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Neurons of the nucleus magnocellularis (nMAG) of the chick 
express AMPA (cY-amino-3-hydroxy-5-methyl-4-isoxazole- 
propionate) receptors displaying unusually rapid kinetics of 
desensitization (Raman and Trussell, 1992a). To investigate 
whether fast AMPA receptors are present in other auditory 
neurons, we compared the properties of AMPA receptors in 
auditory as well as nonauditory cells. These included neu- 
rons of nMAG, the nucleus angularis, the nucleus laminaris, 
the cochlear ganglion, the Purkinje cell layer of the cere- 
bellum, the ventral horn of the spinal cord, and the brainstem 
nucleus of the glossopharyngeal nerve (nclx). Rapid appli- 
cation of glutamate to voltage-clamped outside-out mem- 
brane patches indicated that AMPA receptors in the four 
types of auditory cells had significantly faster kinetics of 
desensitization than did the three types of nonauditory neu- 
rons. Channel kinetics in auditory (nMAG) and nonauditory 
(nclX) cells were also compared by means of spectral anal- 
ysis and the time course of current deactivation upon re- 
moval of glutamate. Both techniques revealed a burst du- 
ration for nMAG channels of 400-500 Asec at room 
temperature, two to three times shorter than for nclX cells. 
Single channels in nMAG had a burst duration of 550 Asec 
and an open time of i=: 150 rsec. Miniature excitatory post- 
synaptic currents of brainstem auditory neurons in slices 
were also brief, with decay constants of 150-250 Asec at 
29-32°C. We demonstrated that the fast kinetics of this AMPA 
receptor are physiologically important, since cyclothiazide, 
which reduces desensitization and prolongs synaptic cur- 
rents, doubled the relative refractory period of orthodromic 
spikes in nMAG cells in brain slices. We conclude that au- 
ditory brainstem neurons express a specialized subtype of 
AMPA receptors. This “fast” AMPA receptor may be useful 
in transmitting signals necessary for sound localization. 

[Key words: auditory, desensitization, glutamate recep- 
tors, cochlear nucleus, chick, AMPA, synapse, hearing] 

The diversity of AMPA receptors has recently been demon- 
strated at both the cellular and the molecular levels. Several 
structurally distinct AMPA-receptor subunits have been cloned 
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and sequenced, some ofwhich differ in their electrophysiological 
responses to glutamate and in their distribution throughout the 
nervous system (reviewed by Seeburg, 1993). Regarding native 
receptors, neurons can display AMPA receptors with differing 
physiological properties (e.g., Trussell and Fischbach, 1989; 
Colquhoun et al., 1992; Hestrin, 1992, 1993; Livsey et al., 1993). 
Thus, it is possible that variants of the AMPA receptor con- 
tribute neuronal properties that are appropriate to the signaling 
roles of particular pathways. However. unless the types ofsignals 
that are transmitted by these neurons are clearly defined, the 
significance of the responses remains uncertain. 

In the auditory pathway of owls, certain neurons are known 
to respond selectively to certain aspects of sound stimuli; in 
particular, neurons of the nucleus magnocellularis (nMAG) and 
the nucleus laminaris (nLAM) encode the temporal properties 
of sounds, and neurons of the nucleus angularis (nANG) encode 
the intensity level of sounds (Moiseff and Konishi, 1983; Sul- 
livan and Konishi, 1984; Takahashi et al., 1984). Both timing 
and intensity cues are used in the localization of sound sources 
(reviewed by Konishi et al., 1988). The firing patterns charac- 
teristic of these neurons in the owl are largely preserved in the 
chick (Warchol and Dallas, 1990). Thus, the avian auditory 
system provides a preparation in which receptor properties may 
be interpreted in the context of signaling needs. The synaptic 
connections of the first levels of the chick auditory system are 
depicted in Figure 1. Cochlear ganglion (CC) cells, which are 
contacted by hair cells of the cochlea, constitute the sole output 
of the cochlea. Their projections form the auditory nerve and 
innervate two brainstem nuclei, nMAG and nANG (Parks and 
Rubel, 1978), which are homologous to parts of the mammalian 
cochlear nuclei (Boord, 1969; Jhaveri and Morest, 1982). The 
nMAG neurons bilaterally innervate nLAM neurons, which are 
also in the brainstem (Ramon y Cajal, 1908b; Jhaveri and Mo- 
rest, 1982; Young and Rubel, 1983). 

In an earlier study (Raman and Trussell, 1992a), we found 
that the neurons of the nMAG in the chick express AMPA 
receptors displaying unusually rapid kinetics of desensitization, 
a feature suitable for maintaining temporally precise patterns 
of firing (see Discussion). This observation raised the possibility 
that auditory neurons might have AMPA receptors in which 
the kinetics are specialized appropriately to the informational 
content of the signals being transmitted. Accordingly, we have 
examined the responses of AMPA receptors in CC, nMAG, 
nANG, and nLAM neurons, representing three levels of audi- 
tory processing and two distinct developmental origins, namely, 
the otic placode and neural tube, and we have compared these 
responses with those ofthree types ofnonauditory neurons. Here 
we report that AMPA receptors with fast gating kinetics are 
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characteristic of all the auditory neurons studied, and that these 
receptors appear to be distinct from the AMPA receptors of 
nonauditory cells. 

Some of these data have been reported in preliminary form 
(Raman and Trussell, 1993). 

Materials and Methods 
Cell preparation 
Dissociated cells. Neurons from each desired brain region were enzy- 
matically isolated from embryonic chicks between ages El 7 and E21, 
according to the cell dissociation technique described previously (Ra- 
man and Trussell, 1992a). For all brainstem and cerebellar regions, brain 
slices (x300 pm thick) were cut with a vibratome, and the slices were 
incubated in enzyme (papain; Worthington, Freehold, NJ, product codes 
LSO03 126 and LSO03 127); for spinal cord and cochlear ganglion ex- 
periments, the entire cord or ganglion was dissected and placed in en- 
zyme. Minor modifications in the period of incubation (15-25 min) or 
amount of papain (20-40 U/ml) were made according to cell type. 
Brainstem nuclei, cerebellar cortex, and pieces of lumbar spinal cord 
were microdissected from the slices with fine tungsten needles. Cochlear 
ganglia were minced. The tissue was then triturated gently with fine- 
tipped Pasteur pipettes. After dissociation, the cells were allowed to 
settle onto a poly-D-lysine-coated coverslip in the recording chamber, 
which contained bathing solution composed of 140 mM NaCl, 5 mM 
KCI. 1 mM M&l,. 3 mM CaCl,. 10 mM HEPES. 1 mM nvruvate. and 
20 &I glucos& buffered to pH’7.3 with NaOH: Pyruvaie seemed to 
improve the viability of the neurons during and following the dissoci- 
ation procedure. 

