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Abstract 

Intracellular recordings were made from cells in brain slices of the anteroventral cochlear nucleus. 
Responses to electrical stimulation of the stump of the auditory nerve were: (I ) all-or-none, following 
the stimulus with no delay, and insensitive to the removal of extracellular Ca2+, probably repre- 
senting the firing of directly stimulated auditory nerve fibers, or (2) graded, excitatory postsynaptic 
potentials, with synaptic delays of about 0.7 msec, which were often followed by graded, inhibitory 
synaptic potentials with synaptic delays of 1.2 msec or longer. The excitatory and inhibitory synaptic 
potentials were abolished by the removal of extracellular Ca2+. The result that delays of inhibitory 
synaptic responses were at least 2 times as long as those of excitatory ones indicates that probably 
an additional synapse was interposed. Responses to intracellularly injected current pulses show that 
cells in the anteroventral cochlear nucleus have one of two types of electrical characteristics. Type 
I properties are characterized by linear current-voltage relationships in the subthreshold voltage 
range and large, regularly firing action potentials in the suprathreshold range. Type II properties 
are characterized by nonlinear current-voltage relationships; suprathreshold depolarization elicits 
only one or two small action potentials. Type II characteristics are particularly well suited for 
maintaining the information contained in the timing and patterns of firing of the auditory nerve 
fibers. 

Auditory nerve fibers carry sensory information from 
the cochlea, the site of the transduction of sound to 
electrical signals, to the cochlear nuclei of the brainstem. 
In mammals, auditory nerve fibers enter the cochlear 
nuclei, bifurcate, and contact cells of several morpholog- 
ical types in three anatomically distinct regions, each of 
which has a separate tonotopic representation of sound 
(Rose et al., 1959). The ascending branches of auditory 
nerve fibers innervate the anteroventral cochlear nucleus 
(AVCN), the descending branches innervate the poster- 
oventral and dorsal cochlear nuclei (Lorente de No, 
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1933a, 1981). Circuitry intrinsic to the cochlear nuclei 
and efferent input from other parts of the brain contrib- 
ute to the transformation of signals (Lenn and Reese, 
1966; Rasmussen, 1967; Cant and Morest, 1978; Lorente 
de No, 1981). The experiments discussed in this paper 
describe the electrical properties and the characteristics 
of the auditory nerve synaptic inputs of cells in the 
AVCN, showing how signals are transformed at this early 
stage in the auditory pathway. 

In Golgi-stained material there are two distinct cell 
types in the AVCN, bushy cells and stellate cells (Brawer 
et al., 1974; Lorente de No, 1981; Webster and Trune, 
1982). Stellate cells vary in size and shape; in the cat 
they have been subdivided by anatomists in different 
ways (Cant, 1981; Lorente de No, 1981). The organiza- 
tion of the AVCN and the morphology of its cells in the 
mouse resemble those of the cat (Lorente de No, 1933b; 
Osen, 1969; Brawer et al., 1974; Martin, 1981; Webster 
and Trune, 1982). Bushy cells receive input from the 
auditory nerve mainly through very large terminals called 
the end bulbs of Held (Lenn and Reese, 1966; Brawer 
and Morest, 1975; Cant and Morest, 1979; Ryugo and 
Fekete, 1982). Stellate cells receive input from the audi- 
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tory nerve through more conventional button synapses 
(Cant, 1981). 

Various attempts have been made to correlate anatom- 
ical cell types with physiological response types. The 
waveforms of extracellularly recorded action potentials 
in the AVCN vary in that some have prepotentials and 
others do not. Pfeiffer (1966b) suggested that prepoten- 
tials might reflect the depolarization of end bulbs of 
Held, implying that recordings with prepotentials are 
from bushy cells and those lacking prepotentials are 
presumably from stellate cells. Cells in the AVCN have 
also been characterized on the basis of their response 
patterns to pure tones at the characteristic frequency. 
Two distinct patterns of peristimulus time histograms, 
the “primary-like” and the “chopper” patterns, have been 
recorded. Cells with prepotentials have primary-like pat- 
terns. By means of intracellular injection of horseradish 
peroxidase into physiologically characterized cells, 
Rhode et al. (1983) have associated primary-like re- 
sponses with bushy cells. 

