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ABSTRACT

We have employed both in vitro patch clamp record-
ings of hair cell synaptic vesicle fusion and in vivo
single unit recording of cochlear nerve activity to
study, at the same synapse, the time course, control,
and physiological significance of readily releasable
pool dynamics. Exocytosis of the readily releasable
pool was fast, saturating in less than 50 ms, and
recovery was also rapid, regaining 95% of its initial
amplitude following a 200-ms period of repolariza-
tion. Longer depolarizations (greater than 250 ms)
yielded a second, slower kinetic component of exo-
cytosis. Both the second component of exocytosis and
recovery of the readily releasable pool were blocked by
the slow calcium buffer, EGTA. Sound-evoked affer-
ent synaptic activity adapted and recovered with sim-
ilar time courses as readily releasable pool exhaustion
and recovery. Comparison of readily releasable pool
amplitude, capture distances of calcium buffers, and
number of vesicles tethered to the synaptic ribbon
suggested that readily releasable pool dynamics reflect
the depletion of release-ready vesicles tethered to the
synaptic ribbon and the reloading of the ribbon with
vesicles from the cytoplasm. Thus, we submit that ra-
pid recovery of the cochlear hair cell afferent fiber
synapse from short-term adaptation depends on the
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timely replenishment of the synaptic ribbon with ves-
icles from a cytoplasmic pool. This apparent rapid
reloading of the synaptic ribbon with vesicles under-
scores important functional differences between syn-
aptic ribbons in the auditory and visual systems.

Keywords: hair cell, exocytosis, adaptation, synaptic
ribbon, synaptic vesicle, cochlea

INTRODUCTION

A major challenge faced by all sensory systems is to
remove redundant information found in environ-
mental cues in order to encode an efficient repre-
sentation of the external world (Attneave 1954;
Barlow 1961). Adaptation, a common property of
sensory systems, reduces encoding redundancy by
decreasing the sensitivity to constant stimulation. In
the visual system, adaptation acts to optimize oper-
ating range (Koutalos and Yau 1996) and maximize
information transfer (Brenner et al. 2000). Visual
adaptation is mediated by a variety of different
mechanisms that include modulation of the trans-
duction cascade (Fain et al. 2001), synaptic depres-
sion (Chung et al. 2002), or activation of inhibitory
ionic conductances (Carandini and Ferster 1997; Kim
and Rieke 2003).

Much less is known about recovery from adapta-
tion. Natural environments are rich with transient
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stimuli and detection of these changes is of obvious
behavioral importance. The ability to detect such
novel stimuli is partly limited by the rapidity with
which a sensory system recovers from adaptation and
sets a temporal filter for the system’s response to a
changing stimulus environment. Recovery from
adaptation ranges from hundreds of seconds in the
olfactory system (Gomez and Atema 1996), to sec-
onds in the visual system (Palmer et al. 2003), to
hundreds of milliseconds in the auditory system
(Smith 1977; Harris and Dallos 1979; Chimento and
Schreiner 1991). However, the cellular mechanisms
required to reverse or ‘‘disadapt’” an adapted sensory
system are poorly understood.

Adaptation in the peripheral auditory system is
likely localized to the cochlear hair cell afferent syn-
apse because hair cell receptor potentials do not
adapt to maintained acoustic stimulation (Russell and
Sellick 1978; Holton and Weiss 1983). Synaptic vesi-
cles in hair cells, like other sensory receptors and
second-order neurons, are tethered at active zones to
a specialized synaptic structure called a ‘“‘ribbon.”
Similar to many other examples of calcium-depen-
dent neurotransmitter release (Neher and Zucker
1993; Thomas et al. 1993; Bollmann et al. 2000;
Schneggenburger and Neher 2000), the exocytosis of
vesicles from the ribbon synapse exhibits multiple
kinetic components. Such multiple components of
exocytosis may be determined by distinct pools of
vesicles that are defined by their molecular readiness
for exocytosis or transit time from different locations
in the cell to release sites. At the retinal bipolar cell,
the first pool released (t = 1.5 ms) matches the
number of vesicles in direct contact with the presyn-
aptic membrane (Mennerick and Matthews 1996; Ne-
ves and Lagnado 1999; Palmer et al. 2003); the second
pool released (r = 125 ms) corresponds to the
remaining vesicles tethered to the ribbon (von Gers-
dorff and Matthews 1994, 1996); and the last pool
activated after prolonged depolarizations corresponds
to a subset of cytoplasmic vesicles (von Gersdorff and
Matthews 1997; Gomis et al. 1999).

Multiple kinetic components have been reported
for mouse inner hair cell exocytosis (Moser and
Beutner 2000). The exhaustion of the fast compo-
nent or readily releasable pool has been hypothesized
to underlie a form of neural adaptation (Moser and
Beutner 2000). If this is true and ribbon synapse
structure—function correlates are conserved, then
adaptation should reflect the exhaustion of vesicles
tethered to the hair cell ribbon, and recovery from
adaptation should reflect the refilling of the ribbon
with synaptic vesicles. Unfortunately, in mice neither
the detailed characteristics of auditory nerve adapta-
tion nor the anatomical basis of the cochlear inner
hair cell readily releasable pool is known. However, in
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chick, cochlear synaptic ultrastructure is well de-
scribed (Martinez-Dunst et al. 1997), and auditory
function is largely adultlike by the first day posthatch
(Saunders et al. 1973; Rebillard and Rubel 1981).
Here we examine this hypothesis in the chick by
exploiting our ability to make both in vitro patch
clamp recordings of hair cell synaptic vesicle fusion
and in vivo single unit recordings of cochlear nerve
activity in the same species.