Brain slices. Brain slices from El&E21 chick embryos were main- 
tained in vitro as described previously (Trussell et al., 1993) at 29-32°C 
in bathing solution without pyruvate. The methods for obtaining mouse 
brain slices were similar to those described by Zhang and Oertel(1993). 
Briefly, CBA or ICR mice, between 14- and 23-d-old, were decapitated 
and the dissections were performed in warm, oxygenated saline. The 
medial side of the cochlear nuclear complex was detached with a small 
surgical scissors, resulting in a slice between 400 and 500 wrn thick. The 
slice was incubated for 1-2 hr in oxygenated saline at 35°C and then 
transferred to the same type of recording chamber used for the chick 
brain slices, as described above. The slices were maintained at 29-32°C. 

Recording technique 
Dissociated cells were maintained in bathing solution. Neurons were 
voltage clamped in the whole-cell or outside-out patch configurations 
(Hamill et al., 198 1) and held at -70 mV in all experiments unless 
otherwise mentioned. Junction potentials were accounted for, and cor- 
rected holding potentials are indicated in figures. For the patch studies, 
which used high concentrations of glutamate, 20 /LM 6-cyano-7-nitro- 
quinoxaline-2,3-dione (CNQX; Tocris Neuramin, Essex, England) was 
added to the bathing solution to minimize an excitotoxic effect of agonist 
on the neurons. Halfthis concentration ofCNQX is sufficient to abolish 
responses to high concentrations of glutamate (Raman and Trussell, 
1992a). Electrodes were pulled from 1.2 mm borosilicate glass, coated 
with Sylgard (Dow Corning, Midland, MI), and heat polished. For mea- 
surements of desensitization and deactivation kinetics in patches and 
for noise analysis in whole cells, 2-3 Mfi electrodes were used; for single- 
channel studies in patches, 1 O-20 MR electrodes were used. Electrodes 
were filled with a solution containing 70 mM CsSO,, 85 mM sucrose, 
4 mM NaCI. 1 mM MnCI,. IO mM HEPES. and 5 mM BAPTA. buffered 

I  .  

to pH 7.3 with CsOH. Agonists [Na-glutamate and N-methyl-o-aspar- 
tate (NMDA), Sigma, St. Louis, MO; AMPA, Cambridge Research 
Biochemicals, Wilmington, DE] were dissolved in bathing solution with- 
out pyruvate or CNQX (“control solution”) and applied as described 
below. 

Outside-out patch studies 
Measurements ofdesensitization and deactivation kinetics required rap- 
id application of agonist-containing solutions. For desensitization stud- 
ies, solution exchange was accomplished through an array of capillary 
tubes (“flow pipes”) in which solution flow (1.7 ml/min) was gated by 
three-way solenoid valves. Using this flow system, solution was ex- 
changed with an exponential time constant of 320 psec for patches and 
4 msec for whole cells (Raman and Trussell, 1992a). Desensitization 
rates were analyzed as described in Raman and Trussell (1992a). 

nANG 

-------w--) 

hair cell CG 

to midbrain 

nMAG nLAM 
Figure 1. Diagram of the first stages of the auditory system in chicks. 
Hair cells in the cochlea innervate cochlear ganglion cells (CC). CC 
axons terminate on neurons ofthe nucleus magnocellularis (nM.4G) and 
nucleus angularis (nANG). nMAG sends a bilateral projection to neurons 
of the nucleus laminaris (nLAM). nANG and nLAM project to the 
midbrain. 

For the experiments requiring brief applications ofagonist, theta glass 
(World Precision Instruments, Sarasota, FL) was pulled to = 150~pm- 
diameter tip and mounted on a piezoelectric translator (Physik Instru- 
mente, Waldbronn, Germany, model 245.30 translator and model P-272 
power supply) (Lesteret al., 1990). A syringe pump (Harvard Apparatus, 
South Natick, MA) was used to maintain a continuous stream ofcontrol 
and glutamate-containing (see below) solutions out of the two barrels 
of the theta glass at approximately 0.4 ml/min. The outside-out patch 
was positioned near the interface of the control and glutamate streams. 
Application of voltage to the translator led to a -40 @urn movement of 
the theta glass and concomitant movement of the streams over the 
electrode tip. In this way, the patch could be exposed to glutamate for 
periods determined by the length of the voltage pulse. The lo-90% rise 
time of the change in junction potential measured with an open-tipped 
electrode was 250 If- 30 rsec (N = 20) corresponding to an exponential 
time constant of exchange of about 110 Fsec. For the patch experiments, 
glutamate was dissolved into control solution that had been diluted by 
2% with purified water (Lester and Jahr, 1992). After recordings were 
made from each patch, the electrode tip was cleared by application of 
pressure to the back of the electrode, and the exchange process was 
repeated. As the electrode was exposed to the diluted glutamate solution, 
the change in junction potential was recorded. This procedure enabled 
precise measurement ofthe time course ofglutamate application to each 
patch, and indicated that the flow system was reliable. On rare occasions, 
the junction potential measurements revealed that the patch had been 
transiently exposed to control solution (probably due to reverberations 
of either the streams or electrode) during the presumed application of 
drug, in which case the data from the patch were discarded. 

Single-channel activity was examined in the steady state. Ten micro- 
molar or 30 MM glutamate, 30 PM AMPA, or 50 WM NMDA was applied 
chronically at approximately 0.2 mbmin through the same array of flow 
pipes used for the desensitization studies. Data were filtered at 5 kHz 
and saved onto a videotape [via a VR-IOB Digital Data Recorder (In- 
strutech, Elmont, NY) connected to a Mitsubishi videocassette recorder, 
sampling rate 94.4 kHz]. First, control solution was applied to the patch. 
Patches with spontaneous channel openings within the first minute were 
discarded. In quiet patches, the electrode was then moved to the ap- 
propriate drug-containing pipe, and channel openings during application 
of agonist were recorded for 1-2 min. 

Following the experiment, lo-20 set segments of single-channel ac- 
tivity were sampled at 50 kHz via a TL- 1 DMA interface, and analyzed 
with ~CLAMP software (Axon Instruments, Foster City, CA). Amplitudes 
and open times were analyzed separately, according to criteria described 
by Colquhoun and Sigworth (1983). For open times and burst durations, 
data were filtered at 5 kHz to improve resolution of brief events. For 
amplitude analyses, data were filtered at 2 kHz to improve the signal- 
to-noise ratio. In both cases, threshold was set at about 70% of the 
maximum open amplitude of the smallest detectable conductance, and 
the threshold-to-variance ratio was maintained at 3.5 or higher to min- 
imize the inclusion of spurious openings. In the open-time analysis, the 
threshold detection method was thus optimized to detect the occurrence 
and duration of individual openings. However, any decrease in open- 
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channel current by ~30% was scored as a closure, probably leading to 
an inclusion of spurious brief closures (gaps) and underestimate of burst 
durations. Therefore, where possible, a gap duration was estimated from 
the distribution of the briefest closed times, and open times were rean- 
alyzed by disregarding closures briefer than a critical duration which 
encompassed the majority (about 99%) of the gaps. In this way, a more 
accurate estimate of burst duration could be obtained. For open-time 
measurements, events briefer than the rise time of the system (r, = 70 
Fsec) were discarded, and for amplitude measurements, events briefer 
than 2.5 times T, (2.5 T, = 440 Fsec) were discarded. 