Very few intracellular recordings from the AVCN have 
been published (Starr and Britt, 1970; Romand, 1978; 
Rhode et al., 1983). These studies show that choppers 
are apparently driven by steady depolarizations which 
last for the duration of the tone pulse. Cells with primary- 
like patterns respond to tones with rapid, large, graded 
depolarizations which maintain the temporal pattern of 
the input with precision. In the nucleus magnocellularis, 
the avian homologue of the mammalian AVCN, large, 
rapid excitatory postsynaptic potentials have also been 
recorded in uitro after electrical stimulation of the audi- 
tory nerve (Hackett et al., 1982). 

Studies of the intracellular physiology of the cochlear 
nuclei in uivo are hampered by the technical difficulties 
of recording in the presence of blood pulsations and 
respiratory movements. The brain slice preparation de- 
scribed in this paper overcomes some of these difficulties 

and takes advantage of the fact that the extracellular 
environment can be manipulated in vitro. In addition, 
the interpretation of the synaptic responses in brain 
slices is simplified by the fact that cells do not fire 
spontaneously in uitro. Synaptic responses of cells in the 
AVCN to electrical stimulation of the auditory nerve 
consist of an early excitatory and, in some cells, a later 
inhibitory postsynaptic potential. Responses to intracel- 
lularly injected current pulses show that the electrical 
properties of cells in the AVCN are of two types, called 
type I and type II. 

Materials and Methods 

General procedure. Young mice, 14 to 28 days old, were 
obtained from a colony of inbred mice of the strain NFS 
(originally obtained from Dr. Rex Risser, University of 
Wisconsin, Madison, WI). The slices were prepared ac- 
cording to the method of Dingledine et al. (1980). An 
animal was decapitated and the head was immersed in 
warm (31”(Z), oxygenated saline. The saline composition 
was 124 mM NaCl, 5 mM KCl, 1.2 mM KH2P04, 2.4 mM 
CaCL, 1.3 mM MgSO*, 26 mM NaHC03, 10 mM glucose. 
When saturated with 95% 02, 5% COZ, the pH was 7.4. 
The brain was quickly dissected out of the skull, cutting 
the auditory nerve in the internal auditory meatus to 
leave the stump as long as possible. The tissue block 
containing the cochlear nuclei was then attached to a 
Teflon block with cyanoacrylate glue (Krazyglue). Slices 
were cut with an oscillating tissue slicer (Frederick Haer 
& Co.). The most lateral, approximately parasagittal slice 
of the brainstem, 250 pm thick, contained the auditory 
nerve and the lateral parts of the AVCN and the poster- 
oventral cochlear nucleus as illustrated in Figure 1. This 
slice was transferred to the recording chamber where it 
was placed over a groove in the chamber floor. The 
chamber design allowed saline to flow from one end of 
the chamber to the other, passing under, as well as over, 
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Figure 1. Preparation of slices of the cochlear nuclei. A, View of the ventral surface of the brain of a mouse with lines indicating 
approximately where cuts were made. B, Drawing of a slice. The stump of the auditory nerve and the cochlear nuclear complex 
is shown at the rostroventral edge. A portion of the cerebellum is attached dorsally and a portion of the medulla is attached 
caudally. An enlargement of the cochlear nuclear complex, shown in the square, is shown in C. C, A photograph of a preparation 
of the cochlear nuclear complex in the recording chamber. Darkfield illumination makes fascicles of auditory nerve fibers visible; 
the triangular region of bifurcation lies just over the point of entry of the auditory nerve into the brainstem. Nylon gauze was 
used to hold the preparation in place. Recordings were made rostra1 to the region of bifurcation; the stump of the auditory nerve 
was stimulated through a suction electrode or through a pair of insulated tungsten electrodes. 
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the tissue. The slice was held in place with nylon gauze 
(Fig. 1C). The perfusion rate through the 0.3-ml chamber 
was about 5 ml/min. The temperature was kept at 35°C 
by a small thermistor (Yellow Springs Instrument Co.) 
and a feedback-controlled electric heater. The auditory 
nerve was stimulated through a suction electrode or 
through a pair of insulated tungsten electrodes. 
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Electrophysiology. Intracellular recordings were made 
by conventional means. Intracellular voltage was meas- 
ured using a DAGAN Single Electrode System, displayed 
on an oscilloscope screen, from which it could be photo- 
graphed, and recorded on a chart recorder. The microe- 
lectrodes, filled with 4 M potassium acetate, had resist- 
ances of 120 to 200 megohms and were coated with 
dichlorodimethyl silane. 

