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ABSTRACT The voltage-gated Ca>* channels that effect
tonic release of neurotransmitter from hair cells have unusual
pharmacological properties: unlike most presynaptic Ca?*
channels, they are sensitive to dihydropyridines and therefore
are L-type. To characterize these Ca?* channels, we investi-
gated the expression of L-type «; subunits in hair cells of the
chicken’s cochlea. In PCRs with five different pairs of degen-
erate primers, we always obtained a;p products, but only once
an «;c product and never an a;s product. A full-length a;p
mRNA sequence was assembled from overlapping PCR prod-
ucts; the predicted amino acid sequence of the a;p subunit was
about 90% identical to those of the mammalian «;p subunits.
In situ hybridization confirmed that the a;p mRNA is present
in hair cells. By using a quantitative PCR assay, we deter-
mined that the «;p mRNA is 100-500 times more abundant
than the a;c mRNA. We conclude that most, if not all,
voltage-gated Ca?* channels in hair cells contain an a;p
subunit. Furthermore, we propose that the a;p subunit plays
a hitherto undocumented role at tonic synapses.

By controlling synaptic transmission and electrical tuning, the
voltage-gated Ca?" channels of hair cells play a key role in
auditory signaling (reviewed in ref. 1). These channels open
when mechanical stimulation of the hair bundle depolarizes
the cell membrane. The rising local Ca?>* concentration in-
creases the tonic release of neurotransmitter, which stimulates
afferent neurons (reviewed in ref. 2). The entering Ca’* also
opens Ca?*-activated K* channels that are clustered with the
Ca?* channels and repolarize the cell membrane. The inter-
play of these ion channels can electrically tune each cell to a
characteristic frequency (reviewed in refs. 3 and 4).

At most synapses, transmitter release depends on N-type or
P-type Ca?* channels, which are blocked by w-conotoxin
GIVA and w-agatoxin IVA, respectively (reviewed in ref. 5).
In hair cells, however, the Ca?" channels have different
pharmacological properties: they are sensitive to dihydropy-
ridines and therefore are L-type channels (6-9). In only a few
other cell types, such as cultured sensory neurons (10) and
retinal bipolar cells (11), have L-type channels been shown to
effect neurotransmitter release.

The drug sensitivity and permeability of a voltage-gated
Ca?* channel depend on its type of «; subunit (reviewed in ref.
12). The pore-forming «; protein is 160-240 kDa in size, with
a cytoplasmic amino terminus, four homologous repeats (I-
IV) of six transmembrane segments (S1-S6) each, and a
cytoplasmic carboxyl terminus. L-type channels contain the
product of the a;c (cardiac), the a;p (neuroendocrine), or the
ass (skeletal muscle) gene. To characterize the unusual L-type
Ca?* channels that control synaptic transmission, we sought to
determine which of these three a; genes are expressed in hair
cells of the chicken’s cochlea.
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MATERIALS AND METHODS

Histology. White Leghorn chickens (Gallus gallus) were
asphyxiated with CO, and decapitated. The temporal bones
with intact cochleae were excised and fixed overnight at 4°C
with 0.75% (wt/vol) paraformaldehyde and 2.5% (vol/vol)
glutaraldehyde in a buffer solution containing 70 mM sodium
phosphate (pH 7.4), 75 mM sucrose, and 0.9 mM CaCl,. After
two rinses in the buffer solution, the cochleae were carefully
dissected from the bone, fixed with 1% (wt/vol) OsO, in buffer
solution, dehydrated successively with ethanol and propylene
oxide, and embedded in epoxy resin consisting of EMbed 812,
Araldite 6005, dodecenyl succinic anhydride, and 2,4,6-
tris(dimethylaminomethyl)phenol (25:20:60:1 by volume;
Electron Microscopy Sciences, Fort Washington, PA). Semi-
thin sections were cut 1 um thick.