Whole-cell studies (noise analysis) 
A patch pipette filled with 30 PM glutamate was used as a puffer pipette. 
Initially, whole-cell current (control noise) was recorded (filter frequen- 
cy, 10 kHz) for about I min and stored on videotape. Pressure was then 
applied to the puffer pipette with a 10 cc syringe. Application of glu- 
tamate to a cell invariably resulted in an inward current and an increase 
in the noise. Pressure was maintained until the current had reached a 
steady level (glutamate noise) for at least 10 set, at which time the puffer 
pipette was removed from the vicinity of the cell and the current was 
allowed to decline gradually to control levels. This application and 
removal process was repeated at least twice on each cell. 

After recording, the data were played back from the videocassette for 
analysis (after Anderson and Stevens, 1973; Ascher and Nowak, 1988; 
Cull-Candy and Usowicz, 1989), and were filtered at 4 kHz with a four- 
pole Butterworth filter (Krohn-Hite, Avon, MA). The data were digitized 
with a TL- 1 DMA Interface. For determination of channel open times 
for nMAG neurons, 8 set segments of control noise and glutamate noise 
were sampled at 10 kHz with AXOTAPE software. Spectral analysis was 
performed with computer programs written in AXOBASIC (Axon Instru- 
ments). Fast Fourier transforms were performed on each 2048-point 
segment of control or glutamate noise, giving a 4.88 Hz resolution. For 
each cell, 38 spectra from each condition were averaged, and the mean 
control noise spectrum was subtracted from the mean glutamate noise 
spectrum. The resulting spectra were given as spectral density as a 
function of frequency. The data were then fitted with 1 or the sum of 
2 Lorentzians of the form S(f) = S(O)/( 1 + (2~fi)~), where S(f) is 
spectral density in A2.sec,fis frequency in Hertz, T represents the open 
time of the channel in seconds, assuming a model with only one route 
from a single open state, and S(0) is a constant derived from the mean 
current amplitude, single-channel conductance, driving force, and open 
time, and corresponds to the zero-frequency asymptote of the function. 

For neurons of the brainstem nucleus of the glossopharyngeal nerve 
(ncIX) neurons, the initial procedure of filtering at 4 kHz and digitizing 
at 10 kHz indicated that the power was concentrated at lower frequencies 
than for nMAG neurons. Therefore, to increase the resolution at low 
frequencies and provide a better estimate of the zero-frequency asymp- 
tote, 16 set segments of data were filtered at 2 kHz and digitized at 5 
kHz, giving a 2.44 Hz resolution. For each cell, 38 control and glutamate 
noise spectra were analyzed as for the nMAG neurons. 

For variance analysis, 25-35 set segments of noise encompassing the 
offset of the glutamate-activated current were sampled at 5 kHz. The 
mean amplitude and variance of successive 1024-point sweeps were 
determined. Variance (pA2) was plotted against mean amplitude (PA). 
Linear regression gave a line whose slope provided an estimate of the 
single-channel current. From this value, given the driving force (assum- 
ina a reversal of 0 mV: Raman and Trussell, 1992b), the mean single- 
channel conductance could be estimated (Katz and Miledi, 1972; An- 
derson and Stevens, 1973). 

Synaptic events 
In slices from both chick and mouse, individual cells were resolved with 
Nomarski optics. Electrodes were filled with the Cs,SO, solution de- 
scribed above, with 1 mM ATP added. Neurons in slices were voltage 
clamped with an Axopatch 200A amplifier (Axon Instruments, Foster 
City, CA) (see Trussell et al., 1993). Spontaneous, miniature postsyn- 
aptic currents (mPSCs) were recorded onto videotape (Vetter 3000A, 
Rebersburg, PA) at 44 kHz, and later played back and redigitized by a 
comuuter interface at 30 kHz. During data analysis, mPSCs were iden- 
tified by eye, either from continuous>ecords or-from records extracted 
by a 10-l 5 pA threshold setting on an event detector. 

Current-clamp recordings were made with an Axoclamp 2A (Axon 
Instruments, Foster City, CA) in bridge mode. Signals were filtered at 
10 kHz before sampling at 25-50 kHz. Cyclothiazide (a gift of E. Lilly 

Co., Indianapolis, IN) at 40 PM was applied through a pressure pipette 
located 20 wrn from the current-clamped cell. Synaptic events were 
elicited with a patch pipette that contacted afferent fibers leading to an 
nMAG neuron. The stimulus pipette was filled with saline, and 40-50 
V, 100 rsec stimuli were delivered from an isolated circuit. 

Data are given as mean + SD. Statistical differences were determined 
with t tests, and significance was taken to be p < 0.0 1. 

Results 

Neurons were identified on the basis of their location in the 
brain slice during microdissection and by their dendritic mor- 
phology following dissociation. The cell bodies in the brainstem 
nuclei were highly clustered and, for auditory nuclei, were sur- 
rounded by bundles of myelinated axons. Thus, individual nu- 
clei could be easily resolved with a stereo microscope. After 
enzymatic treatment and trituration, neurons often retained 
substantial portions of their dendritic arbor. nANG neurons 
exhibited a variety of sizes and shapes, but were generally mul- 
tipolar (Ramon y Cajal, 1908b), as shown in the middle panels 
of Figure 2. nLAM neurons had tufts of dendrites at opposite 
poles of elongate cell bodies. The length of the cell body and 
dendritic tufts varied considerably, as illustrated by the two 
examples in the bottom panels of Figure 2. These morphologies 
are characteristic of nLAM neurons from the medial and lateral 
portions of the nucleus (Smith, 198 1). As expected from their 
in vivo morphology, neurons dissociated from the nMAG were 
spherical and adendritic, but occasionally retained a portion of 
their axon (Fig. 2, top left panel). Neurons of the CG were ovoid 
or bipolar (Ramon y Cajal, 1908a). In order to control for pos- 
sible influences of the cell isolation and drug application pro- 
cedures, nonauditory neurons were also dissociated. These in- 
cluded neurons from the Purkinje cell layer of the cerebellum 
(Pkj), the brainstem nucleus ofthe glossopharyngeal nerve (ncIX), 
and the ventral horn ofthe spinal cord (vhom). Purkinje neurons 
were recognized as large (1 O-20 pm) cell bodies with a single 
thick dendrite that occasionally exhibited secondary and tertiary 
branches. In the ncIX or vhom, multipolar cells, which com- 
posed the majority of neurons in the preparations, were selected 
for recordings. An ncIX cell is also displayed in Figure 2 (top 
right panel). 

