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Time Course and Permeation of Synaptic AMPA Receptors in
Cochlear Nuclear Neurons Correlate with Input

Stephanie M. Gardner, Laurence O. Trussell, and Donata Oertel
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AMPA receptors mediate rapid glutamatergic synaptic trans-
mission. In the mammalian cochlear nuclei, neurons receive
excitatory input from either auditory nerve fibers, parallel fibers,
or both fiber systems. The functional correlates of differences in
the source of input were examined by recording AMPA
receptor-mediated, miniature EPSCs (mEPSCs) in whole-cell
voltage-clamp mode from identified neurons. Bushy, octopus,
and T-stellate cells of the ventral cochlear nucleus (VCN) and
tuberculoventral cells of the dorsal cochlear nucleus (DCN)
receive most of their excitatory input from the auditory nerve;
fusiform cells receive excitatory inputs from both the auditory
nerve and parallel fibers; cartwheel cells receive excitatory
input from parallel fibers alone. MEPSCs from bushy, octopus,
T-stellate, and tuberculoventral cells had significantly faster
decay time constants (0.35-0.40 msec) than did those from

fusiform and cartwheel cells (1.32-1.79 msec). Some fusiform
cells had two populations of mEPSCs with distinct time
courses. mMEPSCs in cells with auditory nerve input alone were
inhibited by philanthotoxin, a blocker of calcium-permeable
AMPA receptors, whereas mEPSCs in cells with parallel fiber
input were not. Thus AMPA receptors postsynaptic to the au-
ditory nerve differ from those postsynaptic to parallel fibers
both in channel-gating kinetics and in their permeability to
calcium. These results confirm the conclusion that synaptic
AMPA receptors are specialized according to the source of
input (Hunter et al., 1993; Rubio and Wenthold, 1997; Wang et
al., 1998).
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The mammalian cochlear nuclei offer an opportunity to relate the
functional properties of AMPA receptors with neuronal func-
tion, because those properties contribute to the ability of these
cells to convey the phase and frequency of sounds. Strong, rapid,
and robust synaptic responses are required for conveying acoustic
information contained in the timing of firing (Oertel, 1983; Wu
and Oertel, 1984; Zhang and Trussell, 1994a; Golding et al., 1995;
Isaacson and Walmsley, 1995, 1996) (for review, see Oertel, 1997,
1999; Trussell, 1997, 1999). In contrast with ventral cochlear
nucleus (VCN) neurons, for which the temporal precision in
firing is in the range of 100 usec (Godfrey et al., 1975; Rhode and
Smith, 1986; Joris et al., 1994) (for review, see Oertel, 1999),
cartwheel cells of the dorsal cochlear nucleus (DCN) respond to
repeated sound bursts with action potentials for which the timing
varies over 100 msec (Parham and Kim, 1995; Davis and Young,
1997).

Synaptic responses in the mammalian VCN and its avian ho-
molog reflect, in part, the rapid channel-gating kinetics of
postsynaptic AMPA receptors (Raman and Trussell, 1992, 1994;
Zhang and Trussell, 1994a,b; Isaacson and Walmsley, 1996).
AMPA receptors in avian auditory nuclei are faster than those in
adjacent regions of the brainstem (Raman et al., 1994). This
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finding raises the questions of whether receptors and the currents
they mediate are specialized in mammalian auditory neurons and
whether the time course of synaptic currents is associated specif-
ically with synapses that involve the auditory nerve.

Neurons in the mammalian cochlear nuclei receive excitatory
input via either or both of two fiber systems: auditory nerve fibers
from the cochlea or parallel fibers of granule cells (Fig. 1). In the
VCN the bushy, T-stellate, and octopus cells are contacted by
auditory nerve fibers (Osen, 1969; Brawer et al., 1974; Oertel et
al., 1990). In the DCN the auditory nerve fibers terminate in the
deep layer, contacting tuberculoventral cells and the basal den-
drites of fusiform cells. Parallel fibers terminate in the molecular
layer on spines of the apical dendrites of fusiform cells and on
cartwheel cells.