RNA and DNA Isolation. Chickens 1 week to 2 months old
were killed as above. Under a dissecting microscope, layers of
bone were shaved from the skull with a scalpel until the entire
length of each cochlea was exposed. The cochlear duct was
grasped at the lagena with fine forceps, lifted from the
temporal bone while leaving most of the ganglion behind, and
placed into low-divalent cation solution (9). After the tegmen-
tum vasculosum had been removed with fine forceps, the
basilar papilla and tectorial membrane were scraped out with
a hypodermic needle and frozen in liquid nitrogen. The brain
was also dissected and frozen. Total RNA was isolated from
these tissue samples with a solution of phenol and guanidinium
isothiocyanate (Trizol, Life Technologies, Gaithersburg, MD).
Genomic chicken DNA was purified by lysing blood-cell nuclei
in an acidic solution of guanidine hydrochloride (13).

c¢DNA Synthesis and PCR Amplification. First-strand cDNA
was synthesized with reverse transcriptase (Superscript I, Life
Technologies). A 20-ul reaction typically contained total RNA
from 10 basilar papillae or 1 ug total RNA from other tissues,
20 units of recombinant RNase inhibitor (RNasin, Promega),
and random hexamers or oligo(dT) as primers. The reaction
mixture was incubated first at 44°C for 1 h, then at 95°C for 10
min, diluted to 500 ul with a solution containing 10 mM
TrissHCI (pH 8.0) and 1 mM EDTA, and stored at —20°C.

PCRs were conducted in 20- to 50-ul volumes and typically
contained 1-2 ul diluted cDNA, 50 mM KCI, 10 mM Tris-HCI
(pH 9.0 at 25°C), 0.1% (vol/vol) polyethylene glycol-p-
isooctylphenyl ether (Triton X-100), 2 mM MgCl,, 1 uM of
each oligonucleotide primer, 0.1 mM each dATP, dCTP,
dGTP, and dTTP, and 0.03 units 7ag DNA polymerase
(Promega). An initial denaturation step at 94°C for 2 min was
followed by 30 cycles at 94°C for 1 min, 46-50°C with degen-

Data deposition: The sequences reported in this paper have been
deposited in the GenBank database (accession nos. AF027602-
AF027610).

“Present addresses: Department of Pharmacology (L.G.M.) and
Howard Hughes Medical Institute (L.J.H.), University of Texas
Southwestern Medical Center, Dallas, TX 75235.

To whom reprint requests should be addressed. e-mail: hudspaj@
rockvax.rockefeller.edu.



14884  Neurobiology: Kollmar et al.

erate primers or 55°C with nondegenerate primers for 1 min,
and 72°C for 2 min, and a final extension step at 72°C for 5 min.

The cDNA clones from the basilar papilla (Fig. 2) were
obtained with the following primer pairs (5’ to 3’; N = any
base; R=AorG;Y=CorT;D=A,G,orT; H=A, C,or
T): pSE193/194, CCGGATGTGAGTGTCATGTT, TGGT-
GCTGCTTGCATAGTTC; pSE42/43-1, GAARCCNTTYG-
AYATHTTYA, CYTCCATNGTDATRCAYTG; pSEY9/
39-1, GGNAARATGCAYAARACNTG, CAAGCAACGA-
GAAGATTATG; pSE12/13-1, TTTYAAYCGNTTYGAY-
TGYTT, CCNACRAADATRTTCATCAT; pSE4/6-1, GT-
NCARCTNTTYAARGGNAA, CCRAANACYTGCATNC-
CDAT; pSE1/3-1, GAYSCNTGGAAYGTNTTYGA,
NARRTARTCRAARTTRTCCAT; pSE14/15-1, TTYCAR-
ACNTTYCCNCARGCNGT, AAYTTNCCNACNGTNAC-
YTCRTC; pSE48/154-1, TGATGAACCAGAGGAAAAC-
AA, TGAACGCGTGGAACGACTT; and pSE141/142-1,
ATGCARCARCARATHATGGC, GTDATRCADATCAT-
YTCRTC.

