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Cysteine string protein (CSP) « is an abundant synaptic vesicle
protein that contains a DNA-J domain characteristic of Hsp40-type
cochaperones. Previous studies showed that deletion of CSP« in
mice leads to massive lethal neurodegeneration but did not clarify
how the neurodegeneration affects specific subpopulations of
neurons. Here, we analyzed the effects of the CSP« deficiency on
tonically active ribbon synapses of the retina and the inner ear. We
show that CSPa-deficient photoreceptor terminals undergo dra-
matic and rapidly progressive neurodegeneration that starts be-
fore eye opening and initially does not affect other retinal syn-
apses. These changes are associated with progressive blindness. In
contrast, ribbon synapses of auditory hair cells did not exhibit
presynaptic impairments in CSPa-deficient mice. Hair cells, but not
photoreceptor cells or central neurons, express CSPB, thereby
accounting for the lack of a hair-cell phenotype in CSPa knockout
mice. Our data demonstrate that tonically active ribbon synapses
in retina are particularly sensitive to the deletion of CSP«a and that
expression of at least one CSP isoform is essential to protect such
tonically active synapses from neurodegeneration.
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ynaptic vesicle exo- and endocytosis is mediated by a

sophisticated machinery that allows nerve terminals to
operate at high speed (1). Such continuous membrane traffic
requires specific mechanisms to deal with the use-dependent
aging and denaturation of proteins. One such mechanism may
involve the synaptic vesicle protein cysteine string protein
(CSP) « that is thought to function as a cochaperone in
presynaptic terminals (2, 3).

CSPa is an abundant presynaptic protein (4) that contains a
string of cysteine residues and a DNA-J domain that functionally
collaborates with the DNA-K domains of Hsc70 proteins (re-
viewed in refs. 5 and 6). CSPa activates the ATPase activity of
Hsc70 (7, 8) and forms a trimeric complex with Hsc70 and the
tetratricopeptide repeat protein SGT (3). This complex catalyzes
the ATP-dependent refolding of denatured luciferase (3). In-
vertebrates have a single CSP gene, whereas mammals express
three CSP genes: CSPa that is widely distributed but highly
enriched in brain, and CSPB and CSPvy that are primarily found
in testis (2).

Analyses of knockout (KO) mice revealed that CSPa-deficient
mice are relatively normal at birth but exhibit a progressive lethal
phenotype that results in death after 2-4 months (2). Recordings
in the Calyx of Held synapse of CSPa KO mice documented that
CSPa is not required for N-, P/Q-, and R-type Ca?>"-channel
function or Ca®*-triggered vesicle exocytosis. Instead, in the
absence of CSPaq, the calyx synapse developed an age-dependent
functional impairment, consistent with a role for CSP« as part
of a molecular chaperone that makes it possible for synapses to
keep running for extended time periods (2). Although this
hypothesis was in agreement with previous observations in
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CSP-deficient flies (4), alternative hypotheses about the function
of CSP were proposed based on the phenotype of CSP-deficient
flies and on biochemical studies of protein—protein interactions
mediated by CSP (7-14).

To further investigate the role of CSP« in synapses, we have
now examined the effect of CSP« deficiency on photoreceptor
synapses of the retina and on afferent synapses of cochlear inner
hair cells. Both synapses are ribbon synapses that are specialized
for continuous and high-throughput presynaptic exocytosis (for
a review, see refs. 15-17). Our data demonstrate that overall,
photoreceptor synapses develop normally in CSPa KO mice but
subsequently undergo massive and rapid degeneration that
results in total blindness. Ribbon synapses of inner hair cells,
however, do not exhibit a similar neurodegeneration, but were
found to contain another CSP isoform (CSPB) that compensates
for the loss of CSPa.

Results

Visual Responses in CSP« KO Mice Monitored by Electroretinograms
(ERGs). We recorded ERGs in littermate wild-type and CSPa KO
mice at postnatal day (P) 14 (immediately after eye opening),
P18, P30, and P45 (Fig. 1 A-C and data not shown) and
determined mean values of the maximum scotopic a- (amaxscot)
and b-wave amplitudes (bmaxscor) (Fig. 1D).