Immunohistochemical studies indicate that the AMPA recep-
tor subunits are distributed differentially in accordance with the
type of synaptic input. Although most of the AMPA receptor
subunits, designated GluR1-GluR4 (GluR A-GluRD), are found
at synapses of both fiber systems in the mammalian cochlear
nuclei, GluR4 subunits are targeted selectively to dendrites and
somata that are contacted by auditory nerve fibers (Hunter et al.,
1993; Rubio and Wenthold, 1997; Wang et al., 1998). AMPA
receptors that contain the GluR4 subunit gate rapidly (Sommer et
al., 1990; Mosbacher et al., 1994). The GluR2 subunit, which is
associated with AMPA receptors with slower kinetics and low
calcium permeability, has been observed with the GluR4 subunit
at some presumed auditory nerve synapses (Rubio and Wenthold,
1997). Our recordings of miniature EPSCs (mEPSCs) indicate
that slowly decaying, PhTX-insensitive mEPSCs are associated
with parallel fiber inputs and rapidly decaying, PhTX-sensitive
mEPSCs with auditory nerve fiber inputs.
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Figure 1.  Glutamatergic inputs to cells of the cochlear nuclei. Schematic
representation depicts the major sources of excitatory input to some of the
cells of the cochlear nuclei. Auditory nerve fibers bifurcate to innervate
cells in the unlayered ventral cochlear nucleus (VCN) and in the deep
layer of the dorsal cochlear nucleus (DCN). An anterior branch of each
fiber innervates bushy and T-stellate cells in the anteroventral cochlear
nucleus (AVCN), and the posterior branch innervates T-stellate cells in
rostral posteroventral cochlear nucleus (PVCN) and octopus cells in the
most caudal and dorsal PVCN. The posterior branch continues into the
deep layer of the DCN where its terminals contact dendrites of tubercu-
loventral and fusiform cells. Parallel fibers, the axons of granule cells that
lie in clusters around the VCN and within the DCN, course dorsoven-
trally in the molecular layer of the DCN, innervating the dendrites of
cartwheel and fusiform cells.

MATERIALS AND METHODS

All experiments were done in accordance with the protocols and guide-
lines of the Animal Care and Use Committee at the University of
Wisconsin—Madison.

Slice preparation. Inbred CBA and ICR mice (Harlan Sprague Dawley,
Madison, WI) ages 18- to 25-d-old were used for whole-cell patch-clamp
experiments. The dissection and slicing were done at 34°C in oxygenated
(95% 0,/5% CO,) physiological saline composed of the following (in
mM): 130 NaCl, 3 KC], 1.3 MgSO,, 2.4 CaCl,, 20 NaHCO;, 3 HEPES,
10 glucose, and 1.2 KH,PO,, pH 7.4. Coronal slices of cochlear nuclei,
200 pwm thick, were cut with a vibrating tissue slicer (Frederick Haer,
Brunswick, ME) and immediately transferred to a nylon mesh in a
beaker containing oxygenated saline at 34°C for 15-45 min. Then the
slices were placed in the recording chamber, immobilized with strands of
nylon attached to platinum wire, and superfused with oxygenated normal
saline at 33-34°C. The flow of saline was maintained at 8—10 ml/min
throughout the duration of the experiment, and drug applications [con-
taining (in uM) 1 TTX, 20 DNQX, 1 strychnine, 50 kainic acid (Sigma, St.
Louis, MO), and 50 philanthotoxin-343 (Research Biochemicals, Natick,
MA)] were accomplished by a stopcock system that ensured continuous
flow to the slices.

Whole-cell recordings. Cells were visualized with Nomarski differential
interference contrast optics with a Zeiss Axioskop (Zeiss, Oberkochen,
Germany) and a water immersion lens (63X magnification). Patch elec-
trodes (4-10 M{)) were fashioned from borosilicate glass tubes with a
Flaming-Brown micropipette puller (Sutter Instrument, San Francisco,
CA). They were coated with Sylgard (Dow Corning, Midland, MI) and
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fire-polished (Narishige Scientific Instruments, Tokyo, Japan) before
use. The pipettes were filled with an intracellular solution composed of
the following (in mm): 70 Cs,SO,, 7 KCI, 1 MgSO,-7 H,O, 1 CaCl,2
H,O, 10 EGTA, 10 HEPES, and 2 Na,ATP, pH 7.3. In addition, 0.1%
biocytin (Sigma) was included in the pipettes to label the cells for
subsequent anatomical identification.

All recordings were made with the Axopatch 200A patch-clamp am-
plifier (Axon Instruments, Foster City, CA). The headstage was in the
whole-cell, resistor feedback mode. Once it was in the whole-cell config-
uration, cell health and stability were evaluated. Cells were accepted for
recording according to previously established criteria from this lab par-
ticular to each cell type for input resistance, membrane time constant,
and action potential shape and size (Oertel, 1983; Oertel and Wu, 1989;
Oertel et al.,, 1990; Zhang and Oertel, 1993a,b, 1994; Golding et al.,
1995).

To record AMPA receptor-mediated mEPSCs, we held cells at —65 to
—70 mV in the whole-cell voltage-clamp configuration (a liquid junction
potential of —8 mV is corrected in the holding potentials). The series
resistance (<12 MQ) was compensated by 80-90%. mEPSCs were low-
pass-filtered at 10 kHz and recorded at a sampling rate of 33 kHz with
pClamp6 software (Axon Instruments).