The termini of the a;p mRNA in the basilar papilla were
obtained by rapid amplification of cDNA ends (14). For the 5’
end, cDNA was synthesized with the ajp-specific primer
CAGGACAATTTGTAAACTGGG and tailed with dCTP.
Consecutive PCRs with the nested ajp-specific primers AT-
ATGCATTGGGGTGTAATAATAAT and CCATATGCT-
ATAATCTTCAAAAATGT yielded only products that ex-
tended from exon 2 into intron 1, such as clone pSE94/61-1.
The 5'-most clone from the basilar papilla, pSE193/194, was
obtained only after the 5’ end of the «;p mRNA had been
isolated from a brain cDNA library (see below). For the 3’ end,
cDNA was synthesized with an anchored oligo(dT) primer.
Consecutive PCRs with the nested a;p-specific primers GA-
GAGCAGGAATATTATAGTGGAGA and CCTGGTACA-
CAGACGACCCT yielded clone pSE152/29-1; reactions with
the nested primers GGCCTGCAAGAGGTTAGT and GC-
TTTGGTTAGGACTGCTC produced clones pSE29/31-1
and -2, which diverge from the composite sequence after exons
42 and 41, respectively (Fig. 4).

Library Screening. From a library of chicken-brain cDNA in
the phage vector Agtll (CLONTECH), we isolated clones
pBr17, pBr3A, pBr13AL, and pBr16BL/S (Fig. 2) by plaque
hybridization with the radiolabeled a;p c¢cDNAs from the
basilar papilla. Screening subpools of this library by PCRs
yielded the clones pBr4S/L and pBr64A/B. To obtain addi-
tional clones from the 3’ end of the ayp mRNA, we screened
by plaque hybridization with the clones pBr64B, pBr13AL, and
pSE152/29-1 two libraries in the phage vector HybriZAP
(Stratagene) of cDNAs from cochleae at embryonic days
14-19 and from basilar papillae at 1-2 weeks after hatching.

DNA Sequencing. PCR products were ligated into the
plasmid vectors pCRII (Invitrogen) or pGEM-T Easy (Pro-
mega). Inserts in Agtll were excised with the restriction
enzyme EcoRI and ligated into the plasmid vector pBluescript
IT SK(+) (Stratagene). All cDNA clones were analyzed by
manual or, in a few cases, automated sequencing. All templates
were sequenced completely on both strands by primer walking;
27 single-base discrepancies—probably amplification errors or
sequence polymorphisms—were resolved by sequencing at
least three independent clones.

In Situ Hybridization. Cochleae were fixed in periodate-
lysine-paraformaldehyde (15), cryoprotected with 30% (wt/
vol) sucrose in a 0.1-M sodium-phosphate solution at pH 7.4,
and cryosectioned at 20-um thickness. In situ hybridizations
were conducted with digoxigenin-labeled RNA probes (16).
No staining was observed in control hybridizations without
probe or with a sense probe.

Quantitative PCR. To prepare a standard template for the
a;c mRNA, we first deleted 34 bp from cDNA clone pSE1/3-3
by replacing base pairs 313-363 with ACGCATAGAGAAG-
CACT; this clone had been obtained from the basilar papilla
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with the same primers as pSE1/3-1 but contained 0.6 kb of a¢
sequence. For the a;p mRNA, we similarly deleted 29 bp from
cDNA clone pSE9/39-1 by replacing base pairs 1919-1964.
The a; sequences in these deletion clones were then amplified
in PCRs with the same pair of vector primers, one of which was
radiolabeled. The products were purified from agarose gels
and quantitated relative to each other both by scintillation
counting and by gel electrophoresis and detection with a
phosphor-storage screen (Phosphorlmager, Molecular Dy-
namics). The values obtained with either method differed by
less than a factor of 2.

To quantitate the endogenous ajc and ayp mRNA, we
synthesized cDNA with random-hexamer primers from total
RNA of the basilar papilla and the brain; we assumed that the
isolation and reverse transcription were equally efficient for
both mRNAs. Aliquots of each cDNA were spiked with serial
dilutions of either standard; the appropriate dilutions were
established for each combination in pilot experiments. PCRs
were conducted as above, except that the number of amplifi-
cation cycles was reduced to 25 to avoid saturation, with the
primers CAGGTGTTTGGTAAAATTGCAC and GGGGT-
CGCACTTCTTGTCT (aic) or TGTAGAGCTGCAGTAA-
AATCTGTC and CAGGTGAACAAAGCCAGAAGAA
(a1p). From the endogenous «;c and a;p cDNAs, these primer
pairs amplified 293-bp and 156-bp products, respectively, both
from regions where alternative splicing has not been observed.