At P14, a-waves and oscillatory potentials in the ERG were
observed in all CSPa-KO mice tested, although the a-wave
amplitude was reduced to ~40% of littermate control mice
(Table 1, which is published as supporting information on the
PNAS web site) and exhibited a slower time course (Fig. 14).
The early part of the a-wave mainly reflects the activation of
photoreceptor cells (18), whereas oscillatory potentials monitor
inner retinal activity (19). Different from the a-wave, the b-wave
was absent in four of the five CSPa KO mice tested, and very
small in the remaining CSPa KO mouse. Because the b-wave
monitors the synaptic activity of photoreceptor synapses in the
outer plexiform layer (OPL) (20, 21), these findings suggest that
CSPa KO mice primarily have a synaptic photoreceptor defect.

At P18, three of eight CSPa KO mice presented with a flat
ERG, whereas the remaining five mice exhibited small and slow
a- and b-waves (Fig. 1B). The apparent improvement in visual
responses at P18 in some CSPa KO mice may be related to the
normal increment of the ERG response from P14 to P18 (see
wild-type ERG wave amplitudes in Fig. 1D), indicating that the
progressive degeneration in CSPa KO mice that causes the
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Fig. 1. ERG analysis of retinal function in wild-type and CSPa KO mice.
Dark-adapted eyes of wild-type (CSP*/*) and CSPa KO (CSP~/~) mice were
stimulated with single flashes of light of increasing energy, and mixed rod/
cone responses were recorded by ERG. (A-C) Representative responses re-
corded at P14 (A), P18 (B), and P45 (C) are displayed. Each trace represents the
average response to light intensities from —0.1 to 2.44 log cd-sec/m? recorded
in 8 trials. (D) The maximal scotopic a- and b-wave amplitudes in wild-type and
CSPa KO mice at P14, P18, P30, and P45 are depicted to illustrate where the
respective waves were measured.

functional impairment proceeds in parallel with the physiolog-
ical reorganization and maturation of the retina. In CSPa KO
mice with a measurable ERG response at P18, the time to peak
of the a-wave was almost three times longer (38-78 ms) than in
wild-type littermate control mice (10-20 ms), revealing an
abnormally slow light response (Fig. 1B). The onset of oscillatory
potentials was also slower in CSPa KO than in wild-type mice
(Fig. 1 A and B). At P30 and P45, all CSPa KO mice lacked a
detectable ERG response (Fig. 1 and Table 1). These data
suggest that CSPa KO mice initially have some visual function
but suffer from progressive blindness that completely abolishes
vision after 4 weeks of age. The difference in visual responses at
P18 probably reflects a variability in the onset of retinal dys-
function between mice. The functional impairment of photore-
ceptors in CSPa-deficient mice was present both in rod and cone
synapses (Fig. 6, which is published as supporting information on
the PNAS web site).

Structure of Photoreceptor Synapses in Young CSPa KO Mice. In the
period before eye opening, at P4-P5, the OPL, which contains
the photoreceptor ribbon synapses, is in the process of being
formed and synaptic proteins start to accumulate (22). No
obvious light microscopic changes in the distribution of synaptic
proteins, and no major changes in the ultrastructural appearance
of photoreceptor ribbon synapses were observed at this age
between wild-type and CSPa KO mice (Fig. 7, which is published
as supporting information on the PNAS web site). Also after eye
opening, at P15, when the OPL has been formed (22), no
dramatic differences between CSPa KO and wild-type mice were
observed in the distribution of synaptic proteins as well as in the
ultrastructural appearance of ribbon synapses (Fig. 8, which is
published as supporting information on the PNAS web site).
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Fig. 2. Quantitation of key parameters of photoreceptor nerve terminals
from littermate wild-type and CSPa KO mice at P15 (Left) and P28 (Right). At
P15, synaptic vesicle diameter and coated vesicle number were indistinguish-
able between wild-type and CSPa KO synapses. In CSPa KO mice, we observed
an increase in the synaptic vesicle density in comparison to wild-type mice and
a decrease in the presynaptic terminal size. Dramatic quantitative changes
were observed at P28 between wild-type and CSPa KO mice. We observed
strong scattering in the size of the presynaptic terminals in CSPa KO mice with
part of the terminals being smaller than the average wild-type photoreceptor
ribbon synapse and with part of the presynaptic terminals being extremely
big. The CSPa KO mice displayed a strong decrease in synaptic vesicle density,
abroader distribution in the size of synaptic vesicle size, and an increase in the
number of coated vesicles.