The preparation. The transparent chamber was illu- 
minated from below through a darkfield condenser (Leitz 
D 0.80). With such illumination, myelinated fiber bun- 
dles can be distinguished from cell bodies. The region of 
bifurcation of the auditory nerve fibers is visible as a 
triangle just dorsal to the entry of the auditory nerve 
into the brainstem (Fig. 1C). All recordings reported in 
this paper were made anterior to the region of bifurca- 
tion. 

Since electrophysiological responses of unhealthy tis- 
sues are not useful and since mammalian brain tissue is 
difficult to maintain in z&-o, it is essential to learn to 
distinguish active slices from unhealthy ones. With ex- 
perience this becomes very clear because the symptoms 
of unhealthy slices are consistent. They are similar to 
the symptoms of bad preparations of cat cochlear nuclei 
in uiuo (W. S. Rhode, D. Oertel, and P. H. Smith, 
unpublished observations). In some slices synaptic re- 
sponses to electrical stimulation of the auditory nerve 
were encountered with almost every microelectrode pen- 
etration. Intracellular current injection revealed long 
time constants and brief, large action potentials. Once 
the slices recovered from the trauma of cutting, after 1 
to 2 hr, such active slices remained stable for more than 
10 hr. Responses of single cells also remained stable. For 
example, the intracellular recordings from the cells de- 
picted in Figures 4 through 9 each lasted for over 3 hrs. 
The responses at the end of that period were not meas- 
urably different from those at the beginning. In other 
slices only a few responses could be recorded during the 
first few hours of the experiment and eventually none 
could be recorded. Under conditions that promote an- 
oxia, such as if slices are too thick, if they are prepared 
too slowly, if the perfusion rate is too slow, if the tem- 
perature is too high, or if the tissue is perfused on only 
one side, the cells become visibly swollen. Swollen cells 
initially have very large resting potentials, -70 to -80 
mV, and very short time constants, and they are electri- 
cally and synaptically inexcitable. Occasionally the tran- 
sition between being electrically excitable and becoming 
inexcitable has been observed while the electrode was in 
a cell. This indicates that the swollen cells are sometimes, 
if not always, neurons. With time, microelectrode pene- 
trations into swollen areas encountered no electrically 
active cells and no cells with large resting potentials. 
The pathological changes described above are irreversi- 
ble. 
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Figure 2. Response of what is probably an auditory nerve 
fiber to electrical stimulation of the auditory nerve. Upper 
traces, Ten superimposed responses to stimulation of the au- 
ditory nerve, while the voltage was varied around the threshold, 
show that the response is all-or-none. Stimulating pulses of 
about 5 V, 0.1 msec, were applied to the stump of the auditory 
nerve through a suction electrode. Stimulus artifacts are seen 
as a gap in the traces. Responses followed the stimuli with no 
detectable delay. Middle traces, The response of the same cell 
remained when Mg*+ was substituted for Ca*+ in the saline. 
Lower trace, When the saline was again returned to normal, 
there was no change in the response. The observation that the 
response gradually became smaller was a consistent feature of 
recordings from this type of cell, which tended to be unstable. 
The mouse was 22 days old. 

After many experiments the structures of the tissue 
was examined microscopically. Slices were fixed and 
embedded in 2% agar. Frozen sections were cut, mounted, 
and stained with cresyl violet. The difference in cellular 
structure between active and unhealthy slices supported 
the observations made while recording. The nuclei of 
unhealthy cells were swollen. In some preparations the 
nuclei of neurons seemed to disintegrate. In contrast, the 
appearance of active tissue, even after a long experiment, 
is like that of normal brain tissue fixed by perfusion 
through the heart. 