The PCR products were analyzed by Southern blotting. They
were fractionated in a 6% (wt/vol) polyacrylamide gel con-
taining 8 M urea (NOVEX, San Diego), transferred electro-
phoretically onto a positively charged nylon membrane, and
hybridized (ExpressHyb, CLONTECH) at 50°C for 3 h with
the radiolabeled internal oligonucleotides TACCACAGAA-
ATCAACCGCA (a1c) or ACCAAGACAATAACAAGC-
CAA (a1p). The membrane was washed thrice at 37°C for 10
min with a solution containing 4X SSC (1X SSC is 0.15 M
NaCl and 15 mM sodium citrate) and 0.1% (wt/vol) SDS and
twice at 37°C for 15 min with a solution containing 2X SSC and
0.1% (wt/vol) SDS. To detect the PCR products, a storage
phosphor screen was exposed to the membrane and scanned.
The PCR products were quantitated by summing the pixel
values for each band of the scanned image with IPLAB GEL
software (Signal Analytics, Vienna, VA). The entire quanti-
tative PCR experiment was performed twice with indepen-
dently prepared standards and cDNAs.

RESULTS

Expression of L-type a; Genes in the Basilar Papilla. We
isolated RNA and synthesized cDNA from the basilar papilla
(Fig. 14), the sensory epithelium that runs the length of the
cochlea and contains about 10* hair cells and twice as many
supporting cells (17, 18). Because «; sequences from birds
were not available, we aligned all published full-length a;c
(19-25), a1p (26-30), and s (31-33) sequences and designed
five pairs of degenerate oligonucleotide primers on the basis of
the most conserved amino acid stretches. In PCRs with these
different primer pairs and cDNA from the basilar papilla, we
always obtained products that were most similar to the mam-
malian oqp sequences, but never an a;s and only once an a;c
product. To demonstrate that these primer pairs did not
exclusively amplify o p products, we conducted PCRs with one
pair and cDNA from the chicken’s brain and obtained products
not only from a;c mRNA, but even from the more distantly
related, non-L-type aja (P/Q-type) and a;p (N-type) mRNAs.

To ascertain the cellular origin of the a;p PCR products, we
conducted in situ hybridizations. On transverse cryosections
through the cochlea, an antisense RNA probe for the aip
mRNA bound to hair cells in the basilar papilla and to the
tegmentum vasculosum, the vascular structure responsible for
maintaining the cochlea’s ionic milieu (Fig. 1B). This result
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FiG. 1. Expression of the aip subunit in cochlear hair cells. (4) Structure of the chicken’s cochlea. A semi-thin transverse section was taken
near the middle of the organ and stained with toluidine blue. The hair cells are the dark, oblong cells at the upper margin of the basilar papilla
(BP), the homolog of the mammalian organ of Corti; tall hair cells are toward the left and short hair cells are toward the right. ScV, scala vestibuli;
ScM, scala media; ScT, scala tympani; TV, tegmentum vasculosum; TM, tectorial membrane; G, cochlear ganglion. (B) Localization of ajp mRNA
by in situ hybridization. Digoxigenin-labeled antisense RNA derived from clone pBr64B was hybridized to a cryosection from a position similar
to that in 4 and detected with anti-digoxigenin antibodies in a color reaction.

confirmed that the a;p gene is expressed in hair cells of the
basilar papilla.

Full Length a;p Sequences from the Basilar Papilla and the
Brain. We first closed the gaps in the sequence from the basilar
papilla by conducting additional PCRs (Fig. 2). We also
screened cDNA libraries from the embryonic cochlea and
from the chick’s basilar papilla, but found no sequences
different from the PCR products. Among 2-10° clones from
each library, we detected 23 and 24 «p clones, respectively.
Because hair cells represent about one-third of the cells in the
basilar papilla, we estimate the abundance of the a;p mRNA
in hair cells to be about 1 in 10% To detect possible amplifi-
cation errors, we then used all the PCR products to isolate a1p
clones from a brain cDNA library (Fig. 2). We chose this organ
because a functional a;p ¢cDNA has been cloned from the
human brain (28). From these two sets of overlapping, partial
clones, we assembled full-length a;p mRNA sequences for the
basilar papilla and brain that both terminate after a consensus
polyadenylation signal (34); without their poly(A) tails, these
are 8719 bases and 8611 bases long, respectively. These com-
posite sequences are identical except for three alternatively
spliced exons (35).