MATERIAL AND METHODS

The methods for both in vitro experiments and in vivo
experiments are similar to those previously reported
(Saunders et al. 1996, Spassova et al. 2001), and thus
each are described in brief.

Synaptic vesicle exocytosis

Tissue preparation. Cochlear capsules were harvested
(Zidanic and Fuchs 1995) from 7-12-day-old white
Leghorn chicks (G. gallus domesticus) following a
protocol approved by the University of Pennsylvania
TACUC. The sensory epithelium was removed and a
section of it mounted in a recording chamber such
that the basolateral surface of individual tall hair cells
could be visualized with an upright, fixed-stage com-
pound microscope (Axioskop, Zeiss, Germany). The
recording chamber contained ~320 mOsM external
saline of the following composition (in mM): 154
NaCl, 6 KCI, 5 HEPES, 8 glucose, 2 MgCls, 5 CaCls,
pH balanced to 7.4 with NaOH (after Ohmori 1984;
Fuchs et al. 1988; Spassova et al. 2001; Eisen et al.
2004).

Whole-cell patch clamp recording. Individual tall hair
cells were patch-clamped using tight seal recordings
in whole-cell configuration (Hamill et al. 1981). Cells
were voltage-clamped at a holding potential of —81
mV, and data were collected under computer control
with an EPC9 patch clamp amplifier (HEKA Elec-
tronics, GmbH, Germany). A mean resting mem-
brane capacitance of 59 0.1 pF (n=173) was
recorded from tall hair cells via a mean access resis-
tance 8.0 £ 0.3 MQ (n="73). Pipettes (KIMAX 51-
34502, World Precision Instruments) were coated
with purple ski wax (SWIX, Norwary) to reduce their
capacitance and filled with ~310 mOsM internal
solution of the following composition (in mM): 115
glutamic acid, 115 CsOH, 20 tetraethylammonium
(TEA) chloride, 13 NaCl, 10 HEPES, 3 MgCl, 5 Na-
ATP, 0.3 GTP, 0.2 EGTA, pH balanced with CsOH to
7.4. A liquid junction potential of 11 mV was mea-
sured for our cesium glutamate internal solution
(Spassova et al. 2001), and all voltages were corrected
for this liquid junction potential.



378

Changes in cell membrane capacitance (AG,,)
were used to monitor fusion of neurotransmitter-
containing vesicles during exocytosis via the ‘‘sine +
DC” mode of the EPCY software lock-in amplifier
(Gillis 2000), with 1.25-kHz sinusoidal command
voltage (25 mV peak-to-peak) that was superimposed
on the holding potential of -81 mV. The AC,, were
elicited by depolarizing voltage clamp steps of 50-
500-ms duration. Calcium currents were sampled at
50-us intervals and filtered at 2.9 kHz. Capacitance
data were filtered and analyzed offline using IgorPro
software (Wavemetrics). The AC,, elicited by each
depolarization were quantified as the difference in
the capacitance immediately before the depolariza-
tion and that measured 100 ms after the end of the
depolarizing pulse. This avoided any contamination
of the exocytotic response by capacitive transients not
associated with exocytosis (Horrigan and Bookman
1994; Debus et al. 1995). All patch clamp experiments
were done at 20-22°C, and all measurements are given
as mean values + 1 standard error of the mean (SEM).

Cochlear nerve recordings

Animal preparation. White leghorn chicks (G. gallus
domesticus) between 6 and 12 days of age were anes-
thetized with an intramuscular injection of 25% ethyl
carbamate (Urethane) solution at a dose of 0.1 mg/g
body weight. The airway was exposed to assure free
breathing, and the soft tissue around the ear canal
was excised to reveal fully the tympanic membrane.
The surgical approach to the cochlear nerve via the
recessus scala tympani has been detailed elsewhere
(see, e.g., Saunders et al. 1996). Protocol for the
treatment and maintenance of animals was approved
by the University of Pennsylvania IACUC.

Testing conditions. The skull was secured to a head
holder with dental cement and then mounted on a
frame located in a sound-attenuated chamber. A
heating pad and a DC halogen lamp (placed ~20 cm
from the head) maintained body temperature at
41°C.

The ear was stimulated with a closed-field sound
system consisting of an earphone (Beyer Dynamic
earphone, Model DT-48, Hicksville, NY, USA) to
which a sound tube (10 cm long, 5 mm diameter) was
attached. A 0.5-mm probe-tube microphone (Etyo-
motic Research, Model ER-7, Elk Grove Village, IL,
USA) was fitted into the sound tube, and the tube was
sealed about the exposed tympanic membrane. The
second harmonic of the earphone was 60-74 dB be-
low the fundamental across frequencies. Output from
the probe microphone was connected to the analyzer
module of a frequency synthesizer (Audio Precision,
Model ‘“‘System One,” Beverton, OR, USA) and
converted to dB sound pressure level (SPL, relative to
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20 pPa). The generator module of the synthesizer
produced tonal stimuli under computer control. An
automatic calibration procedure achieved a constant
SPL between 0.1 and 4.0 kHz and, by adjusting the
synthesizer output voltage, different SPLs could be
presented.

Recordings. Borosilicate glass microelectrodes (15—
30 MQ) filled with 3M KCI were secured to a micro-
driver, inserted into scala tympani, and advanced in 1-
um steps. Electrical signals were amplified, connected
to an oscilloscope, audio monitor, and level detector.
Total discharge counts were stored on hard disk, and
only well-isolated units were used for collecting data.
When a responsive unit was encountered, spontane-
ous activity was determined from a 6-s sample of
activity in the absence of sound stimulation.