Kinetics of desensitization 

The microscopic kinetics of channel gating shape the onset of 
desensitization of current in response to prolonged exposure to 
agonist (Raman and Trussell, 1992a). Consequently, the rate of 
desensitization provides a convenient means to distinguish 
among AMPA receptors with different channel kinetics. A high 
dose of glutamate was necessary to assess the maximal rate of 
desensitization (Trussell and Fischbach, 1989; Smith et al., 199 1; 
Raman and Trussell, 1992a). Accordingly, 10 mM glutamate 
was applied to each patch for 100 msec by means of a rapid 
perfusion system. Enzymatic digestion of the NMDA receptor 
during incubation in papain precluded any contribution of 
NMDA receptors to the glutamate-activated currents (Akaike 
et al., 1988; Allen et al., 1988; Raman and Trussell, 1992a). 
Nevertheless, to verify that the NMDA receptors were indeed 
inactive, we applied 100 or 300 KM NMDA to patches from 
nMAG and ncIX under the same recording conditions as the 
glutamate experiments. No response to NMDA was observed 
in any patch, despite sensitivity to glutamate or AMPA (N = 
5; data not shown). 

We measured the amplitudes of peak currents as well as the 
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Figure 2. Photomicrographs of dissociated neurons from nMAG (top left panel), ncIX (top right panel), nANG (middle panels), and nLAM 
(bottom panels). Scale bar: 40 pm for top right panel; 20 pm for all others. 

time course of desensitization for 4-l 7 neurons from each brain 
region. The peak amplitudes ofthe responses are shown in Table 
1. Compared to the nonauditory cells, the brainstem auditory 
neurons exhibited a larger peak current amplitude on average, 
probably reflecting either a higher density of somatic receptors 
or a larger single-channel conductance (but see below); however, 
in no cell type did the decay kinetics vary according to the 
amplitude of the response. 

Figure 3 shows a representative response to glutamate from 

each neuronal type. In all cell types, glutamate produced an 
inward current that had a IO-90% rise time between 0.24 and 
0.88 msec. Following the peak, the receptors desensitized with 
a characteristic time course, which varied according to cell type. 
In auditory neurons (upper traces), the desensitization rates of 
glutamate-activated currents are higher than the desensitization 
rates of nonauditory cells (lower traces). The decay constants 
obtained from single-exponential fits (rd) and double-exponen- 
tial fits (fast component 7,; slow component r,) to the desensi- 
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Table 1. Amplitudes and decay kinetics of responses in auditory and nonauditory neurons 

Region 
Cochlear ganglion 

nMA@ 

nANG 

nLAM 

ncIX 

Purkinje cell layer 

Ventral horn 

Amplitude, pA rdr msec T,, msec T$, msec % fast 
07 VI 07 (N) (N) 

-64 * 22 2.81 * 0.94 1.64 k 0.57 1.91 -c 4.0 78 i 22 

(12) (11) (9) (9) (9) 
-307 i 153 1.82 k 0.58 0.96 + 0.22 3.50 i 1.22 76 IL 9 

(13) (11) (10) (10) (10) 
-221 t 182 2.15 f 0.86 1.12 * 0.39 4.32 k 1.28 71 i 17 

(17) (17) (11) (11) (11) 
-203 + 93 2.30 k 0.93 1.42 k 0.35 4.59 f 0.35 60 k 26 

(12) (12) (8) (8) (8) 
-65 I 65 12.21 +- 4.3 5.33 f 2.1 26.92 t 13.1 52 I 11 

(12) (9) (8) (8) (8) 
-36 k 18 4.88 + 0.80 2.46 f 1.02 10.60 i 4.50 65 k 15 

(10) (10) (8) (8) (8) 
-36 t 9 8.98 f 4.8 2.80 i 0.99 12.28 + 4.59 38 f 14 

(4) (4) (4) (4) (4) 

Values are given as mean ?I SD. Outside-out patches were voltage clamped at -70 mV, and 10 rnM glutamate was 
applied to each patch by a rapid perfusion system. The decay phase ofglutamate-evoked currents was fit with exponentials 
of the form I = A,,,.@ ’ ‘J + I,, (single exponential) and, where appropriate, I = A, *Z ’ ‘0 + A,@ I’,’ + I,, (double ex- 
ponential), where I is total current, I,, is the steady-state current, t is time with reference to the onset of the current, A,,, 
is the extrapolated current amplitude at time zero, A, and A, are the extrapolated current components of the fast and 
slow time decay phases, respectively, and T! and T, as the fast and slow time constants, respectively. For doubie exponential 
fits, the percentage of current contributed by the fast phase is given as % fast = lOO*(A,l(A, + A,)). 

” nMAG data from Raman and Trussell (1992a). 

tizing phase of the glutamate-activated currents, as well as the 
proportion of the current contributed by the fast component 
(%fast) are also displayed in Table 1. In most cases, two ex- 
ponentials provided a better fit than did a single exponential, 
as illustrated by the double-exponential fits superimposed on 
the traces in Figure 3. The decay constants rd. 7,, and 7, are all 
significantly briefer in brainstem auditory neurons than in non- 
auditory neurons, except 7, for nLAM versus Pkj (but note the 
large difference in the slow components of these two cell types). 
Furthermore, despite a long 7,, the rd of CC neurons was sig- 
nificantly shorter than that of any nonauditory neuron. These 
results indicate that rapidly desensitizing AMPA receptors are 
a shared characteristic of neurons at the early levels of the au- 
ditory system. Moreover, rapid kinetics are not an artifact of 
our experimental procedures, as the nonauditory cells that we 
examined exhibited significantly slower channel kinetics. 

Noise analysis 
The differences in the rates of desensitization between auditory 
and nonauditory neurons raise the possibility that differences 
may also exist in the rate ofclosure ofAMPA-receptor channels. 
Therefore, estimates of mean channel open time or burst du- 
ration were obtained by spectral analysis of the responses to 
glutamate in intact cells. nMAG and ncIX neurons were selected 
as representative auditory and nonauditory neurons, respec- 
tively. For these experiments, ncIX neurons with smaller den- 
dritic arbors were selected in order to maximize the adequacy 
of the voltage clamp. In all cells, 30 FM glutamate activated an 
inward current that was accompanied by an increase in the 
current noise. Figure 4A shows responses to glutamate in an 
nMAG and an ncIX neuron. Control spectra were subtracted 
from glutamate spectra as described in Materials and Methods. 
Examples of spectra and Lorentzian fits are shown in Figure 4B. 
For nMAG neurons, a single Lorentzian function was generally 
sufficient to fit the data. The mean time constant estimated from 
these fits was 0.45 * 0.12 msec (N = 6). In one cell, two Lor- 

entzians, having time constants of 0.26 ,msec and 1.10 msec, 
were needed to adequately fit the data. By contrast, all the spectra 
obtained from ncIX neurons required a sum of two Lorentzians 
for an adequate fit. The time constants for these were 1.07 + 
0.16 msec (T,~“~, ) and 21.86 ? 14.64 msec (7,& (N = 4). The 
relative contribution of the short and long components was 
calculated for ncIX neurons as [S(O),,,,/T,,,,]/[S(O),,,,/T,. J, where 
WLor, and S(O),,,, are the asymptotes of the Lorentzians cor- 
responding to T+,<,~, and T,““~, respectively. The mean value of 
this ratio was 19.0 + 12.7. These results demonstrate that the 
mean open time or burst duration of AMPA channels in nMAG 
is indeed briefer than in ncIX. 