Results 

The results presented here represent recordings from 
more than 150 cells in 38 preparations. Many of the 
recordings, however, were from cells that were not well 
impaled, were too brief to be useful, or were from slices 
which were not healthy (see “Materials and Methods”). 

One sort of response to stimulation of the auditory 
nerve stump (1 to 10 V, 0.1 msec) that was encountered 
regularly in the AVCN and in the auditory nerve is shown 
in Figure 2. Uppermost is a record of 10 traces that were 
superimposed while the voltage of the stimulating pulse 
was varied around the threshold of the response. This 
record shows that an all-or-none action potential follows 
the stimulus artifact with no observable delay. Although 
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the amplitude of the recorded action potential dimin- 
ished with time, a consistent feature of this sort of 
response, the action potential remained when extracel- 
lular Ca2+ in the saline was replaced with Mg2+, (Fig. 2, 
middle trace). Such cells were never observed to fire 
spontaneously or in response to damage by the microe- 
lectrode; they could follow rates of stimulation up to 
about lOOO/sec. The findings that these responses are 
all-or-none, independent of extracellular Ca2+, and follow 
the stimulating pulse with no delay indicate that they 
are not mediated by chemical synaptic transmission. 
These results and the observation that such responses 
can be recorded frequently in the auditory nerve are 
consistent with the conclusion that such recordings are 
from auditory nerve fibers. 

Intracellular recordings were also made from cells 
whose responses to electrical stimulation of the auditory 
nerve were mediated by chemical synaptic transmission; 
these recordings presumably were from cells in the 
AVCN which receive synaptic input from the auditory 
nerve. These cells responded to electrical stimulation of 
the auditory nerve with a Ca2+-dependent excitatory 
postsynaptic potential (EPSP) after a delay of about 0.7 
msec. In many cells the early EPSP was followed by a 
later inhibitory postsynaptic potential (IPSP); the pres- 
ence of the IPSP was uncertain in some cells because it 
could not be distinguished from the undershoot of the 
action potential of a suprathreshold, excitatory response. 
The thresholds of the EPSPs and IPSPs were different 
in some cells (e.g., Fig. 6), indicating that excitation and 
inhibition are not mediated by exactly the same popula- 
tion of auditory nerve fibers. Excitatory and inhibitory 
synaptic responses were graded with the strength of the 
stimulating pulses; the duration of stimulating pulses 
was kept constant at 0.1 msec. 

The responses of cells in the AVCN to intracellularly 
injected current pulses revealed membrane properties of 
two types. Cells with type I characteristics responded to 
depolarization with large, regularly firing action poten- 
tials. The current-voltage relationship of type I responses 
in the voltage range more negative than the firing thresh- 
old was linear. In contrast, depolarization elicited only 
one or two brief but small action potentials in cells with 
type II properties. The responses to hyperpolarizing cur- 
rent pulses rectified with time. The current-voltage re- 
lationship of cells with type II characteristics was not 
linear. 

Type I characteristics. Cells with type I responses react 
to stimulation of the auditory nerve with an EPSP that 
appears to be truncated by a temporally overlapping 
IPSP. The amplitudes of both the EPSP and IPSP are 
graded as a function of stimulus strength. Intracellular 
recordings from such a cell are shown in Figure 3. The 
top panel illustrates responses to electrical stimulation 
of the auditory nerve at various strengths. Stimulation 
at low voltage produced a graded depolarization lasting 
about 2 msec. Stimulation of the auditory nerve at 
slightly higher voltage, which presumably activated ad- 
ditional auditory nerve fibers, caused the EPSP to be- 
come suprathreshold. The bottom panel shows that the 
synaptic response consisted of an early EPSP followed 
by a later IPSP which reversed at the resting potential. 