Stimuli. Band-limited noise bursts served as the
search stimuli. When a unit was encountered, this was
changed to a tone burst. Using tone bursts, a tuning
curve was then obtained for each unit as described
elsewhere (Saunders et al. 1996). From the tuning
curve the characteristic frequency (CF) and CF
threshold were determined.

Paired tone-burst data were obtained at the CF of
each unit, at a level either 20 or 30 dB above the CF
threshold. Each tone burst was 100 ms in duration
with a 2.5-ms rise/decay time. The interval between
the first and second tone burst was either 5, 10, 20,
40, 80, 160, or 320 ms. When testing a unit, the se-
quence of intervals was randomly presented. The
paired bursts were presented at a repetition rate of 1
per second. This meant that the duration between
the second tone burst and the first of the next pair,
for the longest interval (320 ms), was 480 ms. This
interval was much longer than the time needed for
recovery from adaptation, thus, the second tone burst
was never an influence on the first of the next pair. A
peristimulus  time histogram (PSTH) of unit dis-
charge activity, obtained with 0.3-ms resolution, was
accumulated over 100-150 paired stimulus presenta-
tions. In seven of the nine units reported, data were
obtained from all seven intervals. In the remaining
two units, data were collected from five and six
intervals, respectively.

Analysis. The histograms for each unit were reor-
ganized into 0.9-ms bins and the activity in each bin
was converted to spikes per second (S/s). Unit la-
tency varied slightly with CF, and each histogram was
normalized so that the highest discharge level during
the first 5 ms of the stimulus was placed in the same
bin. This meant that individual PSTHs might be
moved forward or back in time by 1 or 2 ms to achieve
the alignment. Similarly, the maximum response
during the first 5 ms of the second PSTH was also
normalized in this manner. Synchronizing the maxi-
mum response of each histogram allowed us to
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average activity across successive 0.9-ms bins for all
nine units in each interval sampled. The SEM was also
calculated for each bin. The approximately 95 ms of
discharge activity (the rise/decay activity was re-
moved) during the steady-state level of the stimulus
were isolated and fit to a two-compartment, three-
parameter, exponential decay function. From these
fits the maximum response, the adapted level of
activity, and the time constant were determined. The
coefficient of determination (»*) for all the first
PSTHs was 0.88 or better, while for the second PSTHs
it was lower for the shorter intervals but equal to or
greater than 0.82 when the second PSTHs were sep-
arated from the first by intervals longer than 40 ms.

Calculation of vesicles tethered to synaptic
ribbons

Synaptic vesicles tethered to a chick cochlear hair cell
synaptic ribbon are schematized in Figure 1. Note
that Dy, defines a sphere that transects the centers of
the synaptic vesicles and whose surface area ulti-
mately limits vesicle packing density. The total num-
ber of vesicles tethered to synaptic ribbons was
calculated as below, assuming a 55% packing density
of vesicles on the ribbon (Lenzi et al. 1999).

Viot = Nir X Vi,

where N, is the number of synaptic ribbons (dense
bodies) in the cell and V,, is the number of vesicles
tethered to a synaptic ribbon and is based on the
following equations:

Dioy = 2(Dyes/2) + 2Lier + D
SAsphere = 47(Dior/2)°

SAnex = SAgphere X 0.91
CAyes = T(Dyes /2)?

Vir = 0.55 X SApex/CAves

where D, is the diameter of the sphere defined by
synaptic ribbon and tethered vesicles; D, is diameter
of a synaptic vesicle; L. is the length the tether be-
tween the vesicle and synaptic ribbon; Dy is the
diameter of the synaptic ribbon; SAsphere is the sur-
face area of the sphere defined by Dy, SAj.x is the
surface area of synaptic ribbon available to packing in
a hexagonal array of spherical vesicles; and CA,.; is
the cross-sectional area of a vesicle.

RESULTS

Two kinetic components of chick cochlear hair
cell exocytosis

Whole-cell patch clamp recordings from tall hair cells
of the chick basilar papilla, the avian homolog of
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FIG. 1. Schematic of synaptic ribbon decorated with synaptic
vesicles. D, is the diameter of a synaptic vesicle. L is the length
the tether between the vesicle and synaptic ribbon. D, is the
diameter of the synaptic ribbon (dense body). All contribute to D,
the total diameter used to calculate the surface area where the
synaptic vesicles have their widest circumference and contact each
other. D;, is 100 nm in diameter (Martinez—Dunst et al. 1997), while
Liet and D, are approximately 20 nm and 40 nm, respectively
(Lenzi et al. 1999). A similar mean vesicle diameter was found when
we measured a sample of the vesicles found in the published elec-
tron micrograph of chick cochlear hair cells taken from the same
approximate location on the basilar papilla as cells in our experi-
ments (Martinez-Dunst et al. 1997).

mammalian cochlear inner hair cells, were used to
study kinetics of calcium-dependent neurotransmitter
release at the primary synapse of the auditory system.
Changes in cell membrane capacitance (AC,,) pro-
vided a surrogate measure of neurotransmitter re-
lease as this electrical measure of cell surface area
increased following synaptic vesicle exocytosis (Par-
sons et al. 1994; von Gersdorff and Matthews 1994;
Moser and Beutner 2000; Spassova et al. 2001). Sim-
ilar to other ribbon synapses (von Gersdorff et al.
1998; Moser and Beutner 2000), the chick cochlear
tall hair cell exhibits multiple kinetic components of
synaptic vesicle exocytosis.

