comparison, with the HCN2 antibody the
only primary antibody in the latter localizations of HCN2 and
phalloidin (Fig. 5, F–I).
Electron Microscopic Immunolocalization of HCN1 and

HCN2 in Cochlear Hair Cells of the Adult Rat—Increased res-
olution of HCN1 and HCN2 isoform immunolocalization was
sought with EM immunogold in a second rodent species. Pre-
embedding protocols were utilized to maximize antigenicity
potentially lost in post-embedding protocols requiring high
temperatures to polymerize embedding media. Immunogold
for HCN1 (with the Alomone primary antibody) was localized

TABLE 1
Interaction of HCN1 amino-terminal region with binding partners
Rate constants for association and dissociation (mean� S.E., n� 3 for each value) were obtained from original surface plasmon resonance plots by the use of BIAevaluation
software (Biacore, Piscataway, NJ). Best fits of curves were determined corresponding to a Langmuir binding model (62). Equilibrium binding constants were calculated
from the ratio of means of the rate constants. “Specific” HCN1-N (HCN1 amino-terminal sequence) included aa 1–78, and “full” HCN1-N encompassed aa 1–127. Ca2�

concentration was 100�M for binding betweenHCN1-specific amino terminus andHCN1 full-length amino terminus and protocadherin 15 CD3. Experiments carried out
examining binding between HCN1-specific amino terminus and phospholipids included Ca2� at 92 �M. Kinetic constants for phospholipid binding were determined with
HCN1 as analyte and phospholipid as ligand. PCDH CD3, protocadherin 15 CD3.

Binding partner KA KD ka kd
M�1 M M�1 s�1 s�1

PCDH CD3 (specific HCN1-N) 2.66 � 107 3.75 � 10�8 2.21 � 0.70 � 105 8.30 � 2.78 � 10�3

PCDH CD3 (full HCN1-N) 2.47 � 107 4.05 � 10�8 6.12 � 1.74 � 104 2.48 � 0.80 � 10�3

PIP3 (specific HCN1-N) 3.64 � 108 2.75 � 10�9 9.92 � 6.06 � 105 2.73 � 0.61 � 10�3

PIP2 (specific HCN1-N) 2.96 � 107 3.38 � 10�8 1.03 � 0.34 � 105 3.49 � 1.81 � 10�3
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in OHC to apical (and lateral) sites of stereocilia and concen-
trated below the cuticular plate (Fig. 6,A,A1, A2, andB) with no
gold in IgG negative controls (supplemental Fig. 3C). HCN1
immunogold was also found on IHC stereocilia (Fig. 6C and
supplemental Fig. 3A), at sites cross-linking the stereocilia.
HCN1 immunogoldwas localized to type II afferents at the base
of the cochlear OHC (Fig. 6D and supplemental Fig. 3B), con-
sistent with results from three-dimensional reconstruction of
z-stack optical sections of HCN1 immunofluorescence obtained
with the AbcamHCN1 primary antibody for adult mice.

HCN2 immunogold was localized to apical (Fig. 6, E–I) as
well as midlateral (Fig. 6, E and E1) positions on OHC stereo-
cilia with some evidence of labeling of adjacent taller stereocilia
(Fig. 6, E1 and F) as well as labeling of putative tip-link sites at
the top of shorter stereocilia (Fig. 6, G and I). Again, as for
HCN1, HCN2 immunogold was present at subcuticular plate
sites (Fig. 6, E and E2), but unlike HCN1, HCN2 was not found
in type II afferents at the base of cochlearOHC (not illustrated),
a result also consistentwith findings fromconfocalmicroscopy.
Taken together, the immunohisto/cytochemical localizations

FIGURE 3. Interaction between the HCN1-specific amino terminus with PIP3 and PIP2. A, rat olfactory CNGA2 amino terminus: residues 61–90 (highlighted
in yellow) are necessary for PIP3 binding and suppression of CNG channel currents (arginine residues putatively used in CNGA2 binding to PIP3 are highlighted
in blue). Bold italicized sequence is first membrane spanning region. Rat HCN1 amino terminus: positively charged aa residues putatively involved in lipid
binding are highlighted in blue. HCN1 amino terminus: sequence that is conserved across HCN isoforms is boldface and underlined. B, membrane lipid strip
analysis of binding to the specific, nonconserved amino terminus of rat HCN1. Of the 16 lipid components, binding was observed for PIP3 and PIP2. C, SPR for
interaction of HCN1 and phospholipids is as follows: bar 1, PIP2 � Ca2�; bar 2, PIP2 � EGTA; bar 3, PIP3 � Ca2�; bar 4, PIP3 � EGTA; bar 5, buffer; means � S.E. are
indicated. ***, PIP2 � Ca2� versus PIP2 � EGTA, p � 0.01; ****, PIP3 � Ca2� versus PIP3 � EGTA, p � 0.001 (two-tailed t test for difference of means for small
samples, n � 5). The cytoplasmic amino terminus of rat HCN1 was expressed and purified as a histidine-tagged fusion peptide and used as ligand in surface
plasmon resonance analysis on a CM5 sensor chip. 10 �M of each phosphatidylinositol served as analyte in either 92 �M Ca2� or 1 mM EGTA. Three experiments
were carried out, each with n � 5, yielding similar results. D, representative sensorgrams showing interaction of rat HCN1-specific amino terminus (ligand) with
PIP3 (10 �M) (analyte) in either 92 �M Ca2� (black) or in 1 mM EGTA (pink). E, representative sensorgram illustrating interaction of PIP2 (10 �M) (analyte) in either
92 �M Ca2� (black) or 1 mM EGTA (green) with HCN1-specific amino terminus (ligand). D and E, five SPR determinations were performed for each condition/
construct per experiment, and multiple experiments were carried out. RU, response units.
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for HCN2 suggest the possibility that HCN2 may have more
than one stereociliary site.
Quantitative PCR forHCN IsoformExpression in theOrgan of