Event detection and analysis of mEPSCs. Amplitude, 10-90% rise time,
decay time constant, and inter-event intervals were measured off-line
with pClamp software and the SpontEx program (Dr. M. I. Banks,
University of Wisconsin, Madison, WI) written in Microcal Origin v5.0
software (Microcal Software, Northampton, MA). Events were detected
with a sliding window, using a detection threshold of 3 SDs above the
noise. Amplitudes were measured from the current baseline to the peak
amplitude of the event. Rise times were measured as the time it took for
the event to rise from 10 to 90% of the peak amplitude. Single exponen-
tials were fit to the falling phase of individual events. Noise histograms
were constructed from individual cells, using the concatenated data
between events.

Histograms were constructed and statistical tests were performed with
Origin v5.0 software. Although the data did not always follow a normal
distribution, nonparametric statistics always gave the same result as
Student’s ¢ tests for two independent populations (e = 0.01 for all tests).

Histology. To verify the identification of each cell that was recorded, we
included 0.1% biocytin in the recording pipette, and slices containing
recorded cells were placed immediately in 4% paraformaldehyde after
the whole-cell recording and stored at 4°C for between 24 hr and 2 weeks.
The tissue was embedded in gelatin and albumin, cross-linked by glutar-
aldehyde, and sectioned at 60 wm with a vibratome. Slices were incubated
with avidin conjugated to horseradish peroxidase (Vector ABC Kkit,
Vector Laboratories, Burlingame, CA), and the cells were visualized
after processing for horseradish peroxidase with cobalt and nickel inten-
sification (Zhang and Oertel, 1993a). The sections were mounted on
slides and counterstained with cresyl violet to view the cytoarchitecture
of the cochlear nuclei. Cell identification was made according to previ-
ously reported light microscopic descriptions in the cochlear nuclei (Wu
and Oertel, 1984; Oertel et al., 1990; Zhang and Oertel, 1993b, 1994;
Manis et al., 1994).

RESULTS

Cell identification

The identification of cell type was crucial for the present study.
All cells were identified during the experiments on the basis of
their location in the cochlear nuclei and their electrophysiological
properties; in 30 of 53 recorded cells the identification was veri-
fied histologically. In the living slices the unlayered VCN, criss-
crossed with thick fascicles of myelinated axons that appear
opaque when visualized with Nomarski optics, and layered DCN,
with myelination confined to the deep layer, were distinct and
easily identifiable. Where cells were intermingled, the size and
shape of the cell body aided in identifying and targeting particular
types of cells. For most cells in the cochlear nuclei, depolarizing
somatic current injection elicits a hallmark response that is cor-
related with anatomical classifications (Oertel, 1983; Oertel et al.,
1990; Zhang and Oertel, 1993b, 1994; Golding et al., 1995). The
complex spikes of cartwheel cells identify them uniquely; six slices
in which recordings were made from cartwheel cells thus were not
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processed histologically. Withdrawal of the patch electrodes
sometimes damaged neurons.

Kinetic properties of AMPA

receptor-mediated mEPSCs

All recorded neurons in the VCN and DCN had mEPSCs me-
diated by AMPA receptors from patch recordings in the whole-
cell configuration. Most neurons in the cochlear nuclei of mice
receive glycinergic input. In the present experiments, glycinergic
mEPSCs in many cells were so frequent that they obscured
glutamatergic mEPSCs and thus were blocked routinely by 1 um
strychnine. In octopus cells no outward mEPSCs were detected,
and inward mEPSCs were not affected by bath-applied strychnine
in three cells that were tested. These findings are consistent with
the observation that no glycine-positive boutons were observed in
the octopus cell area (Wickesberg et al., 1991, 1994; Kolston et al.,
1992) and that strychnine had no effect on synaptic responses
recorded in vitro (Golding et al., 1995). In all five cells that were
tested, all mEPSCs recorded at —65 to —70 mV in the presence
of 1 um TTX and 1 uM strychnine were abolished by 20 um
DNQX and thus were identified as being mediated by AMPA
receptors. Inward currents mediated by NMDA receptors were
not observed because cells were held near their resting potential
in a bath that contained magnesium, conditions under which
NMDA receptors are blocked.

Examples of spontaneous mEPSCs in bushy, octopus,
T-stellate, tuberculoventral, fusiform, and cartwheel cells appear
as downward deflections in the current traces in Figure 2. In these
examples (Fig. 2, left), as in all recordings, the amplitudes of
mEPSCs were variable. Although frequencies of events varied
somewhat from cell to cell, there was a large and consistent
difference in the frequency of spontaneous mEPSCs in octopus
cells relative to their frequency in other cell types. Events oc-
curred with an average frequency of 71 Hz in octopus cells, nearly
an order of magnitude higher than any other group of cells in the
cochlear nuclei (Fig. 2, left, Table 1). Ensemble averages of events
in individual cells are shown also (Fig. 2, right). These show that
events are generally brief in bushy, octopus, T-stellate, and tuber-
culoventral cells and are slower in fusiform and cartwheel cells
(Fig. 2, Table 1).