Brief depolarizing pulses elicited step increases in
membrane capacitance that were independent of
changes in membrane conductance or series con-
ductance (Fig. 2A, B). A 50-ms depolarization to —21
mV from a holding potential of —81 mV resulted in a
step increase in AC,, that averaged 36 + 18 {fF (n = 6).
Longer depolarization pulses, up to 200 ms in dura-
tion, failed to elicit any further increase in cell
membrane capacitance. On average, the increase in
cell membrane capacitance after a 200-ms depolar-
ization was 34 + 14 {F (n = 6). The clear saturation of
the exocytic response across stimulus durations from
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FIG. 2. Multiple kinetic components of chick cochlear hair cell
exocytosis. A. Depolarizing stimulus of 100-ms duration elicits a step
increase in membrane capacitance (G,,) independent of changes in
membrane conductance (G,,) or series conductance (G;). Traces are
blanked during the depolarizing voltage clamp step, as the capaci-
tance measurements are not valid due to large changes in G,, (Lin-
dau and Neher 1988). B. A 300-ms depolarization results in a larger
step change in G,,. Changes in G,, also were observed. However,
such changes in G,, appeared to be well separated from changes in

50 to 200 ms (Fig. 2C) suggested that these brief
depolarizations stimulate the release of a finite pool
of readily releasable vesicles (Neher 1998). Depletion
of this readily releasable vesicle pool in mice cochlear
inner hair cells has been postulated to underlie short-
term adaptation in the auditory nerve (Moser and
Beutner 2000).

Depolarizing pulses longer than 200 ms evoked
additional exocytosis (Fig. 2B, C), apparently activat-
ing a second kinetic component of vesicle release. On
average, a 300-ms depolarization yielded a AC,, of
96 + 29 {F (n = 6), while a 500-ms stimulus resulted in

G by the lock-in amplifier since the increase in Gy, did not correlate
in magnitude or time course with the change in G, and likely re-
sulted from calcium-activated channel activity (see Fig. 3). None-
theless, capacitance traces were measured 100 ms after the end of
the depolarizing pulse to avoid any contamination of the exocytotic
response by capacitive transients not associated with exocytosis
(Horrigan and Bookman 1994; Debus et al. 1995). C. The results of
several experiments like A and B are summarized. The mean value
and SEM os AG,, are plotted versus stimulus duration.

154 + 26 {fF (n = 6). The second kinetic component
had an initial slope of 398 + 71 fF-s (long-dashed line
fit on Fig. 4B), several-fold slower than the initial
component attributed to exocytosis of the readily
releasable pool. This second kinetic component ap-
peared to start following a delay and likely represents
the activation of a second functional pool of vesicles
(Neher and Zucker 1993; Thomas et al. 1993). Simi-
lar biphasic exocytic kinetics, with a delayed second
component, have been previously observed at other
ribbon synapses (von Gersdorff et al. 1998; Moser and
Beutner 2000).
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Multiple kinetic components of exocytosis are
consistent with multiple functional pools of synaptic
vesicles. However, the apparent saturation of exocy-
tosis following short depolarizations could be ex-
plained by several other possible mechanisms that
include calcium channel inactivation (Wu and Sag-
gau 1997; Forsythe et al. 1998), gating charge artifact
(Horrigan and Bookman 1994), and increased
endocytosis (Smith and Betz 1996). L-type calcium
channels in the chick cochlear hair cell demonstrate
minimal inactivation similar to several other types of
hair cells (Hudspeth and Lewis 1988; Fuchs et al.
1990; Zidanic and Fuchs 1995; Rodriguez—Contreras
et al. 2002; but see Schnee and Ricci 2003). On
average, we have measured a 15% + 6% (n="7) de-
crease in calcium current amplitude after the first 80
ms of a l-s depolarization. However, no further
inactivation was observed. Thus, such a small reduc-
tion in calcium influx is not sufficient to curtail
exocytosis in these cells (Spassova et al. 2001). Intra-
cellular perfusion with a high concentration of the
calcium chelator BAPTA (5 mM) completely blocked
the increase in cell membrane capacitance (Fig. 3)
without affecting the amplitude of the calcium cur-
rent. On average, AC,, in the presence of 5 mM
BAPTA was 6 + 6 fF (n =5), whereas the calcium
current under the same conditions (112 + 13 pA;
n = 5) was unchanged from control calcium current
(112 + 23 pA; n=4). If the AC,, resulted from the
gating charge movement associated with activation of
voltage-gated sodium or calcium channel, then, un-
like synaptic vesicle exocytosis, it should be resistant
to intracellular calcium chelation. Poststimulus
maintenance of step increases in membrane capaci-
tance provides no evidence for ongoing endocytosis
under these recording conditions. Furthermore, our
previous studies on hair cells demonstrated that
whole-cell recording blocked endocytosis (Parsons et
al. 1994). Similar saturation of exocytosis at other
ribbon synapses (von Gersdorff and Matthews 1994;
Moser and Beutner 2000) has been interpreted to
reflect the exhaustion of a readily releasable pool of
synaptic vesicles.