Corti of HCN1 Wild-type and Mutant (HCN1�/�) Mice—A
mouse mutant for HCN1, HCN1�/�, created by an in-frame
deletion of pore � S6 transmembrane domain (8), was exam-
ined for both transcript and protein expression of mutant
HCN1. Although there appears to be no question that the
slower component of HCN channels (Ih) in the mutant reflects
the removal of full-length HCN1, the initial “instantaneous”
HCN current, Iinst, remains in themutant mouse (9). The ques-
tion that arises for this in-frame deletion is whether a mutated
version of HCN1 protein is produced and, in particular,
whether the HCN1 amino terminusmight be still expressed, be
available to bind to protocadherin 15 CD3 (2), and be detected
by primary antibodies targeting the HCN1 amino terminus.
Furthermore, we wondered whether removal of full-length
HCN1 in theHCN1�/� mouse would be accompanied by com-
pensatory quantitative changes in expression in the organ of
Corti of a mutant form of HCN1 and the remaining HCN iso-
forms, HCN2, HCN3, and HCN4.
Primers were designed to encompass the deleted pore �

transmembrane S6 domain (Fig. 7A, black horizontal arrows 3
and 4), and separately the full amino terminus of HCN1 (Fig.
7A, black horizontal arrows 1 and 2), and applied in PCR to
HCN1�/� brain cDNA. The PCR product covering the deleted
region clearly corresponded to the predicted size product (120
bp; wild type would be 340 bp, see Fig. 7B) with contiguous
mRNA sequence before and after the deletion of the pore and
sixth transmembrane region corresponding to exon 4 (Fig. 7D).
The amino acid sequence that would be expressed for the in-
frame deletion predicted by sequencing of the PCR product for
HCN1 in themutant is indicated in Fig. 7E (highlighted inpink).
The PCR product predicted for the wild-type amino-terminal
sequence (379 bp) was amplified from HCN1�/� brain cDNA
(Fig. 7C), yielding the wild-type HCN1 nucleotide sequence.
To investigate possible HCN1 peptide expression in the

brain of the in-frame HCN1�/� mutant, we carried out West-

ern blotswith antibodies targetingHCN1 amino- and carboxyl-
terminal amino acid sequences. Western blots performed for
35-�g quantities of HCN1�/� brain protein (considerably
more than the 15-�g quantities originally analyzed (8)) demon-
strated that HCN1 protein fragments remained in the HCN1
mutant whether detected by an amino-terminal targeting anti-
body (Fig. 7F) or a carboxyl-terminal targeting antibody (Fig.
7G). Western blots of HCN1�/� brain protein in negative con-
trols, probed with the equivalent amounts of corresponding
IgGs, were unlabeled (Fig. 7H). These results were consistent
with full-length protein translation minus the pore � S6, plus
HCN1 peptide fragments. (Fig. 7, F and G, red arrows show
doublet bands, present in both blots, representing longest frag-
ments, with the lower band consistent with predicted mass of
mutant HCN1 protein, 93.6 kDa, and the upper band, a glyco-
sylated version as reported for wild type; Ref. 10.)
Full-length transcript expression of HCN1 was also exam-

ined for an isolated organ of Corti fraction from the cochlea of
the HCN1�/� mutant. Agarose gel separation of HCN1 prod-
ucts from RT-PCR indicated reduced size for the HCN1�/�

sequence corresponding to the deletion of pore and S6 com-
pared with wild-type expression (Fig. 8A). Nucleotide
sequences for HCN1 in the organ of Corti cDNA from the
mutant demonstrated again, as for brain, contiguous mRNA
sequence before and after the in-frame deletion of the pore
filter and sixth transmembrane region (Fig. 8B, arrow shows
splice location between exons 3 and 5; exon 4 is deleted in the
mutant). Quantitative PCR indicated transcript expression of
HCN1/HCN2/HCN3/HCN4� 9:9:1:89 in organ of Corti of the
wild-type mouse. Immunoreactivity for HCN4 protein in the
organ of Corti of the wild type is primarily attributable to non-
hair cell sources, i.e. the inner sulcus cells (with DAB detection,
not illustrated), presumably correlating with the relatively ele-
vated level of transcript for HCN4 in wild-type organ of Corti.
Levels of the mutant form of HCN1 in the organ of Corti of the
HCN1�/� were elevated by a factor of nine times (900%) the
level of HCN1 transcript in wild-typemice, withHCN2,HCN3,

FIGURE 4. Amplification of HCN1 and HCN2 cDNA from cochlear inner and outer hair cells. A, agarose gel for HCN1 PCR indicating amplification from the
cochlear inner and outer hair cell cDNA of predicted 397-bp product crossing intron (white arrows). Nucleotide sequencing of uncloned rat HCN1 amplification
product from cochlear IHC indicated 100% identity to rat HCN1. Nested primers applied in PCR to the OHC 397-bp product elicited amplification of HCN1 cDNA
with 100% identity to rat HCN1 nucleotide sequence. The adjacent lanes (IHC and OHC) with a second set of primers for HCN1 yielded negative results.
B, agarose gel for amplification of HCN2 cDNA from rat cochlear outer hair cells (209 bp, crossing intron, black arrow) with 100% nucleotide identity to rat HCN2.
S, 1-kb standards; B, water blanks.
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andHCN4 levels little changed for theHCN1�/�mutant versus
wild type (Fig. 8C).
Actin-linked Protein-Protein Interactions for HCN1 and