Three lines of evidence suggested that translation starts at
the fourth AUG (nucleotides 253-255) from the 5’ ends of
these aip sequences. First, the sequence around this codon
matches the consensus of vertebrate translation initiation sites
(36). Second, the longest ORFs of about 6.5 kb begin only with
this codon. Third, sequencing of genomic DNA around the 5’

p5%1-1 ESE4/6-1 p5E2_9_/31-1
pSE42/43-1 p&/a—‘l pSE48/154-1
pSEY/39-1 pSE14/15-1 p$E14_1/142-1
PSE193/194 pSE12/13-1 pS_EEIm-Z pSE152/29-1

pBri3AL
pBre4A pBri6BL
pBri7 pBr64B pBr16BS
—1kb — | 1 | ! | | ! 1

FiG. 2. Cloning of aip cDNAs from the chicken’s basilar papilla
and brain. Horizontal bars indicate the extent of each partial cDNA
and are aligned with a diagram of the a;p mRNA in the middle.
pSE. .., PCR products from the basilar papilla; pBr. . ., clones from
a brain cDNA library; rectangle, the ORF; AAA. . ., poly(A) tail; gray
areas, homologous repeats I-1V; and black areas, the I-1I-loop insert,
the alternative I1IS2 segment, and the IVS2-3 insert in the basilar
papilla. Thicker bars indicate products of PCRs with degenerate
primers that were designed to amplify cDNAs of any L-type «; subunit.

end indicated that the first 295 bases are identical in the
primary transcript and the mRNA (data not shown).

Comparison of a;p Subunits from Chicken and from Mam-
mals. The ORFs encode proteins of 2,190 aa in the basilar
papilla (Fig. 3) and 2,154 aa in the brain. They are 88-92%
identical to the sequences of the mammalian «;p proteins, but
only 70-71% identical to the a;c proteins and 65-66% iden-
tical to the ays proteins. All four glutamate residues that are
conserved in the presumptive pore-lining regions of voltage-
gated Ca®" channels and that confer Ca?* selectivity (37) are
present in the chicken sequence (residues 359, 726, 1122, and
1435). The region of highest similarity, a stretch of 227 aa that
begins in the sixth transmembrane segment of the fourth
repeat (IVS6), is identical in the human and the chicken; in
L-type oy subunits, this region contains conserved binding sites
for dihydropyridines (38—40) and phenylalkylamines (41). Two
other regions that are necessary for dihydropyridine binding,
transmembrane segments IIIS5 and IIIS6 (38, 39, 42), are
identical at all but one residue. Aside from the alternative
exons mentioned above, the biggest difference is the absence
in the chicken sequence of a run of six or seven methionine
residues found at the amino termini of all mammalian a;p
subunits. Together, these results indicate that the cDNAs from
the basilar papilla and brain are products of the chicken
ortholog of the mammalian L-type a;p gene.

Predominance of the a;p mRNA in the Basilar Papilla. To
verify that the amount of o;c mRNA in the basilar papilla is
negligible, we developed a quantitative PCR assay. The rela-
tive concentrations of ajc and a;p mRNA were measured
indirectly by comparing each with a precisely quantitated
internal standard. We thus determined that there is 100-500
times as much op as a;c mRNA in the basilar papilla (Fig. 4).
In the brain, by contrast, the «;p mRNA is only 2-5 times as
abundant (data not shown). oyp mRNA therefore is the
predominant, if not the only, L-type species in the basilar
papilla.