Or 

> 
30 - 

E 

L 
I I I I I I 
0 5 msec 

-30 

L 

.I 
:. I! 
1: 

> 
E 

-60 

-SOL 

T 
a 0 c 

t 
-1L 

I I I I I I I 

0 10 20 30 msec 

Figure 3. Characteristics of a type I cell. Upper panel, Five 
superimposed responses to electrical stimulation of the auditory 
nerve at various voltages, 0.1 msec duration. Initial deflection 
of the voltage trace is the stimulus artifact. Excitatory synaptic 
responses are graded with stimulus strength. Lower panel, 
Characteristics of the synaptic response as a function of mem- 
brane voltage. Three responses are superimposed; injected cur- 
rent was varied. The synaptic response consists of two compo- 
nents, an EPSP which is depolarizing under all three conditions 
and a later IPSP which is depolarizing while the cell is hyper- 
polarized, hyperpolarizing while the cell is depolarized, and 
which reverses at resting potential. Responses to current pulses 
of opposite polarity and equal amplitude are approximately 
symmetrical around the resting potential. These records were 
made from the same cell as in Figure 1OA. The mouse was 22 
days old. 

In this experiment the cell was polarized with current 
pulses while it responded to electrical stimulation of the 
auditory nerve. The voltage changes resulting from cur- 
rent pulses of equal magnitude and opposite polarity 
were approximately symmetrical. Depolarizing current 
pulses of 1 nA elicited regularly firing action potentials. 
The results of these experiments, therefore, indicate that 
the cell was both excited and inhibited by the stimulation 
of auditory nerve fibers. In other cells of type I the 
thresholds for excitation and inhibition were different, 
indicating that excitation and inhibition are not neces- 
sarily mediated by the same population of auditory nerve 
fibers. 

The responses to stimulation of the auditory nerve of 
a second cell with type I characteristics are shown in 
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Figure 4. Like the cell described above, this neuron 
responded to stimulation of the auditory nerve with a 
graded EPSP that appeared truncated. The two lower 
panels of Figure 4 show responses to stimulation of the 
auditory nerve with shocks of low strength (left) and 
high strength (right) while the cell was simultaneously 
polarized with current. Again, the later inhibitory com- 
ponent of the synaptic response became apparent only 
when the cell was polarized because it reversed at the 
resting potential. In the cell whose responses are illus- 
trated in Figure 4, the threshold for inhibition was 
slightly lower than that for excitation so that the dura- 
tion of the EPSP could not be determined. In each of 
the lower panels the traces show responses to current 
injection of equal magnitude but opposite polarity. The 
voltage responses to injection of current of type I cells 
appear symmetrical and indicate that the input resist- 
ance of the cell remained constant. This is shown more 
clearly in Figure 5. The current-voltage relationship, 
determined for this cell from traces such as those on the 
right, is approximately linear below its firing threshold. 
A depolarizing current of about 0.4 nA brought the 
membrane voltage past threshold causing the cell to fire 
large action potentials. Large, steady depolarizations 

-10 r I 

caused very regular firing. The time constant of this cell 
was approximately 5 msec. 

Type II characteristics. Cells with type II characteris- 
tics also respond to stimulation of the auditory nerve 
with an early EPSP followed by a later IPSP. It is their 
responses to intracellularly injected current pulses that 
distinguish them from type I cells. The responses of such 
a cell to electrical stimulation of the auditory nerve at 
three different voltages are shown in Figure 6. The 
response with the lowest threshold was an IPSP in this 
cell. At slightly greater stimulating voltage, a small EPSP 
preceded the IPSP. At even greater voltage, a large, 
apparently suprathreshold EPSP was followed by a hy- 
perpolarization. Depolarizing current elicited a single, 
small action potential that was followed by only a small, 
hyperpolarizing undershoot (Fig. 7A). The synaptic re- 
sponse while the cell was polarized with current was 
larger than the action potential alone and it was followed 
by a larger hyperpolarization. It is impossible to distin- 
guish the inhibitory synaptic response from the under- 
shoot that accompanied the action potential of the su- 
prathreshold response because they occurred simultane- 
ously. The response to hyperpolarizing current of the 
same magnitude was large and had a longer time con- 
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Figure 4. Characteristics of a type I cell. Top, Five superimposed responses to electrical stimulation of the auditory nerve with 
shocks of various strengths, 0.1 msec duration. The excitatory synaptic response is graded and can initiate a large action 
potential. Bottom, When the cell is polarized with current, synaptic responses can be seen to consist of an early depolarizing 
EPSP which is followed by an IPSP that reverses at about resting potential. At the left, the synaptic responses are subthreshold; 
at the right they are suprathreshold. Each panel shows three superimposed responses to stimulation of the auditory nerve while 
the amount of current injected into the cell is varied. The responses to current pulses of equal size but opposite polarity are 
symmetrical around the resting potential. The mouse was 24 days old. 
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Figure 5. Current-voltage relationship of a type I cell. Traces on the right show responses 
to current pulses. The numbers on the left indicate the current strength in nanoamperes. 
Depolarizing current pulses greater than 0.3 nA caused the cell to fire action potentials. On 
the left the voltage change, measured at the end of the 40-msec pulse, is plotted as a function 
of current strength. The relationship is approximately linear. These responses were recorded 
from the same cell as those of Figure 4. The mouse was 24 days old. 
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Figure 6. Synaptic responses of a type II cell. Responses to 
electrical stimulation of the auditory nerve at different voltages. 
The response with the lowest threshold (0.9 V) was an inhibi- 
tory one which occurred with a delay of about 2 msec and lasted 