However, quantitation of synaptic features at P15 revealed that
the presynaptic photoreceptor ribbon terminals were smaller in
mutant than in wild-type littermate control mice and exhibited
an increased synaptic vesicle density (Fig. 2).

Degenerating Photoreceptor Ribbon Synapses in Adult CSPa KO Mice.
In contrast to the discrete morphological changes at P15, we
observed dramatic morphological changes at P28 in the OPL of
CSPa KO mice. Immunofluorescence microscopy revealed that
synaptic vesicle proteins at P28 were no longer restricted to the
OPL in CSPa KO mice (Fig. 3). The continuous array of synaptic
ribbons of the OPL was disrupted, and ectopic ribbons and
synaptic proteins were detected also in the outer nuclear layer.
The abundance of synaptic membrane proteins in the OPL was
decreased for nearly all synaptic proteins analyzed. At P28, also
nonsynaptic proteins (e.g., opsin) were mislocalized (Fig. 9,
which is published as supporting information on the PNAS web
site). These changes appeared to be largely restricted to the OPL
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Fig.3. Distribution of synaptic proteins in the retina from wild-type and CSPa KO mice at P28. Cryostat sections of CSP-wild-type (A, C, E, G, /, and K) and CSP«
KO mice (B, D, F, H, J, and L) stained with antibodies to CSP (A and B), synaptophysin (C and D), RIBEYE (E, F, I, and J), and synaptotagmin 1 (G, H, K, and L). I-L
are higher magnification views to illustrate that synaptic proteins were no longer restricted to their physiological localization in the OPL of CSPa KO mice: In
mutant mice, synaptic ribbons and synaptic proteins were partly found at abnormal localization in the ONL (arrows in F, H, J, and L). In F, black arrows point to
a discontinuously labeled OPL. OS, outer segments, ONL, outer nuclear layer; IPL, inner plexiform layer. (Scale bars: A-H, 30 um; /-L, 15 um.)

where photoreceptor ribbon synapses are located, whereas the
distribution of synaptic proteins in the inner plexiform layer in
the inner retina was not detectably altered. At P28, we addi-
tionally observed aberrant sprouting of secondary retinal neu-
rons and activation of Miller glial cells (Fig. 10, which is
published as supporting information on the PNAS web site),
common features in retinal neurodegeneration as consequence
of photoreceptor death (e.g., refs. 23 and 24).