Variance analysis was also performed on the noise data, in 
order to compare the mean single-channel conductances of the 
two cell types. Figure 4C shows plots of variance versus mean 
current for an nMAG (upper) and an ncIX (lower) neuron. In 
nMAG neurons, the conductance was 3.43 + 1.06 pS (N = 6) 
and in ncIX, 1.8 1 * 0.88 pS (N = 4). The difference between 
the conductances was not significant. This result supports the 
hypothesis mentioned above, that the difference in mean mac- 
roscopic current amplitudes recorded from patches is primarily 
due to differences in somatic channel density across neuronal 
types. 

Studies of current deactivation 
The mean channel open time or burst duration can also be 
estimated from the time course ofcurrent deactivation following 
rapid removal ofagonist (Colquhoun et al., 1992; Hestrin, 1992; 
Raman and Trussell, 1992a). Theta glass mounted on a piezo- 
electric translator was used to apply glutamate to outside-out 
patches from nMAG as well as nclX neurons. In response to a 
prolonged (15 msec) pulse of glutamate, currents in nMAG 
patches rose rapidly and desensitized as in the flow-pipe ex- 
periments described above. The time course of desensitization 
was dose dependent, and the magnitude of the slow component 
decreased at a lower concentration ofglutamate, consistent with 
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Figure 3. Desensitization rates in auditory and nonauditory neurons: currents evoked by 10 mM glutamate in patches from auditory (top traces) 
and nonauditory neurons (bottom traces). The bars above the traces indicate the period of glutamate application. Currents have been averaged and 
normalized to the peak current evoked in each patch. All traces share the same time base. Holding potential, -70 mV. Double exponential fits are 
superimposed on the traces. Values of rrar, (msec), rslow (msec), and %fast in these patches are as follows: CC, 1.64, 5.54, 67%; nMAG, 0.92, 3.30, 
80%; nANG, 1.10, 3.25, 89%; nLAM, 1.07, 3.10, 62%; Pkj, 3.27, 10.91, 67%; ncIX, 4.15, 16.48, 55%; vhorn, 3.69, 12.71, 54%. See text for 
abbreviations. 

flow-pipe experiments (see Raman and Trussell, 1992a). How- = 74 + 14% (N = 9). Differences from the flow-pipe measure- 
ever, due to the better solution exchange provided by the pi- ments were not significant. 
ezoelectric device (see Materials and Methods), the measured A brief (0.8-l .2 msec) pulse of glutamate activated currents 
desensitization rate was somewhat faster. For 1 mM glutamate, in nMAG patches that activated and began to desensitize as for 
TV was 1.40 + 0.29 msec (N = 8) and for 10 mM glutamate, r, the prolonged pulse. However, when glutamate was removed 
was 0.74 rt 0.24 msec and T, was 3.14 + 1.72 msec, with Yofast before desensitization was complete, that is, after 0.8-I .2 msec 
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Figure 4. Noise analysis of auditory and nonauditory neurons. A, Whole-cell current noise in response to 30 PM glutamate for an nMAG (top) 
and an ncIX (bottom) neuron. Holding potential, -70 mV. B, Plots of spectral density versus frequency (Hz) for an nMAG and ncIX neuron 
(different from those in A). Data are fitted with a single (nMAG) or double (ncZX) Lorentzian as described in text. The arrows indicate the corner 
frequencies, at which the spectral density of each Lorentzian has dropped by 50%. The axes are the same in both panels to facilitate comparison. 
C, Plots of variance (PA’) versus mean current (PA) for an nMAG and an ncIX neuron (different from A). Regression over the data points gives 
slopes of 0.24 pA and 0.11 pA, respectively. The single-channel conductance, y, was calculated assuming a reversal potential of 0 mV. 
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A glutamate B glutamate 

Figure 5. Current deactivation in auditory and nonauditory neurons. 
.4, Responses of an nMAG patch to 15 msec and 1.2 msec applications 
of 1 mM glutamate. Bars indicate the duration of exposure to glutamate. 
The time course of current decay (T,,) in response to the longer pulse is 
slower, and reflects the desensitization of the receptors to this dose of 
glutamate. In response to the briefer pulse, the current offset reflects the 
time course of the closing of receptors (Tag), which occurs more rapidly. 
B, Responses of an ncIX patch to 30 msec and 1.6 msec applications 
of IO mM glutamate. A higher dose was used to maximize the size of 
the response; longer applications were used to allow measurement of 
the time course of desensitization. Both A and B share the same time 
base to emphasize the differences in the time courses of desensitization 
and deactivation of the two cell types. 

for 1 mM glutamate, the current deactivated even more quickly. 
Figure SA illustrates the response of an nMAG patch to a long 
(15 msec) and short (1.2 msec) application of 1 mM glutamate. 
The time course ofcurrent deactivation following the short pulse 
could be fitted by a single exponential with a time constant (T,,~) 
of 0.50 + 0.05 msec (N = 8), and was not changed by using 10 
mM glutamate (~,,r = 0.50 f 0.13 msec, N = 11) or 300 PM 

glutamate (T”,~ = 0.53 f 0.02 msec, N = 4). This value is shorter 
than our previous estimate (Raman and Trussell, 1992a) be- 
cause of the improved exchange time with the piezoelectric 
device and because the measurements were made at negative 
holding potentials (Raman and Trussell, 1992b). When similar 
experiments were performed on patches from ncIX cells, the 
current deactivation upon removal of 10 mM glutamate was 
considerably slower, with a ~,,r of 1.40 -t 0.34 msec (N = 5). 
An example of deactivating and desensitizing currents in an 
ncIX patch is shown in Figure 5B. 

Single-channel studies 

To provide a more direct measurement of open time, single- 
channel recordings were performed on nMAG neurons. Ten or 
30 PM glutamate or 30 ELM AMPA, but not 50 PM NMDA, 
activated channels in excised patches. The top five traces in 
Figure 6A show steady-state single-channel currents evoked by 
chronic application of 10 MM glutamate to an outside-out patch 
from an nMAG neuron. The bottom two traces show control 
records from the same patch. Open times were analyzed in five 
patches. An open-time histogram resulting from measurements 
made on one patch is shown in Figure 6B. On average, single 
exponential fits to the open-time histograms gave an open time 
of 145 + 22 wsec. In four of five patches, two exponentials 
provided a better fit, with T, = 118 f 16 psec and TV = 378 ? 
132 psec, with the briefer component contributing 85 f 8%. 