The amplitude of the mEPSCs showed a wide distribution for
each cell type. Amplitudes of events varied between ~20 and 350
PA, with means ranging from ~40 to 90 pA (Table 1). Figure 3
shows histograms of measurements summed over all of the re-
corded cells. mEPSCs generally rose distinctly from the noise
(Fig. 3, gray bars). In the VCN, amplitudes were largest in
T-stellate cells, smaller in bushy cells, and smallest in octopus
cells. In the DCN, amplitudes of events in tuberculoventral,
fusiform, and cartwheel cells did not differ significantly. Events in
cells of the VCN were significantly larger than those in DCN cells
(p < 0.01; Student’s ¢ test). The range in the amplitudes for each
cell type could not be attributed to dendritic filtering (see below).

The mEPSCs rose significantly faster in bushy, octopus,
T-stellate, and tuberculoventral cells than in fusiform and cart-
wheel cells (Fig. 4). The 10-90% rise times for mEPSCs in cells
of the VCN and the tuberculoventral cell of the DCN were, on
average, <200 usec whereas those in fusiform and cartwheel cells
of the DCN were, on average, two to three times larger, ~430 and
660 usec, respectively; the differences were statistically significant
(p < 0.01; Student’s ¢ test) (Table 1). Furthermore, the distribu-
tions of rise times of mEPSCs were narrower for bushy,
T-stellate, octopus, and tuberculoventral cells, indicating that

J. Neurosci., October 15, 1999, 79(20):8721-8729 8723

Bushy

“"m*"(

Octopus

WWWM\WM

T Stellate

W

Tuberculoventral

Re—————————

Fusiform

Hppe——

Cartwheel

B ——

30 pA _

50 ms 2ms

etk

Figure 2. mEPSCs differ between cells with only auditory nerve input
and those with input from parallel fibers. Left, mEPSCs appear as spon-
taneous inward currents of varying amplitude. Ten consecutive superim-
posed traces show that mEPSCs occur in all of the recorded cells. In
fusiform cells some mEPSCs are rapid, whereas other mEPSCs are small
and slow. In cartwheel cells mEPSCs are slow. The observation that they
occur more frequently in octopus cells than in other types of cells is
consistent. Right, Normalized ensemble averages of individual events
from single cells (31-108 events) show that events in bushy, octopus,
T-stellate, and tuberculoventral cells are more rapid than in fusiform and
cartwheel cells of the DCN. The ensemble average of events in fusiform
cells includes both the rapid and slow events. The time of peak was used
to align all of the events to be averaged; this leads to an inflection in the
rising phase of the average current in the cartwheel cell because the rise
times were variable.
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Table 1. Comparison of properties of mEPSCs in six types of cells in the cochlear nuclei

Amplitude 10-90% rise Tdecay Frequency of Number Number
Cell type (pA) (msec) (msec) events (Hz) of events of cells
Bushy 65 = 44 0.14 = 0.06 0.40 = 0.15 10*+6 2281 7
Octopus 57 =23 0.20 = 0.12 0.35 = 0.16 71 = 100 1498 5
T-stellate 88 =359 0.15 = 0.08 0.36 = 0.22 3+2 625 6
Tuberculoventral 43 =17 0.18 = 0.06 0.40 = 0.16 10+7 1451 5
Fusiform 42 =19 0.43 = 0.39 1.32 = 1.50 11+10 916 6
Cartwheel 44 =22 0.67 = 0.54 1.99 = 1.72 9+8 676 6
All values are expressed as the mean = SD.
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Figure 3. Amplitudes of events are variable in all cell types. The major-
ity of mEPSCs was distinguishable from the noise (gray bars). Ampli-
tudes varied widely within each of the cell types, on average being largest
in T-stellate cells and smallest in cartwheel cells. The data are binned at
10 pA; each histogram represents data pooled from several cells of each
cell type. The data are summarized numerically in Table 1.

their shapes were more stereotyped than those in fusiform and
cartwheel cells. The distant location of synapses may account for
some of the slower rise times observed in these cells as a conse-
quence of dendritic filtering (see below).