At the ultrastructural level, most of the ribbon synapses in the
OPL of CSPa KO mice displayed a strongly pathological mor-
phology, although occasionally normal appearing ribbon syn-
apses were detected (<5%; Figs. 4 D-H and Fig. 11, which is
published as supporting information on the PNAS web site).
Higher magnification electron micrographs revealed heteroge-
neous and pleomorphic alterations of photoreceptor ribbon
synapses that ranged from a strong decrease in synaptic vesicle
density (Fig. 4 D-H), a change in synaptic architecture (strong
decrease or loss of the invaginated shape of the presynaptic
plasma membrane; Fig. 4 D, G, and H), formation of electron-
dense aggregates (Fig. 4F) and detachment of the synaptic
ribbon (“floating” synaptic ribbons, Fig. 4 G and H) to a
complete loss of synaptic ribbons from presynaptic photorecep-
tor terminals (Fig. 4D). In strongly degenerated cases, large
electron-lucent presynaptic terminals contained few synaptic
vesicles, but many coated vesicles (Fig. 4 F-H and 9), and
featured floating synaptic ribbons. Strongly degenerated termi-
nals were often found close to less severely affected terminals.
Quantitation revealed that all synaptic parameters analyzed were
severely altered (Fig. 2). As observed at P15, most of the
terminals at P28 were smaller in CSPa KO mice than in
littermate controls, but terminal sizes were much more hetero-
geneous, and large swollen terminals accounted for a significant
percentage of the total. The density of synaptic ribbon-
containing presynaptic terminals was strongly reduced [wild-
type mice: 0.50 = 0.16 ribbon-containing ribbon synapses/um
OPL (n = 20); CSPa KO mice: 0.11 = 0.08 ribbon-containing
ribbon synapses/um OPL (n = 20)], and the membrane-
attachment of ribbons was decreased [wild-type animals: 90%
docked ribbons (n = 75); CSPa KO mice: 38% docked ribbons
(n = 75)]. Probably secondary to the synaptic changes, we also
found structural alterations of photoreceptor outer segments in
CSPa-deficient mice at P28 (Fig. 11). No obvious phenotype was
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observed in bipolar cell ribbon synapses or in conventional
chemical synapses of the inner retina (data not shown).

Normal Morphology and Function of Ribbon Synapses in Inner Hair
Cells of CSP KO Mice. Immunostaining of afferent inner hair cell
synapses for presynaptic ribbons and postsynaptic glutamate
receptors revealed comparable numbers of ribbon-containing
afferent synapses in wild-type and CSPa-deficient inner hair
cells [Fig. 5 A and B; wild-type mice: 10.8 = 1.3 ribbon-
containing synapses per hair cell (n = 21); CSPa KO mice:
12.6 = 0.5 synapses per cell (n = 26)]. Next we performed
patch-clamp measurements of Ca?* currents and exocytic ca-
pacitance changes in inner hair cells by using step depolariza-
tions to —5 mV for 5, 20, and 50 ms to probe L-type Ca?*
currents and the fast and sustained phases of inner hair cell
exocytosis (25, 26). We did not detect significant differences in
the exocytic capacitance changes or Ca’* current amplitudes
between wild-type and CSPa mice (Fig. 5C; see also Fig. 12,
which is published as supporting information on the PNAS web
site; wild-type: n = 17; KO: n = 13).

We next tested hearing in CSPa KO mice (Supporting Methods,
which is published as supporting information on the PNAS web
site). At 4 weeks of age, we found in CSPa KO mice a mild
hearing impairment of ~30 dB, accompanied by a reduction or
loss of otoacoustic emissions (Fig. 12). To focus on potential
effects of the CSP« deficiency that originate from hair cell
ribbon synapses and not from central auditory processing, we
analyzed mice with only comparable otoacoustic emissions, but
detected no significant difference in the first peak of auditory
brainstem responses (which reflects spiral ganglion activation by
transmitter release at the hair cell ribbon synapses) between
matched CSPa KO and wild-type mice (Figs. 5 and 12).