DISCUSSION

Our results indicate that the predominant «; subunit of L-type
Ca?* channels in hair cells of the chicken’s cochlea is the
product of the ortholog of the mammalian «;p gene. First, the
protein sequence predicted from our cloned cDNA is more
than 90% identical to those of the functional human and rat
aip subunits (28, 30) and contains such hallmarks of L-type
Ca?* channels as the glutamate residues necessary for Ca?*
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FiG. 3. Comparison of ajp protein sequences from the chicken and human. The chicken’s sequence (Top) was predicted from the composite
of the cDNAs from the basilar papilla; the sequence predicted from the chicken’s brain cDNAs is identical except for the I-II-loop insert (exon
9a), the alternative I1IS2 segment (exon 22a), and the IVS2-3 insert (exon 30a), which are printed in reverse contrast. The sequence from the human
brain (28) is aligned underneath; only residues that differ from the chicken’s are given, and periods indicate gaps. The sequence of the alternative
IIIS2 segment isolated from the chicken’s brain (exon 22) is identical to that of the human IIIS2 segment; the sequence of an alternative 1VS3
segment isolated from the chicken’s brain (exon 31a, replacing amino acids 1294-1321) is HYFTDAWNTFDALIVVGSVVDIAITEVN. Arrows
indicate where additional splice variants from the basilar papilla diverge at the ends of exons 41, 42, and 45. Horizontal lines above the alignment
mark the putative transmembrane segments IS1-1VS6, the consensus binding site for the channel’s g subunit (65), and the Ca?*-binding EF-hand
motif (66). (For a detailed description of the alternative exons, see ref. 35.)

selectivity and the binding site for dihydropyridines. Because
functional expression of the a;p subunit requires auxiliary
subunits (28, 30), we have not yet attempted to demonstrate
that the composite cDNA encodes an L-type Ca?>" channel.
Second, a;p mRNA and the cognate protein were detected
with specific probes in the basilar papilla by RNA blotting and
protein immunoblotting and were of sizes consistent with the
composite cDNA sequence (35). Furthermore, the mRNA was
localized within hair cells by in situ hybridization. Because of
this localization, we conclude that the results of the PCR and
blotting experiments with material from the basilar papilla
reflect the properties of the aip subunit in hair cells. The ai1p
subunit, like the a;c subunit, has previously been detected in
the mouse cochlea by the PCR (43) but not localized to specific
cell types. Third, by using the PCR, the most sensitive method
available, we could detect the other two L-type subunits, a;c
and ays, barely or not at all in the basilar papilla. Even though
the ayp mRNA is the predominant L-type mRNA in hair cells,
its estimated abundance of about 1 in 10* places it among the
cell’s scarce mRNAs (44).

These results do not exclude the presence of other «y
subunits in hair cells. Even though we employed several
different methods, it is possible that all of our assays were
biased against the detection of a;c and a;s mRNAsS, that there
are other L-type o genes besides a;c, ap, and ais, or that the
mRNA levels do not reflect the abundance of the proteins. For
example, an mRNA encoding a non-L-type o; subunit has
been found in the sensory epithelium of the rainbow trout’s

sacculus.¥ Moreover, low-conductance channels have been
detected in single-channel recordings from hair cells of the
chicken’s cochlea (45), and putative N-type channels have
been described in hair cells of the frog’s sacculus (46). In hair
cells of the chicken’s cochlea, however, at least 95% of the
Ca?* conductance is sensitive to dihydropyridines and can be
described by a single activation process (9). This electrophys-
iological study and the molecular characterization reported
here suggest that subunits other than the a;p are present in
only a small fraction of the hair cell’s Ca>* channels.

Our conclusion is consistent with a comparison of the
physiological properties of the hair cell’s Ca?>* channel—low
activation threshold, rapid activation, and lack of Ca?*-
dependent inactivation—to those of the three L-type «; sub-
units. The a;s subunit is expressed only in skeletal muscle (47),
in which Ca?*-channel activation is about 100-fold slower than
in hair cells (48). Both the a;c and the ayp subunit occur in a
variety of organs, including the brain. Channels containing the
former activate at a more positive potential, around —20 mV,
and inactivate more rapidly during prolonged depolarization
(49). In contrast, heterologously expressed channels contain-
ing aip subunits activate at potentials positive to —40 mV and
do not inactivate for at least 0.7 s (28). The a;p subunit is also
expressed in hippocampal CA3 pyramidal neurons (50-52)