The decay time constants of the mEPSCs were also signifi-
cantly shorter in cells that receive only auditory nerve input than
in cells that have parallel fiber input (Fig. 5). Individual events
measured in bushy, octopus, T-stellate, and tuberculoventral cells
decayed with single exponential decay time constants of ~350—
400 psec. In contrast, mEPSCs recorded in fusiform and cart-
wheel cells of the DCN decayed with time constants that were, on
average, three to four times longer, ~1-2 msec, and were signif-
icantly different from the cells with only auditory nerve input (p
<< 0.01) (Table 1).

To determine the degree to which dendritic filtering might play
a role in shaping the properties of the mEPSCs measured in the
different cell types, we evaluated the relationships between the
rise time and amplitude and decay time constant. Figure 6 shows
plots of the rise time of the combined events measured from all of

Rise time (ms)

Figure 4. Rise times of mEPSCs were fast in cells with auditory nerve
input. The 10-90% rise times of mEPSCs from bushy, octopus, and
T-stellate cells of the VCN and the tuberculoventral cell of the DCN
were, on average, faster than those from fusiform and cartwheel cells of
the DCN. Rise times in bushy, octopus, T-stellate, and tuberculoventral
cells had narrow distributions, whereas those of fusiform and cartwheel
cells had broad distributions. Rapidly rising events, events in the first 0.1
msec bin, were observed in all of the cells that receive input from the
auditory nerve, but not in the cartwheel cells that do not get input from
the auditory nerve. Each histogram represents data pooled from several
cells of each cell type. These data are summarized numerically in Table 1.

the cells as a function of amplitude. If there were significant
filtering, those events with the longest rise times would have the
smallest amplitudes and those with the shortest rise times would
have the largest amplitudes, giving these plots negative slopes.
There was no significant correlation between rise time and am-
plitude in any of the six cell types; correlation coefficients ranged
from 0.19 to —0.16. Plots of rise time as a function of decay time
constant were examined also (Fig. 7). If there were significant
filtering, those events with the longest rise times also would be
expected to have the longest decay time constants, giving these
plots a positive slope. There was a slight correlation of rise time
and decay time constant in bushy and octopus cells (» = 0.12 and
0.15, respectively). In T-stellate, tuberculoventral, fusiform, and
cartwheel cells there was a stronger correlation between the rise
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Figure 5. Decay of mEPSCs in cells with auditory nerve input is faster
than in cells with parallel fiber input. Single exponential decay time
constants fit to individual events were generally faster in bushy, octopus,
T-stellate, and tuberculoventral cells for which the excitatory input is from
the auditory nerve rather than in cartwheel cells for which the excitatory
input is from parallel fibers. The range of decay time constants was broad
in cells with parallel fiber input, the fusiform and cartwheel cells. The
data are binned at 0.2 msec. Each histogram was constructed from several
cells of each cell type. The data are summarized numerically in Table 1.

time and decay time constants (r = 0.56, 0.41, 0.48, and 0.64,
respectively). Thus, although a correlation between rise times
and amplitudes was not observed in any of the cells, the positive
correlation between rise and decay times indicates that some of
the events probably are affected by dendritic filtering in T-stellate,
tuberculoventral, fusiform, and cartwheel cells.

Fusiform cells have two distinct, anatomically segregated in-
puts with differentially distributed glutamate receptor subunits,
suggesting that mEPSCs might be of two kinetically distinct
populations. In the histograms in which the measurements of rise
time, decay time constant, and amplitude of several cells were
combined (see Figs. 4-6), events did not appear to belong to two
separate populations. In two of the six individual fusiform cells
that were studied, however, two populations of kinetically differ-
ent mEPSCs were observed (Fig. 8). There were rapidly rising,
rapidly decaying events (10-90% rise 179 psec, Tyecay 660 psec in
cell A; 10-90% rise 207 WSeC, Tyecay 820 msec in cell B) and
rapidly rising, slowly decaying events (10-90% rise 334 usec,
Taecay 3-04 msec in cell A; 10-90% rise 385 psec, Tyecay 3.59 msec
in cell B). These two populations formed a bimodal distribution
in the decay time constant histograms (Fig. 8, right). The differ-
ences in the decay times that gave rise to two populations in the
decay time constant histograms were not attributable to dendritic
filtering because there were no large correlations between the rise
times and the amplitude and decay time constants for the events
in the two cells (data not shown). The two types of mEPSCs in
these fusiform cells may represent AMPA receptors with differ-
ent kinetic properties as a function of the selective targeting of
receptor subunits.
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Figure 6. Plots of rise times against amplitudes show no evidence for
dendritic filtering. Plots of rise times as a function of amplitude had
positive or slightly negative correlations. For each scatterplot a simple
regression line was fit through the data, and the correlation coefficient was
computed. Negative correlations between rise time and amplitude are
indicative of filtering; an absence of correlation can be the result of the
large variability in amplitude that commonly is observed in these cells.
The data represent values pooled from several cells of each cell type.