The lack of a major defect in ribbon synapses of inner hair cells
in CSPa KO mice was puzzling until we observed that CSP
immunoreactivity persisted in these cells in CSPa KO mice, even
though it was absent in efferent axodendritic synapses under-
neath the inner hair cells (Fig. 5 E and F). Therefore we analyzed
mouse inner hair cells for expression of additional CSP isoforms
that might compensate for the loss of CSPa. RT-PCR with
mRNA from the entire organ of Corti showed expression of
CSPa and CSPp (Fig. 5G), whereas only CSPa was expressed in
the retina (Fig. 5G, n = 3 experiments for each organ). Single-
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Fig.4. Electron micrographs of ribbon synapses in the OPL from wild-type (A
and C) and CSPa KO mice (B and D-H) at P28. Low magnification views (A and
B) show dense and regular arrangement of ribbon synapses (sy) in the OPL
close to the ONL in wild-type mice (A) but not in CSPa KO mice (B) in which
degenerated ribbon synaptic complexes are found in the OPL (asterisks). The
neuropil in the OPL of mutant mice was increased, with processes (fib) crossing
the OPL and sprouting into the ONL (B). High-magnification views (C-H) in
wild-type retina (C) show a typical ribbon synapse with an invaginated pre-
synaptic terminal. In contrast, photoreceptor ribbon synapses from CSPa KO
mice displayed a pathological morphology (D-H) with decreased synaptic
vesicle density (D-H) and with electron-dense aggregates in some terminals
(E). The arrowhead in F points to an omega-shaped exocytosis figure in a
moderately degenerated ribbon terminal with three docked synaptic vesicles
nearby (underlined). In the most severely degenerated presynaptic terminals
(F and H; see also Fig. 9), presynaptic terminals are large and electron-lucent
with few synaptic vesicles but many coated vesicles (cf. F and H). ONL, outer
nuclear layer; sy, ribbon synapse; n, nucleus; m, mitochondria; Inv, invagina-
tion of the postsynaptic dendrites into the presynaptic terminal; cv, coated
vesicles; fsr floating (detached) synaptic ribbon; agg, electron dense aggre-
gate; fib, sprouting process; pr, presynaptic; po, postsynaptic. (Scale bars: A-D,
1 wm; E-H, 500 nm.)

cell RT-PCR (Fig. 5H) confirmed the expression of CSPB in
inner hair cells (21 of 21 cells), whereas CSPa was detected only
infrequently (7 of 24 cells). Therefore CSPB instead of CSPa«
appears to be the major CSP isoform in inner hair cells. In
contrast, in the retina, CSPa was the only expressed CSP isoform
as judged both at the mRNA level (by using RT-PCR) and the
protein level (Fig. 13, which is published as supporting infor-
mation on the PNAS web site).

Discussion

Our results reveal that deletion of CSPa causes early onset, rapidly
progressive degeneration of photoreceptors in the mouse retina.
Both rod and cone photoreceptor responses, as monitored by
ERGs, became abnormal immediately after eye opening (at P14;
Figs. 1 and 6). Initially, the ERG b-wave was more severely
depressed than the a-wave, suggesting that the dysfunction starts in

Schmitz et al.
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Fig. 5. CSPa-deficient hair cell ribbon synapses are morphologically and
functionally unchanged. (A and B) Representative immunofluorescence im-
ages of inner hair cells from wild-type (A) and CSPa KO (B) mice stained with
antibodies to RIBEYE (green) and glutamate receptors (red). Pictures show Z
projections of confocal stacks through four neighboring inner hair cells (Scale
bar: 5 um.). (C) representative Ca2* current (Ic,2+) and capacitance traces (Cr)
from wild-type and CSPa KO inner hair cells stimulated by a 20-ms step
depolarization. (D) Average auditory brainstem responses (+=SEM) evoked by
suprathreshold clicks (80 dB per sound pressure level) in 4- to 6-week old
wild-type (n = 9) and CSPa KO (n = 12) mice. Numbers denominate the wild-
type auditory brainstem response peaks. (E and F) Inner hair cells of wild-type
(E) and CSPa KO (F) immunostaining for CSP (red, isoform unspecific polyclonal
antibody) and calbindin (green). Note the red boutons at the base of the hair
cellin the wild-type image, which represent efferent presynaptic terminals (as
identified by costaining for synaptophysin, data not shown) that contain CSPa
only. (G) RT-PCR products obtained with isoform-specific primers for CSPa,
CSPB, and CSPyfrom cDNA of testis, brain, cochlea, and retina. Testis expressed
all CSP isoforms, brain, and cochlea were positive for CSPa and CSPB, whereas
retina only expressed CSPa. The asterisk in the CSPy PCR in the brain denotes
an additional, unrelated band that may represent a primer amplification
artifact. (H) Single-cell RT-PCR of inner hair cells performed with primers
specific for CSPa (lanes 2-6; 1 of 5 positive) and CSPB (lanes 8—-12; all positive).
Amplification of cDNA of the inner hair-cell specific protein otoferlin was used
as a positive control. No PCR products were observed in the negative controls
(lane 1 and 7).