Although inspection of the single-channel records indicated 
that most openings occurred in isolation, that is, not as part of 

a burst structure, three of five patches occasionally showed burst- 
like events. To select an appropriate gap duration, T,,,,, and 
thereby estimate burst length, the closed-time histograms were 
examined (Colquhoun and Sigworth, 1983). All five patches 
showed a major closed time ofapproximately 15-30 msec. How- 
ever, this value may have little kinetic relevance, since each 
patch may have contained more than one channel. The three 
patches that displayed occasional bursts had a second, briefer 
closed time of about 100 Fsec. These closures probably reflect 
gaps within bursts. The number and brevity of gaps were prob- 
ably overestimated (see Materials and Methods); nevertheless, 
an estimate of burst duration could be obtained by repeating 
the open-time analysis and ignoring all closures briefer than T,,,,, 
a duration considerably longer than the gaps. The value of T,,,, 
ranged from 0.6 to 1 msec and was selected for each patch such 
that about 99% of the gaps could be eliminated. All three open- 
time histograms resulting from this burst analysis required two 
exponentials for adequate fits. The briefer open time, accounting 
for 85 * 2% of the openings, had a duration of 84 + 9 wsec, 
and was not significantly different from that measured in these 
three patches by the analysis in which no Tag,, was specified (99 
f 10 psec). This result reflects the earlier observation that most 
openings were exceedingly brief, and occurred singly. The longer 
open time provides an estimate of burst duration, and was 552 
f 64 Hsec, significantly different from the first measurement 
(388 & 37 psec). Making T<~,, as brief as 300-500 wsec shortened 
the burst duration measurement to about 440 Fsec, and setting 
T,,,, between 1200 and 1600 wsec lengthened the burst estimate 
to 730 psec. 

Current amplitudes were also measured in the five patches. 
Although 200-1000 openings were evident in each 20 set seg- 
ment of data examined, the majority of events (55-86%) were 
discarded on the basis of their brief open times (see Materials 
and Methods), in order to ensure that only fully resolved events 
were included in the analysis. The amplitude histograms ob- 
tained from each patch are shown in Figure 6C. Two of the 
patches contained channels with a relatively high dominant con- 
ductance state of approximately 28 pS (histograms A and B), 
whereas the other three patches had a lower dominant conduc- 
tance of approximately 18 pS (histograms C-E). The latter three 
were the patches that exhibited the burst structure described 
above. We were unable to obtain patches from ncIX neurons 
of adequate quality to resolve single-channel openings. 

Synaptic currents 
Miniature PSCs in the nMAG decay exponentially, with time 
constants (T,,,,.) of about 0.2 msec at 33°C (Trussell et al., 1993) 
and 0.43 msec at room temperature (S. Zhang and L. 0. Trussell, 
unpublished observations). These rates may be a consequence 
of the rapid kinetics of the AMPA receptors we have studied. 
We extended the kinetic analysis of synaptic currents to other 
brainstem auditory nuclei, nANG and nLAM, at 29-32°C. Thir- 
ty to 50 mPSCs in each cell were aligned and digitally averaged. 
The time course of the decay phase of each averaged mPSC was 
fit with a single exponential function. In the one nANG cell 
studied, the T,,~( was 0.14 msec, and for the two nLAM neurons 
the TV+ were 0.28 and 0.12 msec. Examples of averaged syn- 
aptic events from nMAG, nANG, and nLAM are shown in 
Figure 7. 

To investigate whether AMPA receptors with fast kinetics 
may also be present in mammalian species, we recorded spon- 
taneous synaptic currents from neurons in slices containing the 
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Figure 6. Single-channel analysis of nMAG AMPA receptors. A, Consecutive traces of single-channel currents evoked by 10 FM glutamate in an 
nMAG patch (top Jive truces). Bottom two truces are control records. Holding potential, -64 mV. Data are shown filtered at 2 kHz. B, Open-time 
histogram of patch shown in A; 1600 openings are included. A double exponential fit is superimposed on the histogram, with a fast time constant 
(TV) of 99 psec and a slow time constant (7J of 362 rsec. The fast component accounts for 88% of the openings. C, Amplitude histograms from 
five patches. Data are binned at 0.1 pA. All histograms share the same x-axis. The top y-axis corresponds to histograms A and B, and the bottom 
y-axis corresponds to histograms C-E. The vertical lines at - 1.8 pA and - 1.2 pA indicate the approximate peaks of the upper two (dashed line) 
and lower three (dotted line) distributions. Holding potentials in mV are as follows: histogram A, -65; B, -61; C, -65; D, -70; E, -64. 

anteroventral cochlear nucleus (AVCN) of the mouse. In three 
neurons, the decay phase of the averaged synaptic event could 
be described by a single exponential with time constants of 0.15, 
0.20, and 0.32 msec. An example of an averaged mPSC from 
the mouse AVCN is shown in Figure 7. In four other mouse 
AVCN neurons, we observed a mixture of excitatory synaptic 
currents, including large fast currents and smaller, slower cur- 
rents. The two major neuronal cell types in the AVCN are the 
bushy cells and the stellate cells (Osen, 1969; Wu and Oertel, 
1984). Since bushy cells receive their excitatory innervation 
entirely on their cell bodies, while stellate cells receive excitatory 
contacts on both their cell bodies and proximal dendrites (Smith 
and Rhode, 1987, 1989), it is possible that the slower currents 
represent synaptic events arising from dendritic synapses of 
stellate cells. 

Modulation of receptor kinetics 
The rapid kinetics of AMPA receptors in auditory neurons may 
perform particular functions in information processing (see Dis- 
cussion). Possibly, a rapid EPSP helps minimize the refractory 
period for synaptically driven action potentials (“orthodromic 

spikes”), thus permitting entrainment to high-frequency input. 
To test this idea, we examined the effect of prolonging the syn- 
aptic current on the relative refractory period. The synaptic 
current was prolonged by bath application of 40 PM cyclothia- 
zide, a drug that reduces AMPA receptor desensitization (Pat- 
neau et al., 1993; Trussell et al., 1993; Yamada and Tang, 1993). 
Action potentials (“direct spikes”) were generated by current 
injection (0.5 nA) into the postsynaptic cell at different intervals 
following an orthodromic spike. The relative refractory period 
was defined as the period after the orthodromic spike during 
which current injection failed to produce a direct spike. Figure 
8 (top traces) shows a series of direct spikes in control solutions 
before and after an orthodromic spike (arrow). The spike ob- 
scures the maj,ority of the EPSP, but is followed by a small “after 
depolarization” generated by activation of both NMDA and 
AMPA receptors (Zhang and Trussell, 1993). In this case, an 
action potential was produced 2 1.3 msec after the orthodromic 
spike. A marginally suprathreshold stimulus pulse was used to 
elicit direct spikes, thus making the relative refractory period 
fairly long. 