#Sheikhali, S. A. Karadaghy, A. A. & Drescher, D. G., 20th Annual
Midwinter Research Meeting, Assoc. Res. Otolaryngol., Des Moines,
IA, February 2-6, 1997, abstr. 163.
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F1G. 4. Relative abundances of aic and a;p mRNAs in the basilar papilla. (4) Southern blot of quantitative PCR assay. Aliquots of cDNA from
the basilar papilla were spiked with serial dilutions of an «;c template as an internal standard. The PCR product of this standard was shorter than
that of the endogenous ajc cDNA but accumulated with the same efficiency (data not shown). Both templates were amplified together with a primer
pair specific for the a;c subunit, and the products were detected by hybridization with a radiolabeled oligonucleotide. The result from one of two
independent experiments is shown. The control PCRs for the first and last lanes contained no cDNA from the basilar papilla. (B) Amounts of PCR
products from endogenous ajc cDNA (O) and from a;c standard (@) plotted against the initial standard concentration. Straight lines fitted to each
data set intersect at the standard concentration that gave rise to the same amount of PCR product as the endogenous ajc cDNA (dotted line).
This standard concentration therefore was equal to the concentration of endogenous aic cDNA in the sample. (C and D) Same as A4 and B, but
with primers and standards for the ajp cDNA. The relative unit of concentration represents the same number of template molecules for both

standards.

that contain L-type Ca’*
activation thresholds (53).

The a;1p subunit generally is termed “neuroendocrine” (54)
because of its broad distribution in the brain (50-52) and its
localization and prevalence in the insulin-secreting 8 cells of
the pancreas (27, 55). In addition, it has been found in Miiller
cells of the retina (56), in sympathetic neurons (57), in the
kidney (58), and in the ovary (59). In most neurons, aip
protein is distributed diffusely in the cell membrane of cell
bodies and proximal dendrites (50), suggesting a role in general
Ca?* signaling. Our results do not demonstrate directly that
neurotransmitter release in hair cells is controlled by Ca?*
channels containing the a;p subunit. However, the predomi-
nance of the a;p subunit in hair cells, as demonstrated by our
results, and the consistent properties of the hair cell’s Ca?*
conductance (9) implicate the a;p subunit in tonic neurotrans-
mitter release.

Tonic synapses often are found in sensory pathways and are
distinguished from spiking synapses by continuous transmitter
release that can track a protracted stimulus (60). Because of its
physiological properties, the a;p subunit has been postulated
to be present at the tonic synapse of cone photoreceptors (61).
The ayp subunit’s lack of Ca?*-dependent inactivation (28, 30)
may make it more suitable than the rapidly inactivating a;c
subunit for a role in tonic transmitter release. There are,
however, important differences between hair cells and photo-
receptors. The resting potentials of the former are more
negative, the frequencies of auditory stimuli are much higher,
and phase information is more important in the auditory
system. The demands on the electrophysiological properties of
the Ca’" channels, therefore, differ between these sensory
cells, and we do not necessarily expect the channels’ molecular
structures to be identical.

conductances with unusually low

The presence of ajp protein in the basilar papilla (35) is
consistent with the proposed role of the L-type Ca?* channel
in tonic transmitter release. Unambiguous localization of the
ajp protein in the hair cell’s presynaptic membrane, however,
will require immunoelectron microscopy with subunit-specific
antibodies. In hair cells from the bullfrog’s sacculus, the Ca?*
channels are clustered at presynaptic active zones (6, 62) to
localize the Ca?* entry. In hair cells from the chicken’s basilar
papilla, we also expect the distribution of the Ca?* channels to
vary along and across the basilar papilla. First, the magnitude
of the Ca?" current increases from the apex, where the hair
cells are tuned to low frequencies, to the base, where the cells
respond to high frequencies; second, both the Ca’* current
and the number of presynaptic dense bodies are larger in tall
hair cells, which receive mostly afferent innervation, than in
short hair cells, which receive mostly efferent innervation
(63).8 A molecular mechanism for Ca2*-channel clustering is
suggested by the last four amino acids of the a;p subunit, ITSL.
Similar motifs, such as (E, S)(S, T)XV and SS(S, T)L, occur at
the carboxyl termini of membrane-associated proteins that are
clustered by binding to scaffolding proteins with PDZ domains
(64).
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