presynaptic photoreceptor terminals (Fig. 1). Two weeks later, the
mice were blind, and no ERG responses could be elicited.
Parallel to the ERG changes, we noted structural changes in
photoreceptor ribbon synapses immediately after eye opening.
At P15, the size of the photoreceptor terminals selectively
decreased ~2-fold without a loss of synaptic vesicles or other
changes (Figs. 2 and 8; see also Fig. 14, which is published as
supporting information on the PNAS web site). These initial
abnormalities rapidly progressed to fulminant neurodegenera-
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tion in CSPa KO mice at ~P28 when almost all photoreceptors
were degenerated (Figs. 3, 4, 9, and 11). Retinal photoreceptor
degeneration was selective in that no other retinal synapse,
including ribbon synapses formed by bipolar neurons, exhibited
major signs of neurodegeneration at P28 in CSPa KO mice;
however, other frequently used synapses elsewhere (e.g., the
neuromuscular junction and the calyx synapse) were also degen-
erating at this time in development (2).

Although at P28 photoreceptors were largely degenerated and
visual function abolished in CSPa KO mice, hair cell ribbon
synapses appeared unaffected (Fig. 5). Auditory brainstem
responses revealed a mild hearing impairment and delayed
conduction of auditory information, consistent with the previ-
ously observed synaptic degeneration in the auditory brainstem
(2). The hearing impairment of CSPa-deficient mice coincided
with a reduction or loss of otoacoustic emissions and was
probably caused in part by a defect in middle ear sound
transduction (Supporting Methods). The continued function of
hair cell ribbon synapses in CSPa KO mice was initially surpris-
ing until we noticed that different from photoreceptors and
central synapses (where CSPa appears to be the only CSP
isoform present; ref. 2), inner hair cells express CSPB. It thus
seems likely that CSPB in inner hair cells compensates for the
lack of CSPa and protects the hair cells from neurodegenerative
changes. The differential expression of CSP isoforms adds to
already described differences in the molecular makeup of audi-
tory and visual ribbon synapses (e.g., refs. 27 and 28).

The retinal degeneration in CSPa KO mice gives clues to the
function of CSP.

The selectivity of the neurodegeneration (i.e., the preferential
degeneration of photoreceptors) shows that different types of
neurons exhibit differential sensitivity to the loss of CSPa. In
central and retinal neurons, this difference cannot be attributed
to the coexpression of other CSP isoforms because RT-PCR
experiments and immunoblotting/immunocytochemistry analy-
ses (with antibodies that recognize all CSP-isoforms; ref. 2)
failed to detect other CSP isoforms (Figs. 3, 5, and 13). Because
photoreceptor synapses are tonically active, their preferential
sensitivity to the CSPa deletion is probably caused by the
continuous use of the synaptic release machinery. This expla-
nation agrees well with the early degeneration of neuromuscular
junctions and calyx synapses that are also strongly used synapses
(2). Ribbon synapses of bipolar neurons were much less affected
than photoreceptor ribbon synapses, possibly because the im-
pairment in photoreceptors decreased their overall synaptic
input, thereby making bipolar ribbon synapses less dependent on
CSPa-chaperone activity.

Neurodegeneration of photoreceptors in CSPa KO mice
appears to proceed in an almost stochastic manner. During the
neurodegeneration, apparently healthy terminals are adjacent to
completely degenerated terminals. Even at P28, some terminals
still look normal. A similar phenomenon was previously ob-
served at the calyx synapse (2). This finding suggests that a
neuron can compensate for the loss of CSPa for a limited time
with an apparently normal appearance.