By contrast, in the presence of cyclothiazide, the synaptic 
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Figure 7. Miniature postsynaptic cur- 
rents (mPSCs) from nMAG, nANG, and 
nLAM neurons of the chick and an 
AVCN neuron of the mouse. Whole- 
cell recordings were made from neurons 
in brainstem slices at 29-32°C. Holding 
potential, -60 mV. mPSCs were av- 
eraged and fitted with a single expo- 
nential as described in Table 1. The time 
constants of decay were as follows: 
nMAG, 0.20 msec: nANG, O:l4 msec; 
n/AM, 0.12 msec; AVCN, 0.20 msec. 
Currents are normalized to have com- 
parable peak amplitudes. 

1 ms 

mouse AVCN 

potential decayed more slowly, as shown in the lower traces of 
Figure 8. During this prolonged depolarization, direct spikes 
could not be elicited, thus extending the refractory period to 
37.5 msec. In five cells, the refractory period increased 2.2 +- 
0.5-fold in the presence of cyclothiazide. However, 60 fiM cy- 
clothiazide had no effect on the refractory period when the con- 
ditioning spike was directly evoked (0.5 msec, 1 nA stimulus), 
rather than synaptically evoked (N = 4 cells). Thus, the prolon- 
gation ofthe refractory period is a result ofcyclothiazide’saction 
on AMPA receptors. An experiment was also performed in one 
cell with 5 mM aniracetam (Tang et al., 1991; Vyklicky et al., 
199 1; Hestrin, 1992), in which the refractory period was pro- 
longed 1.5-fold with orthodromic conditioning spikes (data not 
shown). The extended synaptic conductance presumably inac- 
tivated Na+ channels by depolarization and shunted the current 
injected to evoke the direct spikes. Thus, under normal con- 
ditions, the briefsynaptic current, mediated by AMPA receptors 
with rapid channel kinetics, may permit nMAG cells to relay 
signals at higher rates than would be possible with slower chan- 
nel kinetics. 

Discussion 
Desensitization studies 
AMPA receptors in different parts of the nervous system vary 
widely in their kinetics of desensitization. To illustrate this point, 
in Figure 9, mean time constants of desensitization (TV) from 
this study are displayed with T~S from several different cell types 
examined by other authors. Only data obtained using rapid 
application of glutamate to excised patches are included. We 
present single exponential fits to the decay phase of currents 
(except as noted), because not all studies reported two expo- 
nential components. The T,, varies sevenfold, with the fastest 
rates found in the auditory system. The clustering of auditory 
cells at one end of this spectrum raises the possibility that au- 
ditory neurons express a specialized form of AMPA receptors. 
Whether receptor properties are conserved within other neu- 
ronal pathways remains to be determined. 

Channel conductances and open times 

The open time of glutamate-gated AMPA-receptor channels in 
nMAG neurons, measured with three different methods, was 
also briefer than in other cell types. Comparisons are made only 
with NMDA-insensitive channels that were activated by glu- 
tamate (“AMPA-receptor channels”), except as noted. Single- 
channel analysis indicated that nMAG AMPA-receptor chan- 
nels have a typical open time of about 150 psec. By contrast, 
neurons in the hippocampus and cerebellum exhibit AMPA- 
receptor channels with lifetimes between 0.5 and 2 msec (Jahr 
and Stevens, 1989; Tang et al., 1991; Vyklicky et al., 1991; 
Wyllie et al., 1993). Bursts of openings in nMAG neurons had 
a duration of about 550 psec. The similarity between the single- 
channel burst time and the spectral and deactivation estimates 
of open time suggest that the latter two techniques actually 
provided a measure of burst duration. 

Spectral analysis estimated a shorter burst duration of AMPA- 
receptor channels in nMAG neurons when compared with other 
chick neurons (ncIX, 1 and 22 msec; spinal neurons, 1.7 msec; 
O’Brien and Fischbach, 1986) or neurons in the rat cerebellum 
(2.4 msec, under conditions ofactive NMDA- as well as AMPA- 
receptor channels; Cull-Candy and Usowicz, 1989). Finally, de- 
activation measurements estimate burst times of 2.3-3.0 msec 
in rat hippocampal neurons (Colquhoun et al., 1992), 2. I msec 
in visual cortical neurons (Hestrin, 1992), and 1.4 msec in ncIX 
neurons, all of which are longer than in nMAG. In both nMAG 
and ncIX neurons, burst duration estimates from current de- 
activation in response to high concentrations of glutamate cor- 
roborate the single-channel and spectral data. It is significant 
that the singleichannel, spectral, and deactivation estimates of 
burst duration (550,450, and 500 wsec, respectively) for nMAG 
neurons are very close to the decay time constant (430 psec) of 
mPSCs in the nMAG at room temperature (Zhang and Trussell, 
unpublished observations). The correspondence of synaptic and 
channel kinetics underscores the idea that the range of channel 
kinetics described here may provide a basis for diversity in 
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Figure 8. Effect of cyclothiazide on the refractory period following synaptically driven action potentials. Action potentials were elicited either by 
stimulation of afferent fibers at the time marked by the arrow (orthodromic spike), or by injection of 0.5 nA pulses (direct spike). Direct spikes 
were followed by a brief afterhyperpolarization, whereas orthodromic spikes were followed by a slow relaxation of the membrane potential toward 
rest. In each panel, direct spikes were elicited before the orthodromic spike and at intervals increasing by 8 msec after the orthodromic spike. The 
top panel shows the responses in control solutions and the bottom uanel shows responses in the presence of 40 PM cyclothiazide applied to the 
postsynaptic cell. Resting potential, -68 mV; temperature, 3 1°C. 

synaptic function. Interestingly, the single-channel analysis in- 
dicated that the bursts accounted for only = 15% ofthe openings. 
It is unlikely that either the spectral analysis or the deactivation 
studies, or even the measurements of mPSCs in slices, would 
resolve an open time on the order of 100 psec. 

Although each patch in our study showed a dominant con- 
ductance of approximately 18 or 28 pS, the skewed distribution 
ofthe events and inspection of the data traces indicate that more 
than one conductance level may be present in all the patches. 
Similarly, other studies of single glutamate-gated channels pro- 
vide evidence for multiple conductance states between 10 and 
40 pS (e.g., Cull-Candy and Usowicz, 1989; Jahr and Stevens, 
1989; Wyllie et al., 1993). Additionally, Figure 6A reveals that 
the background noise increased in ‘the presence of glutamate. 
Although not a finding common to all patches, this result may 
indicate the existence of an AMPA-receptor channel or state 
having a smaller conductance. Consistent with this observation, 
variance analysis indicated a lower mean conductance than that 
which was measured from single channels, suggesting that lower 

conductance activity might have been contributing to the overall 
glutamate-activated current noise. Regarding the comparison of 
nMAG and ncIX neurons, variance analysis indicates that the 
particular auditory and nonauditory neurons studied do not 
differ substantially in their unitary conductances, as measured 
by this technique. 