Permeation properties of AMPA receptors in the
cochlear nuclei

The polyamine-containing wasp toxin, philanthotoxin-343
(PhTX), was used as a tool to probe for the presence of GluR2
subunits in AMPA receptors in the six cell types that were
studied. PhTX selectively blocks AMPA receptors that lack the
GluR2 subunit (Washburn and Dingledine, 1996; To6th and
McBain, 1998). The presence of GluR2 has been shown to block
calcium permeability (Hollmann et al., 1991; Geiger et al., 1995).
Whole-cell voltage-clamp recordings were made as before. After
events were collected for a baseline measurement of amplitude,
rise and decay times, and frequency of events, 50 um PhTX was
bath-applied to the slice for 5 min. Initial experiments showed no
effect of Ph'TX on mEPSCs when it was applied alone. PhTX is an
open-channel blocker (Bahring and Mayer, 1998); presumably,
the frequency of mEPSCs was not sufficiently high to open many
channels during the application of the toxin. Therefore, in later
experiments (all of those specifically reported in this study) 50 um
kainate was coapplied for 2-3 min with the toxin to increase the
likelihood of blocking PhTX-sensitive channels. To eliminate any
effects that the toxin may have on presynaptic calcium channels,
we also coapplied 50 um CdCl, (Karst et al., 1994). mEPSCs were
acquired after washout of the kainate, PhTX, and cadmium, and
the holding current returned to baseline.

In eight neurons, including bushy, T-stellate, octopus, and
tuberculoventral cells, mEPSCs were abolished by the addition of
PhTX with kainate (two cells each; Fig. 9). In contrast, Ph'TX had
no detectable effect on the mEPSCs in both fusiform and cart-
wheel cells. Amplitudes and rise and decay times in these cells
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Figure 7. Plots of rise times against decay time constants show evidence
for dendritic filtering of events in some cell types. Plots of rise time
against the decay time constant showed a strong positive correlation for
T-stellate, tuberculoventral, fusiform, and cartwheel cells. The correlation
of rise time and decay time constant are indicative of an effect on the time
course of some events by dendritic filtering. For each scatterplot a linear
regression line was fit through the data, and the correlation coefficient was
computed. The data were pooled from several cells of each cell type.

were identical before and after PhTX was added (three cells each;
p > 0.01; Student’s ¢ test) (Fig. 9). In the three fusiform cells that
were tested, however, two populations of kinetically distinct
mEPSCs were not observed. It is possible that the fast mEPSCs
would have been PhTX-sensitive. The effect of PhTX was re-
versed in two bushy, one T-stellate, and one tuberculoventral cell
by washing for 45-90 min. The blockade of events was not
attributable to kainate exposure because 50 um kainate and Cd?*
had no effect on mEPSCs in two cells that were tested (Fig. 9).
These results indicate that those cells with mEPSCs that have
rapid kinetics are blocked by PhTX and thus have calcium-
permeable AMPA receptors (Fig. 10). Those cells with slower
mEPSC decays, the fusiform and cartwheel cells, were not af-
fected by PhTX and therefore do not use calcium-permeable
AMPA receptors.

DISCUSSION

The synaptic transfer of signals from the auditory nerve to neu-
rons in the cochlear nuclei is a key step in determining to what
extent periodicity and transients in sound are preserved and
sharpened as acoustic information passes along the auditory path-
ways. The present study provides a comparison of spontaneous
mEPSCs mediated by synaptic AMPA receptors in cochlear
nuclear neurons that receive input from the auditory nerve and
from parallel fibers in widely differing configurations. Three find-
ings are noteworthy. First, rapid, PhTX-sensitive mEPSCs were
measured in neurons that receive input from only the auditory
nerve and not in neurons that receive input from parallel fibers
(Fig. 10). Second, dendritic filtering was most profound in cells
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Figure 8. Some fusiform cells have two populations of mEPSCs. Left,
Some fusiform cells had two kinetically distinct groups of mEPSCs. Five
consecutive traces are shown for each cell in which rapid events can be
distinguished by eye from slow events. Right, Histograms for the decay
time constant for each cell show a bimodal distribution representing two
populations. The data are binned at 0.45 msec for both fusiform cells.

that have dendritic spines. Third, there was a striking difference
in the frequency of mEPSCs among cells. These data offer phys-
iological evidence to complement studies in avian auditory nuclei
(Raman et al., 1994; Otis et al., 1995) and support immunohisto-
chemical data that propose that the source of excitatory input is
an important factor in determining the properties of postsynaptic
AMPA receptors (Hunter et al., 1993; Rubio and Wenthold,
1997; Wang et al., 1998).

mEPSCs associated with input from the auditory nerve
have fast decay kinetics and are PhTX-sensitive