Sensitivity of multiple kinetic components of
exocytosis to calcium buffering

Kinetic differences in exocytic components are often
interpreted as different pools of vesicles in different
states of molecular readiness (Neher and Zucker
1993; Thomas et al. 1993). These functional pools
may also reflect different spatial distributions of ves-
icles in the cell (Parsons et al. 1995; Schikorski and
Stevens 2001). To obtain evidence that the functional
vesicles’ pools were anatomically distinct, the prop-
erties of calcium chelators were exploited to establish
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FIG. 3. Rapid changes in membrane capacitance and conductance
depend on calcium. Depolarizing stimulus of 250 ms fails to elicit
any increase in G, when the pipette contains 5 mM BAPTA internal
solution, nor are changes in G,,, or G observed. Traces are blanked
during the depolarizing voltage clamp step as in Figure 2.

different steady-state calcium gradients within the
cell. Simulations demonstrate that intracellular cal-
cium rapidly approaches steady-state levels through-
out the cell (within <1 ms) after the opening of
calcium channels (Neher 1986; Roberts 1994). At
steady-state, calcium concentration can be character-
ized with a radial exponential decay from the site of
influx with a space constant:

) = (Deat)'/? (1)

where D¢, is the diffusion coefficient for calcium and
7 is the mean capture time of the buffer and is de-
fined by

7= 1/(konB) (2)

where k,, is the buffer association constant, and B is
the buffer concentration (Roberts 1993). Accord-
ingly, the space constant 4 of the calcium concen-
tration can be systematically varied by using
exogenous buffers with different k,,, and varying their
concentrations. For instance, 2.5 mM BAPTA, 2.5 mM
EGTA, and 0.2 mM EGTA yielded space constants of
14 nm, 300 nm, and 1000 nm, respectfully (Fig. 4A).

Intracellular equilibration of 2.5 mM BAPTA or 2.5
mM EGTA was compared with the standard buffering
condition of 0.2 mM EGTA. The exogenous calcium
buffers were allowed to equilibrate with the cytoplasm
for 2 min prior to stimulation. When cells were per-
fused with a 2.5 mM EGTA-containing internal
solution, the slow component of exocytosis was
selectively blocked leaving only exocytosis of the fas-
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FIG. 4. Calcium buffering differentiates kinetic components of
chick cochlear hair cell exocytosis. A. Schemaiic of buffer space
constants of different buffer conditions and the synaptic ribbon in
relation to the site of calcium influx. B. Summary of AG,, versus
stimulus duration for three different buffer conditions: 0.2 mM EGTA
(O) (control), 2.5 mM EGTA (@), 2.5 mM BAPTA (A). Each point on
the graph represents data from a minimum of 5 cells. Long-dashed
line originating at 200 ms has a slope of ~400 fF/s. The exponential
curve drawn between 0 and 200 ms has a time constant of 29 ms.
Control data are the same as Figure 2C and is replotted for reader
convenience.

ter component. This further defined the readily
releasable pool of vesicles (Fig. 4B, filled circles).
However, the same concentration of the ‘‘faster”
calcium buffer BAPTA completely abolished both
components of the exocytosis (Fig. 4B, filled trian-
gles). This differential sensitivity of the kinetic com-
ponents to various buffering conditions supports the
notion that the multiple functional pools result from
distinct spatial populations of vesicles.

Refilling of readily releasable pool is both rapid
and calcium-dependent

The demands of hearing require that phasic neuro-
transmitter release be maintained for long periods of
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time (Kiang 1965). Thus, we hypothesized that the
hair cell must rapidly refill its readily releasable pool
to sustain neurotransmitter release. A paired-pulse
paradigm was utilized to test this hypothesis. We first
stimulated for 150 ms to exhaust the readily releas-
able pool and then gave a second 150-ms pulse to
probe the amount of refilling that occurred during a
200-ms recovery interval. An example of such an
experiment can be seen in Figure 5A. The second
pulse elicits a similarly sized capacitance jump as the
first providing evidence that the readily releasable
pool had refilled. On average, the amplitude of the
second pulse was 95% + 5% (n = 3) (Fig. 5C) of the
first and suggested that the readily releasable pool is
essentially refilled in 200 ms. In some hair cells, the
refilling process proceeded even faster as we ob-
served refilling after only 50 ms (88% + 17% refilling;
n = 4). The increased variability in the recovery may
reflect differences between cells in their ability to
refill their readily releasable pool on such short time
scales.

We next examined the source of vesicles that rap-
idly refill the readily releasable pool and asked whe-
ther the slow kinetic component reflected the
mobilization of vesicles to the readily releasable pool.
The refilling of the readily releasable pool was tested
under conditions that block the activation of the slow
component of exocytosis. Cells were internally per-
fused with 2.5 mM EGTA and then subjected to the
same paired pulse paradigm used above. Exocytosis of
the readily releasable pool was normal; however, its
recovery was inhibited (Fig. 5B). On average, 2.5 mM
EGTA blocked the refilling of the small pool by 91%
(9% + 9% refilling, n=4) (Fig. 5C). Thus, rapid
refilling of the readily releasable pool is calcium-
dependent as increased calcium buffering blocks it.
These results are consistent with the notion that the
rapid refilling of the readily releasable pool and the
slow kinetic component of exocytosis share a com-
mon anatomical substrate.