HCN2 by Immunoprecipitation for the Wild Type (Rat)—The
possibility of a molecular pathway via protein-protein interac-
tions linking the HCN isoform HCN1 to F-actin-binding fil-
amin Awas explored. Immunoreactivity to filamin Awas local-
ized to stereocilia of cochlear inner and outer hair cells (Fig. 9,A
andB). Immunoprecipitation protocols with anti-filaminApri-
mary antibody carried out on rat brain lysates indicated that a
ternary complex can be formed between full-length filamin A
and HCN1 and protocadherin 15 CD3 (Fig. 9, C, F, andG; sup-
plemental Fig. 4, A and B for additional IgG negative controls),
a complex that did not include HCN2 (Fig. 9I). In contrast,
anti-HCN2 primary antibody immunoprecipitated HCN1 (Fig.
9J; supplemental Fig. 4C for IgG negative control), consistent
with HCN1-HCN2 channel formation via the conserved amino
terminus (11), and the complex immunoprecipitated by HCN2
did not contain protocadherin 15 CD3 (Fig. 9K). In addition,
evidence was obtained that HCN2 itself interacts, via its car-
boxyl terminus, with F-actin-binding fascin-2 (Fig. 9, L andM,
and supplemental Fig. 4D for IgG negative control) in a com-
plex that includes HCN1 (Fig. 9N) but not protocadherin 15
CD3 (not illustrated).

DISCUSSION

HCN (hyperpolarization-activated, cyclic nucleotide-gated)
cation currents (12) include two components as follows: Iinst, a
voltage-independent instantaneous current (13–20) requiring
low physiological (10 mM) concentrations of [Cl�]i (20), and Ih,
a slowly activating voltage-dependent and inwardly rectifying
cation current (21), which is not dependent on [Cl�]i (20). Iinst
and Ih have been further distinguished on the basis of differen-
tial responses to prior hyperpolarization (20) and to extracellu-
lar Cs�. [Cs�]o is a potent inhibitor of Ih but not of Iinst (18),
except in the circumstance of increases of Iinst with prior hyper-
polarization (Ref. 20; however, see Ref. 9). Furthermore, only Ih
is sensitive to a mutation of the GYG motif in the selectivity
filter of the pore, i.e. this motif and portion of the pore are not
required for Iinst (22). Given that Iinst can be regulated sepa-
rately from Ih (13, 18, 20, 22–24), the possibility has been sug-
gested that Iinst arising from HCN isoform expression could
represent a “second configuration of recombinant HCN chan-

nels” from that underlying Ih (18) or derive from separate pop-
ulations of ion channels from those contributing to Ih (23).

Mechanical stimuli can affect HCN channel function. HCN1
would be associated with mechanical stimuli through its inter-
action with filamin A (25), an actin-binding protein that does
not interact with either HCN2 or HCN4. Mechanical strain in
actin networks differentially regulates protein-protein interac-
tions of filamin A, specifically to the cytoplasmic tails of �-in-
tegrins and FilGAP (26), providing a “direct and specificmolec-
ular basis for cellular mechanotransduction” (26). Stretch can
be a stimulus for HCN2, reported to accelerate hyperpolariza-
tion-induced activation aswell as depolarization-induced deac-
tivation of Ih derived from heterologous expression of HCN2
(24). Hypo-osmotic cell swelling induces activation of HCN2,
dependent on the integrity of actin (27). The molecular path-
ways underlying the association of HCN2 with actin are
unknown (27). HCN2 underlies mechanically driven action
potentials in nociceptors mediating pain sensation (28).
The effect of mechanical stimulation on HCN channels in

inner ear hair cells is unknown. A possible role in stereociliary
function would relate to activation of HCN channels with
hyperpolarization and/or contribution to the initial very rapid
cation influx of MET. It is interesting that Iinst is dependent on
the frequency of hyperpolarizing pulses (20). Ih in other sensory
receptor cells is suggested to have a modulatory role, providing
a “tunable element” (24), and for rod and cone photoreceptor
cells, providing a mechanism to make the light response more
transient (9, 29). HCN1, the predominant HCN isoform
expressed in cone photoreceptors, modulates photocurrent
input, speeding up the light response (29).
Previously, we found that the cytoplasmic amino terminus of

HCN1, the primary full-lengthHCN isoform expressed in trout
saccular hair cells (1), binds the cytoplasmic carboxyl-terminal
domain of a tip-link protein, protocadherin 15a-like protein (2).
HCN1 was immunolocalized to discrete sites on saccular hair-
cell stereocilia, consistent with gradated distribution expected
for tip-link sites of protocadherin 15a. HCN1message was also
detected in cDNA libraries of rat cochlear inner and outer hair
cells, andHCN1proteinwas immunolocalized to cochlear hair-
cell stereocilia. As predicted by the trout hair cell model, the
amino terminus of rat organ of Corti HCN1 was found by yeast
two-hybrid analysis to bind the carboxy intracellular terminus
of protocadherin 15, specifically protocadherin 15 CD3, a tip-