Cells that receive a direct input from the auditory nerve had
mEPSCs that decayed significantly faster than those in cells that
are contacted by parallel fibers. Decay time constants were sig-
nificantly faster in bushy, octopus, T-stellate, and tuberculoventral
cells than in cartwheel cells and most fusiform cells. Two fusi-
form cells showed events having bimodal distributions; some
mEPSCs had fast rise times and fast decay times, whereas others
had fast rise times and slow decay times (see Fig. 8). A simple
explanation for these observations that takes into account immu-
nohistochemical findings (Rubio and Wenthold, 1997) is that fast
mEPSCs arise from the auditory nerve and that slow mEPSCs
arise from the parallel fibers. Two kinetically distinct populations
of mEPSCs could not be resolved in all fusiform cells or in the
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Figure 9. PhTX blocks AMPA receptors only with auditory nerve input and not with parallel fiber input. Left, The 50 uM cadmium and kainate alone
had no effect on mEPSCs in a bushy cell. The amplitude, rise and decay time, and frequency of events before and after were not significantly different
(p < 0.01; Student’s ¢ test). Center, mEPSCs were abolished completely by 50 um PhTX in a bushy cell. Right, 50 um PhTX did not affect mEPSCs in
a cartwheel cell. The amplitude, rise and decay time, and frequency before and after were not significantly different (p < 0.01; Student’s ¢ test).
Strychnine (1 uMm) was present in the bath for the duration of the recording to isolate the mEPSCs. All traces were filtered off-line at 5 kHz for

presentation purposes.

total population of measured mEPSCs, however. Some events in
fusiform cells were affected by dendritic filtering (see Fig. 7)
contributing to the spread in the distribution and perhaps obscur-
ing differences. The occurrence of rapidly and slowly decaying
mEPSCs also could be affected by the relative abundance of basal
dendrites. Fusiform cells in mice consistently have large apical
dendritic arbors, but the basal dendritic arbors vary from lush to
sparse (Oertel and Wu, 1989). One might expect, therefore, that
in some fusiform cells the frequency of fast events might be low.
We conclude that all fusiform cells have two populations of decay
times of mEPSCs but that they cannot always be resolved.
AMPA receptor-mediated mEPSCs from the auditory nerve
were blocked by 50 um PhTX, whereas mEPSCs from parallel
fiber input were not affected in all cell types except fusiform cells.
In the three fusiform cells that were tested there was no detect-
able effect of PhTX on the mEPSCs. It is not clear how to
interpret this result. It is possible that the receptors in the basal
dendrites are different from others postsynaptic to the auditory
nerve. Because basal dendrites probably receive excitatory input
from other neurons, including cells in the VCN (Oertel et al.,
1990), PhTX insensitivity is possibly, but not necessarily, associ-
ated with auditory nerve inputs. On the other hand, it is difficult

to measure the blockade of a small proportion of mEPSCs; in the
three cells that were tested, rapid mEPSCs were rare.

The differences in decay kinetics and the related permeation
properties among cells of the cochlear nuclei are likely to be
associated with differences in the subunit composition of AMPA
receptors. Although the distribution of flip/flop splice variants of
the subunits has not been examined closely in the cochlear nuclei,
the GluR4 subunit, which has been associated with currents with
rapid rates of decay (Sommer et al., 1990; Mosbacher et al., 1994),
appears to be associated consistently with auditory nerve syn-
apses. AMPA receptor subunit protein on bushy cells opposite
the endbulbs has been identified as being mainly GluR3 and
GluR4 (Wang et al., 1998). In addition, GluR4 subunits have been
shown to be localized on the basal dendrites that receive input
from the auditory nerve and not on apical dendrites that receive
input from parallel fibers (Rubio and Wenthold, 1997). These
studies suggest that the kinetic properties of AM PA receptors are
specialized according to the source of input; receptors postsyn-
aptic to the auditory nerve have high levels of the GluR4 and are
fast, whereas receptors postsynaptic to parallel fibers lack GluR4
and are slow. The GluR2 subunit, which is associated with slower
kinetics and low calcium permeability (Hollmann et al., 1991;
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Figure 10. Cells with auditory nerve input alone have rapidly gating
calcium-permeable AMPA receptors. Plotting the average decay time
constant (=SEM) versus the average amplitude of events after PhTX
relative to before shows that those cells with rapidly decaying mEPSCs
(bushy, T-stellate, octopus, and tuberculoventral cells) are also sensitive to
PhTX. Those cells with slower mEPSC decays (fusiform and cartwheel
cells) were insensitive to PhTX. The x-axis was calculated from average
amplitude values for each cell. The decay time constants represent the
average decay of events in each cell before the application of PhTX,
kainate, and Cd®*. The amplitudes were not changed significantly in
fusiform and cartwheel cells (p < 0.01; Student’s ¢ test) but were not
identical before and after PhTX (Amplitudep, rx/Amplitudeygma # 1)