Rapid refilling of readily releasable pool mediates
recovery from short-term adaptation

At the primary auditory nerve fiber, adaptation occurs
on many different time scales, referred to as rapid,
short-term, long-term, or verylong-term, and spans
time courses from milliseconds to minutes (Wes-
terman and Smith 1984; Yates et al. 1985; Chimento
and Schreiner 1991; Javel 1996). Previous work
(Furukawa et al. 1982; Westerman and Smith 1984;
Moser and Beutner 2000) suggested that the
exhaustion of the readily releasable pool of vesicles in
the hair cell mediates short-term adaptation in the
auditory nerve. Accordingly, the rapid refilling of the
readily releasable pool should determine recovery
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FIG. 5. Rapid refilling of synaptic ribbon. A. The AG, resulting
from a paired pulse stimulation paradigm with control internal
solution. Each depolarization is 150 ms in duration separated by a
200-ms interval during which capacitance was measured. B. Same
experimental protocol as in A except with the 2.5 mM EGTA-con-

from adaptation. To test both of these ideas, we
exploited our ability to study hair cell exocytosis and
single-unit afferent fiber activity in the same species.
We measured in vivo the time course of sound-evoked
short-term adaptation and its recovery. Acoustic
stimuli were presented once per second and peristi-
mulus time histograms were constructed from single-
unit activity recorded in the chick cochlear nerve. A
100-ms tone burst elicits a characteristic discharge
pattern (Fig. 6A) that adapted in this set of experi-
ments with an average time constant of 18.5 + 0.8 ms
(n=9). Sound-evoked short-term adaptation was
essentially complete after 50 ms of stimulation. A

M

2.5mM EGTA

taining internal solution. C. Comparison of recovery of readily
releasable pool with and without 2.5 mM EGTA in the internal
solution. On average, the amplitude of the first pulse in the control
experiment was 25.8 + 7.7 fF (n = 3), and with 2.5 mM EGTA the
amplitude of the first pulse was 26.2 + 5.6 fF (n = 4).

paired pulse paradigm was utilized to examine the
time course of recovery from this adaptation. The
recovery interval was varied in steps from 5 to 320 ms.
Recovery from adaptation increased as the interval
between tone bursts increased (Fig. 6A). The maxi-
mum spike rate resulting from the two stimuli was
compared (Fig. 6B). Recovery of the maximum spike
rate from shortterm adaptation proceeded with a
time constant of 69 ms (n = 9) being 95% recovered
at ~210 ms. Thus, the time needed to adapt and re-
cover nerve discharge at this synapse was similar to
the time required to exhaust and refill the hair cell
readily releasable pool with vesicles.
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Auditory nerve fibers exhibit spontaneous activity.
The cellular basis for this activity has been debated.
Several lines of evidence suggest that spontaneous
activity results from the release of neurotransmitter
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FIG. 6. Recovery of sound-evoked and spontaneous cochlear nerve
activity from short-term adaptation. A. Average PSTH histograms
across 9 single units for 7 different interstimulus intervals. B. Maxi-
mum response rate for both first and second stimulus is plotted
versus interstimulus interval (see inset). Maximum response rate of
the first is constant, whereas that of the second recovers with a time
constant of 69 ms. C. The spontaneous activity after the second tone
burst, for the 5-, 10-, 20-, and 40-ms intervals were averaged. The
rate of spontaneous activity recovers with a time constant of 97ms.

rather than simply spontaneous electrical excitation
of the nerve fiber alone (Manley and Robertson 1976;
Siegel and Relkin 1987). Consistent with this view, the
rate of spontaneous activity is inhibited following
stimulation that results in adaptation (Fig. 6A). The
spontaneous activity after the second tone burst, for
the 5-, 10-, 20-, and 40-ms intervals in Figure 6A, was
averaged to reveal the time course of spontaneous
activity recovery. The recovery time constant was 97
ms (Fig. 6C). The spontaneous activity following the
first tone burst in the 320-ms interval of Figure 6A was
also analyzed. The recovery of this activity exhibited a
time constant of 90 ms. These findings suggest that
spontaneous activity in the auditory nerve results
from the release of neurotransmitter but, more spe-
cifically from the release of vesicles maintained in the
readily releasable pool.

DISCUSSION

The evidence presented here supports the notion
that the exhaustion and replenishment of the readily
releasable pool mediates short-term auditory nerve
adaptation and recovery from adaptation. A fast, or
“readily releasable,”” and a slow kinetic component of
exocytosis are observed in chick tall hair cells (Fig. 2).
Differential sensitivity to calcium buffering condi-
tions suggests that spatially distinct pools of vesicles
(Fig. 4) mediate these two distinct exocytic compo-
nents. Recovery of the readily releasable pool is fast
and blocked by the slow calcium buffer EGTA (Fig.
5). Adaptation and recovery from adaptation of
sound-evoked chick cochlear nerve discharges, as well
as spontaneous activity, are also fast and follow time
courses similar to the exhaustion and recovery of the
readily releasable pool (Fig. 6). Thus, we posit that, at
this synapse, rapid recovery from short-term adapta-
tion depends on the timely replenishment with vesi-
cles of the readily releasable pool.

Anatomical basis of releasable pools

The concept of functional pools of releasable or
available vesicles at a synapse is well established (Ne-
her 1998), and pools vary in both size and number



Spassova ET AL.: Refilling of Auditory Synaptic Ribbons is Fast

from synapse to synapse. The correlation between
ribbon synapse anatomy and physiology is perhaps
best studied in the retinal bipolar cell of the goldfish
(von Gersdorff and Matthews 1994, 1996; von Gers-
dorff et al. 1998; Burrone et al. 2002). In the chick
cochlea, we now have, for the first time, a similar
complement of hair cell physiology (reported here)
and anatomy (Martinez—Dunst et al. 1997). This
permits us to postulate anatomic substrates for the
functional vesicle pools.