FIGURE 5. z-Stack confocal immunofluorescence analysis of HCN1 and HCN2 protein expression in the organ of Corti of the adult mouse. A and B,
three-dimensional reconstruction of 43 1-�m confocal optical slices, indicating immunofluorescence (red) for HCN1 (Abcam 1:50) and HCN2 (green) (Alomone,
1:200) in the organ of Corti of the adult mouse. Immunofluorescence for HCN1 was localized to stereociliary arrays for outer hair cells, which in the reconstruc-
tion extended to subcuticular sites (A, short arrow). Immunofluorescence (red) for inner hair cell stereociliary regions was visible but more sparse (A, arrowhead).
HCN2 immunoreactivity (green) co-localized with HCN1 in afferents beneath the inner hair cells (A and B, yellow, long arrows). Afferents beneath outer hair cells
contained primarily immunofluorescence for HCN1 (A and B, red, medium arrows). The situation that was set up was potentially one of possible competition
between HCN1 and HCN2 primary antibodies. Regions of intense immunoreactivity for HCN2 appeared adjacent to the outer hair cells, consistent in position
to extensions of Deiters’ cells (A, short arrow with dot). Scale bars for A and B, 20 �m. B, second position of three-dimensional reconstruction of z-stack confocal
optical slices. The results were consistent with differential distribution of HCN1 and HCN2 in cells of the organ of Corti and differential expression at intracellular
sites. C, 1-�m optical section 3 �m in from beginning position of the z-stack, illustrating HCN1 immunofluorescence (red, Santa Cruz Biotechnology) in cochlear
outer hair cell stereociliary arrays, with arrows pointing to two individual inner rows of stereocilia in the stereociliary array. Scale bars for C–E, 4 �m. D, 1-�m
optical section (paired with C), showing HCN2 immunofluorescence (green, Alomone) in OHC stereocilia (arrow). E, confocally determined overlap (yellow) of
HCN1 (C) with HCN2 (D) in stereocilia of OHC (arrow). F, z-stack confocal imaging of HCN2 immunofluorescence (green) in cochlear outer hair cell stereocilia
(short arrows) and inner hair cell stereocilia (medium arrow), 0.3-�m optical section (0.6 �m into z-stack) for HCN2 and phalloidin combination. Scale bars for
F–H, 20 �m. G, rhodamine-coupled phalloidin detection of F-actin (red) in cochlear hair cell stereocilia. H, confocal overlap of HCN2 with phalloidin (yellow) in
cochlear outer hair cell stereocilia (short arrows) and inner hair cell stereocilia (medium arrow). I, magnified view of HCN2 overlap with phalloidin in IHC
stereocilia (arrow). Scale bar, 10 �m.

HCN1 and HCN2 Form Alternate Stereociliary Protein Complexes

NOVEMBER 2, 2012 • VOLUME 287 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 37637

http://www.jbc.org/cgi/content/full/M112.375832/DC1
http://www.jbc.org/cgi/content/full/M112.375832/DC1
http://www.jbc.org/cgi/content/full/M112.375832/DC1
http://www.jbc.org/cgi/content/full/M112.375832/DC1


link protein thought to be associated with hair cell mechano-
sensory transduction. Binding between HCN1 and protocad-
herin 15 CD3 was confirmed with pulldown assays and surface
plasmon resonance analysis, both predicting dependence on
Ca2�. In the presence of calcium chelators, binding between

HCN1 and protocadherin 15 CD3 was characterized by a KD �
2.39� 10�7 M. Ca2� at 26.5–68.0�M promoted binding, with a
KD � 5.26 � 10�8 M (at 61 �M Ca2�). Binding by deletion
mutants of protocadherin 15 CD3 pointed to aa 158–179
(GenBankTM accession numberXP_238200), with homology to
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the comparable region in trout hair-cell protocadherin 15a-like
protein, as necessary for binding to HCN1. Amino terminus
binding of HCN1 to HCN1, hypothesized to underlie HCN1
channel formation (11), was also found to be Ca2�-dependent,
although the binding was skewed toward a lower effectivemax-
imum [Ca2�] than for the HCN1 interaction with protocad-
herin 15 CD3. We hypothesized that competition may there-
fore exist in vivo between the two binding sites for HCN1, with
binding of HCN1 to protocadherin 15 CD3 favored between
26.5 and 68 �M Ca2� (2), concentrations of calcium associated
with the mechanotransduction channel closure during adapta-
tion (30).
Further characterization of HCN1 binding to protocadherin

15 CD3 emphasizes the specificity of the protein-protein inter-
action. Localization of both transcript and protein for HCN1 to
cochlear hair cells has been confirmed. The amino-terminal
peptide sequence specific to HCN1 is sufficient for HCN1
interaction with protocadherin 15 CD3. Neither the amino-
terminal sequence found in HCN1 that is conserved across
HCN isoforms, nor the HCN2- or HCN4-specific amino ter-
mini, will substitute, as evidenced by SPR analysis. The first
77-amino-terminal amino acids of HCN1 therefore appear to
be key for the interaction and consequent molecular interac-
tion. A phospholipid interaction for the specific amino termi-
nus of HCN1 has also been identified as follows: PIP3 and PIP2
bind with KD values of 2.75 � 10�9 and 3.38 � 10�8 M, respec-
tively. PIP2 is reported to enhance the opening of hyperpolar-
ization-activated cyclic nucleotide-regulated (HCN) channels
(apparently for Iinst and Ih), shifting activation gating to more
positive voltages (31). Coincidentally, PIP2 is required for both
hair cell mechanotransduction and adaptation (32).
Further resolution of immunolocalization of HCN1 protein

(2) has been obtained in this study with z-stack confocal immu-
nofluorescencemicroscopy and three-dimensional reconstruc-
tion for commercially available HCN1 antibodies applied to the
mouse cochlea. Immunolabeling for each antibody yielded the
same result, localization of HCN1 protein to the stereocilia of
cochlear hair cells. Pre-embedding electron microscopic (EM)
immunogold protocols for rat cochlea with a third commer-
cially available antibody confirmed the results for HCN1
obtained with z-stack confocal microscopy for the mouse and
additionally confirmed that HCN1 protein is concentrated in
subcuticular plate regions of cochlear outer hair cells, not dis-
similar to the localization of protocadherin 15 (33), which binds
to HCN1.
Evidence for a second HCN isoform, HCN2, at stereociliary

sites was obtainedwith both confocal and EM immunolocaliza-
tions. The immunogold localization sites of HCN1 and HCN2

on stereocilia were noted to be similar to those of tip-link pro-
teins protocadherin 15 CD3 and cadherin 23 (5). The determi-
nation that immunogold labeling of stereocilia and subcuticular
plate was correlated, for bothHCN1 andHCN2, in pre-embed-
ding immunogold EM in this study speaks to the overall speci-
ficity of the approach. With three-dimensional reconstruction
of z-stack optical slices, we confirmed co-localization of HCN1
and HCN2 in type I afferents (34) and provided new informa-
tion with both z-stack confocal and immunogold microscopic
protocols that HCN1 is also found in type II afferents beneath
the outer hair cells.
Evidence from direct analysis of isolated cochlear hair cells