Geiger et al., 1995), is absent in synapses of bushy cells (Wang et
al., 1998). In fusiform cells both the apical and basal dendrites
contain GluR2. The question then arises whether GluR2 in basal
dendrites is associated with all excitatory synapses or whether it is
excluded from auditory nerve synapses, making possible the rapid
kinetics of mEPSCs observed in some fusiform cells. This issue
could not be resolved in the present experiments, which probed
for the presence of GluR2 with PhTX, nor was it resolved in
immunohistochemical studies (Rubio and Wenthold, 1997). With
the possible exception of fusiform cells, therefore, all experimen-
tal evidence is consistent with the conclusion that GluR4 is
present and that GluR2 is absent from auditory nerve synapses.

mEPSCs are filtered most in cells that get input from
parallel fibers through dendritic spines
Plots of rise times against the decay time constants provided
evidence of dendritic filtering of mEPSCs in T-stellate, tubercu-
loventral, fusiform, and cartwheel cells. This result is consistent
with the observation that these cells receive excitatory input on
their dendrites (Mugnaini et al., 1980; Cant, 1981; Wouterlood
and Mugnaini, 1984; Wickesberg and Oertel, 1988; Smith and
Rhode, 1989). However, whereas T-stellate and tuberculoventral
cells showed evidence for the filtering of events, most mEPSCs
were very rapid. The pattern of auditory nerve inputs to the
tuberculoventral cell is unknown; inputs to T-stellate cells may be
mainly proximal (Smith and Rhode, 1989). Interestingly, octopus
cells have long, broad dendrites but showed little evidence for
filtering. It is possible that the cells are electrically compact.
mEPSCs in fusiform and cartwheel cells revealed more den-
dritic filtering than T-stellate and tuberculoventral cells although
the length of their dendrites is similar (see Fig. 7) (Oertel and
Wu, 1989; Zhang and Oertel, 1993a, 1994). A major difference is
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that both cartwheel and fusiform cells get excitatory input from
parallel fibers through dendritic spines, which may cause the
greater attenuation of synaptic currents seen at the cell body
(Segev and Rall, 1998). This attenuation may underlie their
diminished ability to encode timing information in response to
auditory stimuli (Rhode et al., 1983).

The result that plots of rise times against amplitudes did not
indicate the presence of dendritic filtering in any of the cells is
probably a consequence of the variability of mEPSC amplitude
that generally is observed in the CNS (Bekkers and Stevens,
1994). This variability can obscure any systematic changes in
amplitude as a function of dendritic filtering.

Frequency of mEPSCs

The frequency of mEPSCs was between seven and 20 times
higher in octopus cells than in other cell types. The frequency is
correlated approximately with the number of auditory nerve
fibers that innervate cells. Bushy cells and T-stellate cells in the
mouse receive relatively few inputs, approximately four to seven
(Oertel, 1985; Ferragamo et al., 1998). The dendrites of tubercu-
loventral and the basal dendrites of fusiform cells are aligned
within isofrequency laminae and probably receive input from a
limited number of auditory nerve fibers, but estimates of the
numbers of inputs have not been made (Oertel and Wu, 1989;
Zhang and Oertel, 1993b, 1994). Octopus cells, in contrast, re-
ceive input from many auditory nerve fibers, probably >50 (Gold-
ing et al., 1995). Estimates of the relative numbers of release sites
have not been made in these cells.

The correlation of the frequency of spontaneous mEPSCs with
number inputs seems to be limited to auditory nerve fibers. Apical
dendrites of fusiform and cartwheel cells receive numerous in-
puts from the parallel fibers (Mugnaini et al., 1980; Wouterlood
and Mugnaini, 1984), yet a high frequency of mEPSCs was not
observed in these cells. It is possible that these synapses have a
lower probability of transmitter release.

Functional relevance

The difference in the kinetics of the mEPSCs between the cells
that are the targets of the auditory nerve and those that have the
parallel fibers as a source of excitation parallels the ability to
encode timing in responses to sound in vivo. Bushy, octopus,
T-stellate, and tuberculoventral cells (which probably correspond
to vertical cells in the cat) are characterized by their ability to
encode timing information (Rhode et al., 1983; Rhode and Smith,
1986; Smith and Rhode, 1989; Joris et al., 1994; Joris and Yin,
1998; Rhode, 1999). Fusiform and cartwheel cells preserve nei-
ther the fine structure nor the timing of the onset of sounds in vivo
(Rhode et al., 1983; Smith and Rhode, 1985; Parham and Kim,
1995; Ding and Voigt, 1997).
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