The ACG,, elicited by short pulses saturated at a
value of ~37 fF (average of 50-200-ms pulses in Fig.
2C). This corresponds to the fusion of ~1000 vesicles
given a single vesicle capacitance of 0.037 {F (Lenzi et
al. 1999). This is strikingly similar to the number of
vesicles that we calculated to be tethered to the syn-
aptic or dense bodies in these tall hair cells. The size
and number of synaptic ribbons vary tonotopically in
the chick cochlea (Martinez—Dunst et al. 1997). Our
patch clamp recordings were limited to the neural
most tall hair cells located ~0.5-1.0 mm from the
apical end of the basilar papilla [corresponding to
frequencies around 200 Hz (Chen et al. 1994; Manley
1996)]. Thus, the typical cell is expected to have
approximately 24 dense bodies (synaptic ribbons),
each about 100 nm in diameter (Martinez—Dunst et
al. 1997). Each dense body is also assumed to be
decorated with ~40-nm-diameter vesicles via a 20-nm-
long tether, and these vesicles reside in a hexagonally
packed array that is about 55% loaded (Lenzi et al.
1999). Based on these assumptions, we calculated
(see Material and Methods) each dense body to have
approximately 41 vesicles and each tall hair cell to
have a total of approximately 984 vesicles tethered to
its synaptic ribbons. Thus, the vesicles tethered at the
release sites can account for the readily releasable
pool.

The calcium buffer experiments further support
this notion. The binding properties of the two cal-
cium buffers predict that the readily releasable pool
of vesicles lies between 14-nm (Ao spapta) and 300-
nm (Lo spGTa) distance from the sites of calcium
influx (Fig. 4A). This distance is consistent with the
expected diameter of a tall hair cell dense body
decorated with synaptic vesicles (100-nm dense body
diameter plus two 20-nm tethers and two 40-nm syn-
aptic vesicles). Taken together, the size and sensitivity
to calcium buffers of the readily releasable pool
strongly suggests that in chick cochlear tall hair cells
this functional pool is accounted for by those vesicles
tethered to the synaptic ribbon.

The corollary of these results is that the second
slowly activated pool of vesicles resides beyond the
ribbon and reflects the recruitment of cytoplasmic
vesicles to release sites for exocytosis (Lenzi et al.
1999, 2002). This second kinetic component is sen-
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sitive to the slow calicum buffer and suggests a
dependence on longer-distance calcium signaling
(Moser and Beutner 2000). Three possible mecha-
nisms could explain the slow kinetics: (1) mobiliza-
tion of vesicles from the cytoplasm to the ribbon
where they subsequently gain release competency;
(2) fusion of release-ready vesicles at sites that are far
from calcium channels (Neher 1998); or (3) fusion of
release-ready vesicles close to the calcium channels
that have two different affinity receptors for calcium
(Goda and Stevens 1994; Wu and Borst 1999). The
observation that the same pharmacological manipu-
lation that blocked the recovery of the readily
releasable pool also blocked the slow kinetic compo-
nent supports the notion that sustained release of
neurotransmitter at this synapse is mediated by
mobilization of cytoplasmic vesicles to the synaptic
ribbon. Accordingly, the initial slope of the slow
component, ~400 fF/s (Fig. 4B), is more than fast
enough to refill the readily releasable pool of ~40 fF
in 200 ms or less.

The calculated number of ribbon-tethered vesicles
combined with the results of the buffer experiments
suggest that vesicles tethered to the synaptic ribbons
most likely define the readily releasable pool and that
refilling of the readily releasable pool relies on the
rapid recruitment of vesicles from the cytoplasm to
reload the ribbon. Spike-rate adaptation and sub-
sequent recovery in the cochlear nerve have kinetics
similar to those of the readily releasable pool. Thus,
we extend previous hypotheses to suggest that adap-
tation results from the vesicle depletion of the syn-
aptic ribbon and that rapid recovery from short-term
adaptation depends on the timely replenishment of
the ribbon with vesicles. Such rapid vesicle dynamics
on the synaptic ribbon likely has physiological
importance for maintaining the auditory system’s
ability to faithfully report the onset of sounds in a
dynamic acoustic environment.

Function of synaptic ribbon

The exact contribution of the synaptic ribbon to
exocytosis is not known, but is likely important for
both tonic and phasic neurotransmitter release.
The image of a ribbon fully loaded with readily
releasable vesicles suggests an active mechanism,
some sort of ‘‘conveyor belt,”” to shuttle vesicles
downward toward docking/release sites. This idea
appeared to provide a mechanism for sustaining
high release rates (Parsons et al. 1994). Despite the
intuitive appeal of the ribbon as a conveyor belt for
actively moving vesicles toward their docking and
release sites (Lenzi and von Gersdorff 2001; von
Gersdorft 2001), contrary evidence continues to
accumulate (Parsons and Sterling 2003). Our pres-
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ent results argue against vesicle transport. The fast
component of exocytosis saturates in <50 ms and
likely reflects the fusion of synaptic vesicles tethered
to the synaptic ribbon. For such exocytosis to be
mediated by a conveyor belt mechanism, the re-
lease-ready vesicles tethered at the farthest sites
from the plasmalemma would need to be trans-
ported at a rate of >5.5 um/s. This is at least twice
the speed supported by the fastest known molecular
motors (Gilbert 2001).