indicates that both outer and inner hair cells express the HCN1
transcript, a finding that is consistent with the results from
immunolocalization of the HCN1 protein, and it confirms pre-
vious results forHCN1obtainedwith�ZAPcDNA libraries (2).
Theoretically, HCN2 andHCN4 (and HCN3) could participate
in HCN channel formation along with HCN1 in hair cells via
protein-protein interactions of their conserved amino-terminal
sequence (2, 11). Molecular results in this study place HCN2
(transcript) in cochlear outer hair cells, and immunogold local-
ization points to HCN2 protein in outer hair cell stereocilia,
consistent with the possibility that both HCN1 and HCN2 par-
ticipate in channel formation in the outer hair cell stereocilia.
Positive immunolocalization results forHCN isoforms in coch-
lear inner hair cell stereocilia have been obtained by others,
however, with the immunohistochemical specificity ques-
tioned by the previous authors due to difficulties in antibody
preabsorption (34).
Expression of HCN Isoforms by Quantitative PCR in the

Organ of Corti of Wild-type Mice and HCN1 Mutant—An
organ of Corti tissue fraction isolated from the mouse cochlea
was analyzed by quantitative PCR. This organ of Corti fraction
has been morphologically characterized and is free of stria vas-
cularis and lateral wall, spiral limbus (and tectorial membrane),
and cell bodies of the spiral ganglion (6). For the wild-type
organ of Corti (mouse), HCN1/HCN2/HCN3/HCN4 � 9:9:1:
89. According to our immunohistochemical analysis, HCN4
protein within the organ of Corti would be primarily attributa-
ble to inner sulcus cells.
Transcript expression was also examined in an HCN1

mutant created by an in-frame deletion of the pore � the sixth
transmembrane region (8). We obtained evidence for this
mutant of expression of full-length HCN1 mRNA with the in-
frame deletion in both brain and organ of Corti. Quantitative
PCR applied to the subdissected cochlear organ of Corti indi-
cated an �9-fold elevation of mutant HCN1 transcript in
HCN1�/� relative towild-type levels ofHCN1 in controls, with

FIGURE 6. Pre-embedding immunogold detection of HCN1 and HCN2 in hair cells of the organ of Corti in the adult rat. A and B, HCN1 immunogold
(Alomone antibody) is found at apical and lateral sites on stereocilia of outer hair cells (arrows) (magnified in A1) not dissimilar in position to that reported for
tip-link proteins (4). Also note that HCN1 immunogold in A is concentrated at subcuticular plate sites (short arrows) of outer hair cells (magnified in A2). Scale
bars, 500 nm for A; 250 nm for A1 and A2; 100 nm for B. C, HCN1 immunogold (arrows, Alomone primary antibody) is localized in IHC to filaments extending at
lateral positions, possibly cross-connecting stereocilia. Scale bar, 300 nm. Magnified view is shown in supplemental Fig. 3A. D, HCN1 immunogold (arrows,
Alomone primary antibody) was found in type II afferent endings (A) on OHC (H), as was observed with confocal immunofluorescence with a different HCN1
antibody (Abcam) and different rodent (mouse). Scale bar, 200 nm. Magnified view is shown in supplemental Fig. 3B; HCN2 immunogold was found at lateral
positions on taller stereocilia of OHC in the adult rat (E, arrows; magnified in E1) as well as at sites at the top of shorter stereocilia (F–I, arrows). As with HCN1,
immunogold for HCN2 was also found at sites beneath the cuticular plate (E, short arrows, magnified in E2), but unlike HCN1, HCN2 was not found in type II
afferent dendrites at the base of OHC (not illustrated), consistent with results from confocal microscopy. Scales bars, 500 nm for E; 250 nm for E1; 100 nm for E2,
and F–I.
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FIGURE 7. Expression of transcript and protein in the HCN1 mutant, HCN1�/� (8). A, diagrammatic representation of HCN1 with primer positions for RT-PCR
amplification of the amino-terminal cDNA indicated by black arrows 1 and 2 (upstream primer gggatggctgtcttcagttcctg; downstream primer ccacaagttac-
cagctgaca, 	379 bp). Black arrows 3 and 4 designate primers encompassing the pore and S6 transmembrane domains (upstream primer atggaaggcggcg-
gcaaacccaa; downstream primer gcaggcttctggattatccatccg, 	120 bp). Amino- and carboxyl-terminal positions of HCN1 amino acid sequence targeted by
primary antibodies in Western blots (Fig. 8, F and G) are indicated by red vertical arrows, respectively. B, agarose gel separation of cDNA products amplified from
brain cDNA of the HCN1�/� mutant mouse with primers situated in front and back of the in-frame deletion of the pore filter � S6 transmembrane domain.
Lanes 1 and 2 are water blanks; lane 3, standards; lanes 4 – 6 replicates with predicted 120-bp products; lanes 7 and 8, �RTs). C, agarose gel separation of cDNA
amplified (379 bp) from brain of HCN1�/� for full amino terminus of HCN1; lane 1, �RT; lane 2, standards; lanes 3–5, three separate � RT preparations; lane 6,
water blank; and lane 7, �RT. D, arrow shows splice location between exons 3 and 5 (exon 4 is deleted in the knock-out) in contiguous nucleotide sequence of
HCN1 in brain cDNA for HCN1�/� mutant. E, HCN1 wild-type amino acid sequence is presented. Transmembrane regions are highlighted in yellow. The
underlined sequence, including exon 4 (boldface), is deleted in HCN1�/�. The pore is highlighted in blue; the S6 transmembrane region (underlined) is high-
lighted in yellow. Contiguous amino acid sequence in HCN1�/� is in pink. F and G, Western blots demonstrating protein fragments of HCN1 remaining in brain
(35-�g quantities) of HCN1�/� as determined by the HCN1 amino-terminal targeting antibody (F, Alomone primary antibody raised in rabbit) and HCN1
carboxyl-terminal targeting antibody (G, Santa Cruz Biotechnology primary antibody raised in goat), evidence of full-length protein translation minus the
pore � S6. Red arrows show doublet bands, present in both blots, representing longest fragments consistent with predicted mass for HCN1 in HCN1�/� mutant
of 93.6 kDa (lower band) and presumably a glycosylated version (10) (upper band). H, IgG negative controls, left panel, Western blots of HCN1�/� brain lysate
probed with equivalent amounts of rabbit IgG (R-IgG) as used in F, and right panel, equivalent goat IgG (G-IgG) as used in G. For F–H, C � Western negative
control with brain lysate, secondary antibody, but no primary antibody. STD � standards.
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unsubstantial changes of HCN2, HCN3, and HCN4 transcript
levels.
Western analysis of HCN1 protein in the mutant, albeit for