Finally, quantitation of the ultrastructural features indicated that
photoreceptor terminals shrink at P15, before the photoreceptors
overtly degenerate (Fig. 2), at the same time at which the ERG
exhibited a primary impairment in the b-wave that is due to
photoreceptor synaptic transmission (Fig. 1). At later stages, per-
vasive morphological abnormalities were detected, consistent with
the notion that the degeneration starts in the photoreceptor ter-
minals, and initially impairs membrane traffic in the terminals with
later changes in the overall terminal structure.

Viewed together, our data support the hypothesis that CSPa is
not required for synaptic function as such, not even in synaptic
photoreceptor terminals because some visual responses are re-
tained at P14, but is essential for keeping nerve terminals alive in

2930 | www.pnas.org/cgi/doi/10.1073/pnas.0510060103

an activity-dependent manner. Such a use-dependent function is
consistent with a role for CSPa as a cochaperone that ensures the
native folding of unknown substrates. Although the identity of these
substrates is unknown, one major and early change in CSPa-
deficient neurons, before degeneration sets in, is a loss of the
SNARE protein SNAP-25, indicating that SNARE proteins may
be involved in the degeneration (29). Thus, SNARE proteins are
prime candidates as direct or indirect CSPa substrates because they
are abundant presynaptic proteins that are continuously assembled
and disassembled into complexes during presynaptic function and
could potentially be toxic in a nonfolded form.

Materials and Methods

Miscellaneous. All analyses were performed with at least three
independently derived littermate CSPa KO and wild-type mice
obtained from heterozygous matings between P5 and P50. Mice
were genotyped by PCR as described in ref. 2 or alternatively by
using the primers MCM1 (ACT GTT AAA GAG ACT GTC
ATG AAA AAGG) and MCM2 (GGG GGA GGG AAT GTG
GGT GAG TGT AGT TAGQG) for the wild-type reaction.

ERGs. ERGs were recorded with a bio-amplifier (A.D. Instru-
ments), sampled at 2-10 kHz, filtered with a bandpass of 0.1
Hz-1000 Hz, and averaged and analyzed with POWERLAB soft-
ware (A.D. Instruments); for details of the ERG recordings, see
Supporting Methods. All numerical data were analyzed by the
two-tailed Student ¢ test.

Patch-Clamp Recordings. Inner hair cells were patch-clamped in
the perforated-patch configuration; membrane capacitance
(Cr) measurements were made as described in ref. 25 (see also
Supporting Methods). Cy, changes were calculated as the differ-
ence of post- and prestimulus Cy,, averaged for a given cell, and
presented as an overall average over several cells.

Indirect Immunofluorescence Microscopy. (i) Retina: Immunofluo-
rescence labeling was performed as described in ref. 30 by using
previously characterized antibodies (22, 27, 31-33); note that the
CSPa antibody used (2) crossreacts with all CSP isoforms. (i7) Hair
cells: Organs of Corti were fixed with 4% paraformaldehyde in 120
mM Na-phosphate buffer (1 h). After incubation of whole-mount
preparations (1 h) in 16% normal goat serum/450 mM NaCl/0.3%
Triton X-100/20 mM phosphate buffer, pH 7.4, primary antibodies
were applied overnight at 4°C. The following antibodies were used:
mouse anti-CtBP2/RIBEYE B-domain (BD Biosciences, 1:100—
200), rabbit anti-GluR2/3 (Chemicon, 1:1,000), and rabbit anti-
calbindin (Swants, 1:100). Secondary Alexa Fluor-labeled antibod-
ies (Molecular Probes, 1:200) were applied for 1 h. Confocal images
were collected and quantified as described in ref. 26.

Electron Microscopy. Electron microscopy and quantitations of
electron micrographs was performed as described in ref. 34.
Ultrathin sections were analyzed with a Zeiss EM902 or with a
digital Biotwin 12 Tecnai electron microscope (FEI) equipped
with morphometric software (SIS).
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