Comparison of synaptic ribbon emptying and
refilling kinetics

Hair cell exocytosis is fast. Rate constants for vesicle
fusion of the readily releasable pool triggered by
depolarization range from >20 s™ in chick tall hair
cells (lower limit estimated from data presented
here) to 100 s~ for mouse inner hair cells (Moser
and Beutner 2000). Exocytosis of the readily releas-
able pool by rod bipolar cell appears to be equally
fast or faster (650 s_l; Mennerick and Matthews 1996;
Neves and Lagnado 1999). However, such compari-
sons are complicated by differences across ribbon
synapses in the anatomical substrate of the readily
releasable pool as defined by the first kinetic com-
ponent of exocytosis (see Table 1). In the rod bipolar
cell, the readily releasable pool is thought to corre-
spond only to the first row of vesicles on either side of
its planar ribbon structure, whereas in the chick hair
cell the readily releasable pool likely corresponds to
all the vesicles tethered to the ribbon. Thus, the ac-
tual rate of ribbon emptying in the rod bipolar cell is
much slower than the hair cell, only 8 s'. In mouse,
the anatomical substrate of the readily releasable
pool is presently unknown, as detailed quantitative
ultrastructure of the neonatal mouse hair cell release
site is not available. It is therefore unclear in mouse
whether the fast kinetic component corresponds to
the vesicles tethered to the entire ribbon or only the
first row of vesicles docked to the plasmlemma. The
situation with mouse cochlear hair cells contrasts
with the frog saccular hair cell where exquisite ana-
tomical studies exist (Lenzi et al. 1999, 2002), but
comparable physiological recordings are yet to be
reported.

The refilling rates of the readily releasable pool
in hair cells are also fast. Here we report that the
chick readily releasable pool is essentially refilled in
less than 200 ms (95% recovered; Fig. 5). The
comparable measure for mouse is ~420 ms (Moser
and Beutner 2000). This is in contrast to the retinal
bipolar cell where even the fastest exocytic com-
ponent recovers relatively slowly (t = 600 ms; Go-
mis et al. 1999) and putative reloading of the ribbon
is even slower (~20 sec; von Gersdorff and Mat-
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thews 1997). Thus, while a comparison of exocytic
rates between ribbon synapses may be equivocal,
recovery of the readily releasable vesicle pool in
cochlear hair cells is faster than readily releasable
pool recovery in retinal bipolar cells. This func-
tional difference may reflect different physiological
requirements for the processes of hearing and vision
and raises the possibility of underlying molecular
differences between auditory and visual synaptic
ribbons.

Limitations of the present study

The ability to compare the kinetics of hair cell
synaptic vesicle fusion and single cochlear nerve
unit activity in the same animal model promises a
powerful approach to understanding synaptic
mechanisms of the cochlear hair cell-afferent fiber
synapse. However, experimental conditions differed
between the two recording paradigms, and their
potential impact on the interpretation of the data
warrants discussion, (i) Temperature — The in vivo
recordings of nerve activity were done at body
temperature (41°C), ~15°C warmer than the tem-
perature of the in wvilro capacitance measurements.
Although not known for the cochlear hair cell-
afferent fiber synapse, the Qo of release kinetics at
other synapses is ~3 (Katz and Miledi 1965; Barrett
and Stevens 1972; Isaacson and Walmsley 1995) and
would predict as much as a fivefold increase in the
hair cell exocytic kinetics in vivo. (ii) Endogenous
calcium buffer — Our ‘“‘control” intracellular buffer
condition was 0.2 mM EGTA. This is similar to the
equivalent endogenous buffer concentration of
~0.1 mM EGTA reported for exocytosis in mouse
cochlear hair cells (Moser and Beutner 2000) but
differs from the ~1 mM BAPTA observed for cal-
cium-activated potassium channels in the frog sac-
cular hair cells (Roberts 1993). (iii) Waveform of
membrane depolarization — Nerve discharges were
evoked by tonal stimuli. The acoustic stimuli gen-
erate receptor potentials that might differ from the
step changes in membrane potential utilized in the
patch clamp experiments. The amplitude of square
wave depolarizations used to trigger exocytosis in
vitro was chosen to maximize calcium influx
(Spassova et al. 2001) and thus saturate rapid exo-
cytosis elicited via depolarization. However, little is
known in the chick about sound-evoked receptor
potentials. If similar to other species, then both
half-wave rectification and/or low-pass filtering of
the receptor potential is expected. Given appropri-
ate frequency and intensity stimulation, either
transduction property can yield a square wave or
steplike receptor potential (Russell and Sellick
1978; Holton and Weiss 1983).
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Behavioral significance of rapid reloading of the
synaptic ribbons with vesicles

The kinetic difference between retinal bipolar cells
and auditory hair cells for reloading vesicles at the
synaptic ribbon is striking (hair cell is about tenfold
faster). These differences may result from the unique
functional demands of the auditory system and visual
system. A large store of readily releasable vesicles in-
sures the rapid and reliable release of synaptic vesicles
given stochastic but inherently slow exocytic pro-
cesses (Almers 1994). Such a large store of vesicles is
tethered to the ribbon, and the maintenance of the
store is essential for high-fidelity neurotransmission at
sound onset. Conversely, depletion of this vesicle
pool results in adaptation and serves to conserve
bandwidth by reducing the synaptic drive from
ongoing stimuli. However, since most sounds requir-
ing attention in a natural soundscape are transient,
faithfully reporting the onset of a new sound depends
on a prompt recovery from adaptation by rapidly
reloading the synaptic ribbon with vesicles. Perhaps
the rapidity with which the cochlear hair cell synaptic
ribbon reloads with release-ready vesicles portends
the evolutionary importance of the auditory system in
detecting potentially threatening stimuli.
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