larger amounts of protein than originally analyzed (8), indi-
cated the existence of full-length channel protein (minus the
deleted region) as well as HCN1 protein fragments detected by
HCN1 primary antibody, presumably the consequence of the
fact that the deletion of the pore and S6 was in-frame. This
detection was not dependent on the nature of the primary
HCN1 antibodies that separately targeted either the amino-

terminal (9) or the carboxyl-terminal amino acid sequence, the
latter 3� to the in-frame deletion. The remaining HCN1 frag-
ments (and full-length sequence lacking the deleted region)
would be targeted by HCN1 primary antibodies, consistent
with observed hair cell stereociliary immunostaining in the
HCN1 mutant (35), thus further validating hair cell stereocili-
ary immunoreactivity that was observed for the wild type in the
present study and in a previous investigation (2). The amino
terminus of HCN1 in the mutant would be available to bind
other HCN isoforms (HCN2) in channel formation as well as

FIGURE 8. Quantitative PCR analysis of HCN isoform expression in organ of Corti of adult mouse for wild type and HCN1�/�. A, agarose gel resolution of
PCR product for full-length HCN1 cDNA in organ of Corti for control (lane 2, predicted 	 � 2,363 bp) versus mutant (lane 3, predicted 	 � 2,144 bp),
demonstrating full-length sequence in mutant with the in-frame deletion. B, nucleotide sequence for organ of Corti HCN1 in the HCN1�/�, demonstrating
again, as for brain, contiguous mRNA sequence before and after the in-frame deletion of the pore filter and sixth trans-membrane region. Arrow shows splice
location between exons 3 and 5 (exon 4 is deleted in the mutant). C, quantitative PCR for HCN isoforms in morphologically defined mouse cochlear organ of
Corti subfraction (6) for HCN1�/� versus control. *** indicates p � 0.0026 for HCN1 in HCN1 mutant versus control 	Ct by unpaired, two-tailed t test. * indicates
p � 0.054 for HCN2 in HCN1 mutant versus control. Five sets of experiments each with two replicates per point.
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bind to protocadherin 15 CD3, given the position of the dele-
tion.Abbreviated and truncated versions ofHCN isoformswith
intact amino termini can form physiologically functional chan-
nels in combination with other full-length HCN isoforms (36).
In the heart, HCN2 is truncated with only 57% of its full-length
sequence expressed, and it apparently forms a physiologically
active channel in combination with HCN4 (36).
Electrophysiological investigations of the HCN1 mutant

indicate loss of HCN1 in the slow component Ih (9, 37) without
diminishment of the initial instantaneous current, Iinst (8, 9).
No information on the two current components is available
from in vitro heterologous expression of the HCN1 mutant
construct. Ion channel compensation has been reported in the
HCN1mutant. There is a parallel reduction in themagnitude of
IKL and Ih in bushy and octopus cells of the ventral cochlear
nucleus of the HCN1 mutant, and correlative behavior is also
observed in the wild type (37). Ih and IKx complementary con-
ductance changes have also been reported inwild-type rodpho-
toreceptors (29). GABAA current in the cortical pyramidal neu-
rons of the HCN1 mutant is increased and hypothesized to
replace Ih (38).

Protocadherin 15 Isoforms—A recent publication (39) indi-
cates deficits in the auditory brainstem response and deafness
attributable to the deletion of the intracellular cytoplasmic
domain of protocadherin 15 CD2 but not in comparable
mutants for protocadherin 15 CD3 or protocadherin 15 CD1.
The tip-links for all three splices appeared unaltered, presum-
ably due to the fact that the amino-terminal extracellular
domains for all three splice variants remained available in the
mutants to bind cadherin 23 in formation of the stereociliary
tip-links.
Curiously, hair cell mechanotransduction in the CD2 and

CD3 mutants was apparently unaltered compared with con-
trols at the early post-natal age (P7/P8) used for measurements
of outer hair cell function (39). The finding that the protocad-
herin 15 carboxyl-terminal deletionmutants did not have obvi-
ousmechanotransduction deficits represents a significant devi-
ation from theory. The protocadherin 15 tip-link proteins are
thought to be localized at the tops of shorter stereocilia, a site of
calcium influx and the presumed site of amechanotransduction
channel or complex (5, 30). The protocadherin 15 carboxyl ter-
minus, the only cytoplasmic domain in this protein, is hypoth-
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esized to couple to the channel, and its absence should impinge
hair cell mechanotransduction.
However, another interpretation exists. The interesting