Significance qf receptor kinetics in the auditory system 

The interaural timing difference (ITD) pathway, which includes 
the CG, nMAG, and nLAM, enables localization of sound on 
the basis of differences in the time of arrival of sound as well 
as ongoing differences in the phase of sound waves at the two 
ears (reviewed by Konishi et al., 1988; Yin and Chan, 1988). 
These neurons must convey accurate temporal information to 
higher integrative centers, such as the nucleus mesencephalicus 
pars dorsalis in the midbrain (Moiseff and Konishi, 1983; Con- 
lee and Parks, 1986). Certain characteristics of neurons in the 
pathway may be particularly suited to this task. Within a cell, 
impulses must be conducted precisely, with little distortion of 
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the received signal. Appropriate specializations include minimal 
cable distortion as a result of somatic innervation, and short 
membrane time constants (Oertel, 1983; Rothman et al., 1993) 
both of which are features of the neurons of the nMAG (Jhaveri 
and Morest, 1982; Zhang and Trussell, unpublished observa- 
tions). At the level of the synapse, the release of transmitter and 
the response ofthe postsynaptic cells must preserve the temporal 
structure of signals. The kinetics of the receptors themselves 
may enhance precise synaptic transmission (Raman and Trus- 
sell, 1992a). The importance of the kinetics of the receptor to 
synaptic responses is evident after modulation ofreceptor gating 
with cyclothiazide (Fig. 8; Patneau et al., 1992; Trussell et al., 
1993; Yamada and Tang, 1993). Reduction of receptor desen- 
sitization and, in some cases, lengthening channel open times 
prolong the synaptic current and synaptic potential. Under nor- 
mal conditions, the rapid decay of synaptic current may serve 
to compensate for the large amplitude of the PSC. The evoked 
PSC in nMAG neurons is typically on the order of 7-8 nA at 
-20 to -30 mV (Trussell et al., 1993) whereas the sodium 
current underlying the spike is only 2-3 nA (I. M. Raman and 
L. 0. Trussell, unpublished observations). While the large syn- 

4 6 8 10 12 

z decay (msec) 

aptic current ensures elicitation of a spike, its brevity mimics 
the Nat current and may preserve the shape of the spike as well 
as minimize the refractory period following synaptically driven 
spikes. Even for weak synapses, a fast synaptic current is ap- 
propriate for the accurate transmission of temporal signals. For 
cells with more than one subthreshold synaptic input, a brief 
synaptic current may limit the jitter (asynchrony of input) that 
can be tolerated in producing a suprathreshold response. Direct 
demonstration of this reduction in temporal summation re- 
quires stimulation ofdistinct subthreshold inputs to a cell, which 
was technically unfeasible in our preparation. 

Like the nMAG neurons, nLAM neurons exhibit a rapidly 
desensitizing receptor as well as brief mPSCs, consistent with 
the proposal that these features are specializations for temporal 
coding. However, these characteristics are shared by the nANG 
neurons, which, with the CG cells, participate in the interaural 
level difference pathway. In this pathway, differences in the 
intensity of sound at the ears are used as cues to localize sound 
sources. The role for a fast receptor at a synapse that transmits 
level information is more difficult to define. Indeed, to encode 
level information, perhaps a rapid synaptic response is not crit- 
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ical; thus, it is puzzling that all the nANG patches studied dis- from cells and cell-free membrane patches. Pfluegers Arch 391:85- 
played rapid desensitization kinetics, and that the mEPSCs re- 
corded in nANG were so brief. Since the segregation of function 
is less dramatic in the chick, it may be that these neurons also 
participate in encoding ITDs. Notably, however, in the barn 
owl, a number of intrinsic cellular characteristics of nANG neu- 
rons distinguish them from nMAG neurons (Sullivan and Kon- 
ishi, 1984). These physiological differences are less pronounced 
in the chick (Warchol and Dallas, 1990), but include the fol- 
lowing: The nANG neurons have a low spontaneous firing rate 
(=20/set), whereas the nMAG neurons have a high rate of firing 
(=90/set). Although both sets of neurons phase-lock to stimuli 
from the auditory nerve, nMAG neurons phase-lock to 2 kHz, 
while nANG neurons phase-lock to only 1 kHz. Furthermore, 
during a step depolarization, nANG cells fire repeatedly, at rates 
that increase with the magnitude of the step (Raman and Trus- 
sell, unpublished observations), whereas nMAG cells fire a sin- 
gle spike (Zhang and Trussell, 1993). Thus, the intrinsic prop- 
erties of the nANG neurons may be the dominant factor in 
enabling them to encode level. 

100. 
Hestrin S (1992) Activation and desensitization ofglutamate-activated 

channels mediating fast excitatory synaptic currents in the visual 
cortex. Neuron 9:991-999. 

Hestrin S (1993) Different glutamate-receptor channels mediate fast 
excitatory synaptic currents in inhibitory and excitatory cortical neu- 
rons. Neuron 11: 1083-l 09 I. 

Hunter C, Petralia RS, Vu T, Wenthold RJ (1993) Expression of 
AMPA-selective glutamate receptor subunits in morphologically de- 
fined neurons of the mammalian cochlear nucleus. J Neurosci 13: 
1932-1946. 

Jahr CE, Stevens CF (1989) Glutamate activates multiple single chan- 
nel conductances in hippocampal neurons. Nature 325:522-525. 

Jhaveri S, Morest DK (1982) Sequential alterations of neuronal ar- 
chitecture in nucleus magnocellularis of the developing chicken: a 
Golgi study. Neuroscience 7:837-853. 

Katz B, Miledi R (1972) The statistical nature of the acetylcholine 
potential and its molecular components. J Physiol (Lond) 224:665- 
700. 
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Neurophysiological and anatomical substrates of sound localization 
in the owl. In: Auditory function, neurobiological bases of hearing 
(Edelman GM, Gall WE, Cowan WM, eds), pp 721-746. New York: 
Wiley. 

The similarity of AMPA receptors in nMAG and nANG may 
instead be related to the common excitatory innervation ofthese 
regions. Possibly, receptor isoforms are selectively induced by 
particular types of innervating neurons. In the present case, 
auditory nerve fibers may provide a signal, either chemical or 
electrical, which causes either the expression ofAMPA-receptor 
genes encoding a fast kinetic receptor or the covalent modifi- 
cation of slower AMPA-receptor proteins. The particular sub- 
units that compose this “fast” receptor are unknown. However, 
studies using in situ hybridization to identify the mRNA of 
various AMPA-receptor subunits in the cochlear nucleus of rats 
indicated that neurons innervated by the auditory nerve ex- 
pressed GluR2, GIuR3, and GluR4, but not GluRl (Hunter et 
al., 1993; Sato et al., 1993). It will be interesting to determine 
whether this pattern of expression has any bearing on the ra- 
pidity of the response of AMPA receptors to glutamate. 
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