stant. The synaptic response was very large and was 
followed by a slow depolarization. It appears that the 
undershoot reversed at a level lower than the resting 
potential but its shape was altered by the cell’s variable 
membrane properties. To study type II membrane prop- 
erties further, the responses to long current pulses were 
measured and the current-voltage relationship was plot- 
ted (Fig. 8). The records show that depolarization elicited 
a single action potential and a small voltage change, 
whereas hyperpolarizing current pulses produced large 
voltage changes. Large hyperpolarizations sagged back 
toward the resting potential, showing anomalous rectifi- 
cation (Armstrong and Binstock, 1965). The current- 
voltage relationship was nonlinear. 

Both the small slope resistance and the short time 
constants of responses to depolarizations suggest that 
the input resistance of this cell was low when the cell 
was depolarized with current. The experiment illustrated 
in Figure 9 tests this prediction directly. On the left are 
responses to long depolarizing and hyperpolarizing cur- 
rent pulses of equal magnitude. To monitor the input 
resistance before, during, and after polarization, small 
hyperpolarizing current pulses were injected. The input 

about 10 msec. Stimulation with pulses at higher voltage elic- 
ited early EPSPs of various amplitudes which were followed by 
IPSPs. Shocks of still higher voltage elicited large, brief depo- 
larizations of variable amplitude which were followed by hy- 
perpolarizing undershoots. These records were made from the 
same cell as that in Figures 7A, 8, and 9. The mouse was 27 
days old. 
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resistance was indeed lower when the cell was depolarized 
with current (Fig. 9, top right). The input resistance was 
also slightly lowered by hyperpolarizing currents while 
the cell showed anomalous rectification. When the cell 
repolarized after the end of the hyperpolarization, the 
input resistance was temporarily low and gradually re- 
turned to its resting value. 

The experiments described above were all performed 
on a single cell. The traces in Figure 7B show the 
responses of a different cell in a different slice. The 
electrical properties of this cell resemble those of the 
first in that the voltage change and time constant of 
responses to depolarizing current were small and those 
of the responses to hyperpolarizing current were large. 
The depolarizing current pulse elicited two action poten- 
tials in this cell. 

Summary of results. It is unlikely that the dichotomy 
between type I and type II cells is simply a result of a 
difference in resting potentials since the resting poten- 
tials of cells with type I properties were not significantly 
different from those with type II properties (Table I). 