question for knock-outs/mutants, in general, is which other
proteins/channelsmay be up- and down-modulated. An up-ex-
pression of the GABAA chloride channel (38) and/or down
modulation of IKL (37) have been reported for the HCN1
mutant. The change of IKL presumably occurs to maintain bal-
ance between inward and outward potassium flux regulating
themembrane potential. Also, in our experiments, quantitative
PCR indicated probable compensation, with a 9-fold increased
expression of the mutant form of the HCN1 transcript relative
to the HCN1 wild-type form in controls. In the study by Webb
et al. (39), quantitative PCR indicated, very interestingly, that
not only was the expression of CD3 splice transcript specif-
ically eliminated for the protocadherin 15 CD3 knock-out
but the expression of CD2 transcript was elevated, and by
20-fold. Given the identity/homology of the carboxyl-termi-
nal sequence in protocadherin 15 CD2 and CD3, the ques-
tion is whether protocadherin 15 CD2 can substitute for pro-
tocadherin 15 CD3 in binding to the amino terminus of
HCN1.
HCN Channels in Inner Ear Hair Cells—There is little doubt

about the existence of Ih in vestibular and lateral line hair cells
(40–42), with sequencing of full-length HCN1 transcript and
in situ hybridization-localization in saccular hair cells (1) and
immunolocalization of HCN1 protein to both the basolateral
membrane and stereocilia of hair cells in this vestibular hair cell
model (2). Furthermore, Ih has been detected in a cochlear hair
cell precursor line of the Immortomouse (43), and a cAMP-

sensitive, nonselective cation conductance has been observed
in both inner and outer hair cells of the young adult guinea pig
cochlea (44). However, in contrast, possible involvement of
HCN channels in MET is controversial. On the one hand, the
specific inhibitor of Ih and Iinst, ZD7288, blocked mechano-
transduction ofmammalian cochlear outer hair cells and type II
vestibular hair cells (35). Furthermore, ZD7288 and another
“specific” inhibitor of Ih, DK-AH269, blockedHCN channels in
hair cells of the zebrafish lateral line (42), accompanied by a
partial block of MET. On the other hand, cochlear outer hair
cells and type II vestibular hair cells from theHCN1mutant did
not reveal obvious deficits in the initial rapid inward compo-
nent ofMETcurrents elicited bymechanical stimuli, represent-
ing a test for MET (35). However, this latter finding by itself is
identical to the lack of change in Iinst reported for the HCN1
mutant HCN�/�. Whether MET was influenced in cochlear
inner hair cells or in type I vestibular hair cells of the HCN1
mutant or whether there were differences in MET adaptation
for any hair cell type was not evaluated. However, in any case,
there are differences in both overall conductance andCa2� per-
meability between HCN channels and MET. A question that
emerges is whetherMET comprises two channels (45), with the
second channel, unlike theHCNchannel, characterized by high
Ca2� permeability.
Other Ion Channels in Hair Cell Stereocilia—There is molec-

ular and electrophysiological evidence that a number of ion
channels are expressed in cochlear hair cell stereocilia.
TRPML3 (46), polycystin-1 (47), amiloride-sensitive sodium
channels (48), TRPA1 (49, 50), CFTR (51), TMC1 (52–54),
CLIC5 (55), ATP (56, 57), TRPV1 (58), TRPV4 (59), HCN1 (2),

FIGURE 9. Immunoprecipitation by primary antibodies to filamin A, HCN2, and fascin-2. Immunoreactivity for filamin A detected by DAB (A) and immu-
nofluorescence (B) (mouse MAB1678 raised to human filamin A crossing to rat; 1:1,000, clone PM6/317, Chemicon) was localized to stereocilia of both inner hair
cells (long arrows) and outer hair cells (short arrows) in rat cochlea. Scale bars for A and B, 10 �m. C, lane 1, full-length filamin A (detected with filamin A primary
antibody 1:1,000) in immunoprecipitation complex arising from the use of anti-filamin A for immunoprecipitation (1:100) from rat brain lysate. This antibody
recognizes unprocessed filamin A (270 –280 kDa, arrow, as well as 170-, 150-, and 120-kDa cleavage fragments (Chemicon)). Lane 2, negative control with brain
lysate, without anti-filamin A immunoprecipitation � beads � primary and secondary antibodies; lane 3, standards. D, additional negative control for C.
Immunoprecipitation with mouse IgG as negative control probed with antifilamin A. Lane 1, mouse IgG immunoprecipitation of brain lysate � beads, probed
with filamin A primary � donkey anti-mouse secondary. Lane 2, mouse IgG (no immunoprecipitation) � beads, probed with filamin A primary � donkey
anti-mouse secondary. Lane 3, denatured mouse IgG electrophoresis, probed with filamin A primary � donkey anti-mouse secondary. No protein was observed
corresponding to molecular mass of filamin A (arrow). E, Western blot of HCN1 (104 kDa, arrow) in rat brain lysate (1:50, sc-19706, Santa Cruz Biotechnology),
lane 1; lane 2, standards. F, immunoprecipitation by anti-filamin A of full-length HCN1. Lane 1, standards; lane 2, negative control with brain lysate without
anti-filamin A immunoprecipitation � beads � primary and secondary antibodies; lane 3, HCN1 immunoprecipitated with anti-filamin A (arrow, 104 kDa),
detected with goat anti-mouse HCN1 (carboxyl terminus) which crosses to rat HCN1 sequence (sc-19706 Santa Cruz Biotechnology). G, complex of filamin A
and HCN1 also contained protocadherin 15 CD3. Lane 1, standards; lane 2, full-length protocadherin 15 CD3 (189 kDa, arrow) immunoprecipitated
with anti-filamin A detected with custom primary antibody (1:10,000) (arrow). Goat anti-chick IgY-HRP (Santa Cruz Biotechnology) was used as the secondary
antibody (1:10,000). Lane 3, negative control without anti-filamin A immunoprecipitation but with brain lysate and protein A beads and primary and secondary
antibodies. H, Western blot of HCN2 in rat brain lysate. Lane 1, standards; lane 2, HCN2 detected with a rabbit polyclonal antibody (1:200, Alomone). Predicted
molecular masses of 95 and 127 kDa corresponding to unglycosylated (arrow) and glycosylated HCN2, respectively. I, HCN2 is not detected in the complex
immunoprecipitated by anti-filamin A. Lane 1, standards; lane 2, HCN2 bands observed in Western (H) are not detected in immunoprecipitated complex. Bands
at 170 –180 kDa may correspond to protocadherin 15 CD3, given that 5 of 15 aa in the epitope targeted by the HCN2 antibody are identical in protocadherin
15 CD3, and further given that protocadherin 15 CD3 is highly concentrated in the complex immunoprecipitated by anti-filamin A (G). J, anti-HCN2 immuno-
precipitates HCN1 from rat brain lysate. Lane 1, standards; lane 2, anti-HCN2 primary antibody (1:33, Alomone) immunoprecipitates HCN1 unglycosylated (104
kDa, arrow) and glycosylated (120 and 130 kDa) forms detected with anti-HCN1 primary antibody (Santa Cruz Biotechnology); lane 3, negative control for
immunoprecipitation with all components except anti-HCN2 antibody for immunoprecipitation (brain lysate and beads). K, anti-HCN2 immunoprecipitation
of HCN1 complex does not include protocadherin 15 CD3. Lane 1, standards; lane 2, anti-protocadherin 15 CD3 primary antibody (1:7,500), goat anti-chick
secondary antibody (1:5,000); lane 3, negative control without anti-HCN2 antibody for immunoprecipitation (brain lysate and beads). No bands were evident
for either experimental (lane 2) or negative control (lane 3) with goat anti-chick IgY as the secondary antibody. In a second protocol, a bovine anti-chick
secondary antibody (1:5,000) detected an �170-kDa protein in both experimental and negative control (not illustrated). L, HCN2 binds to fascin-2 by yeast
two-hybrid co-transformation. Row 1, HCN2 carboxyl terminus in bait vector pGBKT7 plus fascin-2 in prey vector pGADT7; row 2, negative control with fascin-2
in prey construct plus empty bait construct; row 3, negative control with HCN2 in bait construct plus empty prey construct. The co-transformation screening
was performed once, and then the desired colony was re-plated onto another selection media in triplicate, with negative controls. The same concentrations of
yeast were plated in the grids for rows 1-3. M, anti-fascin-2 immunoprecipitation of HCN2. Lane 1, standards; lane 2, 95 kDa (arrow) and 127-kDa bands,
corresponding to unglycosylated and glycosylated HCN2, respectively; lane 3 negative control without anti-fascin 2 antibody in immunoprecipitation (brain
lysate and beads). N, HCN1 is in fascin-2 immunoprecipitation complex along with HCN2. Lane 1, standards; lane 2, unglycosylated (arrow) and glycosylated
forms of HCN1 at 120 kDa. Lane 3, goat IgG immunoprecipitation negative control, with beads and all components except anti-fascin-2 for immunoprecipita-
tion. Three or more immunoprecipitation experiments were carried out for each protein in a given complex.
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CNG channels, CNGA2 and CNGA4 (60), and CNGA3 (61)
have all been implicated as either being present and/or candi-
dates for mechanotransduction channels. The multitude of
channels would by itself point to the possibility of ion channel
complexes and the possibility of separate modulation of initial
rapid inward current and adaptation. Interpretations of the role
of each channel expressed in hair cell stereocilia has often been
dependent upon the use of mutants/knock-outs of the chan-
nel with the potential difficulty of the existence of more than
one variable, i.e. indirect effects due to associated, possibly
compensatory changes in other ion channels that would
affect the overall interpretation. Furthermore, if genetic
manipulation of an inward current such as Ih can affect an
outward current, IKL (37), the possibility exists that genetic
manipulation of an outward basolateral current may also
affect an inward current.
Conclusions—Our analysis of singly isolated cochlear hair

cells that has indicated transcript expression of HCN1 together
with confocal and immunogold localization ofHCN1protein to
cochlear hair cell stereocilia and subcuticular plate sites, as well
as SPR results, are all consistent with the molecular resolution
afforded in the determinations of calcium-dependent protein-
protein interaction between HCN1 and protocadherin 15 CD3
(2). To the complex of HCN1 and protocadherin 15 CD3, we
can now add F-actin-binding filamin A, known to interact
with HCN1 (25), representing a possible mechanism to link a
stereociliary HCN1 channel to the actin-cytoskeleton in ste-
reocilia and mechanotransduction (26). Immunolocalizations
of HCN2 to tip-link sites in this study would be consistent with
the additional participation of this second HCN isoform in the
formation of stereociliary HCN channels in cochlear hair cells.
Curiously, although HCN2 immunoprecipitated HCN1, pre-
sumably via the amino-terminal sequence conserved across
HCN isoforms, it was not present in the filaminA complexwith
HCN1 and protocadherin 15 CD3. Protocadherin 15 CD3 was
not present in the complex immunoprecipitated by HCN2 that
did includeHCN1.HCN2 itself is immunoprecipitated by F-ac-
tin-binding fascin-2, and this complex includes HCN1 but not
protocadherin 15 CD3. These results are consistent with sepa-
ration ofmolecular function; HCN1 appears either to bind pro-
tocadherin 15 CD3 and filamin A or to bind HCN2. We previ-
ously showed a similar separation of molecular binding by
alteration in [Ca2�]; protocadherin 15 CD3 binding to HCN1
was enhanced at a concentration ofCa2� (associatedwith adap-
tation of mechanotransduction) that was higher than required
for binding of HCN1 toHCN1 (as occurs in channel formation)
(2). Interestingly, in all of the descriptions and characteriza-
tions of ion channels present in hair cell stereocilia, onlyHCN1,
to date, has been found to bind to a stereociliary tip-link
protein.
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