Table I also summarizes some of the features of the 
synaptic responses. The delay between the beginning of 
the stimulating pulse (0.1 msec duration) and the excit- 
atory synaptic response can be measured accurately and 
is usually between 0.6 and 0.7 msec. The duration of an 
EPSP in the AVCN can be measured accurately only 
rarely because often it is cut short by an inhibitory 
synaptic potential or it is obscured by an action potential. 
In addition, the measurements can be made only at the 
lowest stimulating voltages, biasing the measurements 
toward short durations. The delays and durations of 
IPSPs can also be made most often only at the lowest 
stimulating voltages, biasing the measurements toward 
long delays and short durations. At large stimulating 
voltages, the EPSP usually becomes suprathreshold and 
an action potential and its undershoot obscure the un- 
derlying synaptic responses. The result that the shortest 
observed delay of the inhibitory response is about twice 
as long as the shortest excitatory response is consistent 
with the conclusion that the EPSP is mediated by a 
single synapse and that the IPSP is mediated through 
two synapses. No recordings have been made from cells 
that did not respond to stimulation of the auditory nerve 
with an excitatory synaptic response. 

Temporal summation of excitation in type I and type II 
cells. The finding that the drop in input resistance of 
cells with type II characteristics with depolarization can 
be large has functional implications. This feature of type 
II cells reduces temporal and spatial summation and 
makes them well suited to maintaining and conveying 
precisely timed pattern information from the auditory 
nerve. In contrast, cells with type I characteristics have 
longer time constants, suggesting that temporal sum- 
mation might occur. 

The experiments illustrated in Figure 10 test this 
hypothesis directly. Figure 1OA shows responses of a type 
I cell to repetitive stimulation of the auditory nerve. The 
responses to one or two shocks 1.2 msec apart were 
subthreshold. A third shock enabled the subthreshold 
EPSPs to sum and depolarize the cell past its threshold. 
This cell responded to stimulation of the auditory nerve 
with an inhibitory as well as an excitatory synaptic 

potential (Fig. 3). Temporal summation of excitatory 
inputs would be more pronounced in the absence of 
inhibition. 

The results of a similar test of a cell with type II 
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Figure 7. Synaptic responses of two different cells in two 
different preparations recorded while the cells were polarized 
with current. A, Three superimposed synaptic responses while 
the cell was not polarized, depolarized and hyperpolarized with 
current. Depolarization elicited a single action potential with a 
small undershoot. Electrical stimulation of the auditory nerve, 
while the cell was depolarized with current, depolarized the cell 
further than the action potential. This was followed by hyper- 
polarization which dipped below the resting potential. Hyper- 
polarizing current polarized the cell slowly. The peak of the 
synaptic response while the cell was hyperpolarized almost 
reached the peak of the response while the cell was depolarized. 
A slow depolarization followed the rapid EPSP which repre- 
sents the reversed IPSP and/or the reversed undershoot of the 
action potential. Both the amplitude of the depolarizing and 
hyperpolarizing voltage changes and their time courses were 
different. The varying membrane properties distort the synap- 
tic potentials differently when the cell is depolarized than when 
it is hyperpolarized. These records were made from the same 
cell as that of Figures 6, 8, and 9. The mouse was 27 days old. 
B, The results of a similar experiment performed on a different 
type II cell in a different preparation show that the synaptic 
responses and the membrane properties of type II cells are 
consistent. This cell fired two action potentials when it was 
depolarized with current. This cell was the same as that of 
Figure 10B. The mouse was 22 days old. 
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TABLE I 

Characteristics and synaptic responses of AVCN cells 
The means and ranges of measured values are shown for several 

characteristics of cells in the AVCN. Whenever possible, the resting 

potentials were measured at the end of a recording when the electrode 
was withdrawn from a cell. In cases when the recording degenerated 
the measurement was made earlier in the record. The height of action 
potentials was measured from the peak to the bottom of the undershoot. 

Synaptic delays were measured from the beginning of stimulating 
pulses, 0.1 msec in duration, to the beginning of the change in cell 
voltage. Measurements of EPSPs could be made accurately; measure- 
ments of the duration of EPSPs was not possible if an action potential 

was superimposed or if an IPSP followed; therefore, most measure- 
ments are made from less than maximal synaptic responses. Similarly, 
IPSP delays and durations could only be measured in the absence of 

action potentials. Since the delay of a synaptic response that is barely 
suprathreshold can be longer than that of a maximal response, the 
measurements of IPSP delays are biased toward long delays. Since the 

duration of small synaptic responses sometimes appears shorter than 
that of large synaptic responses, the measurements of the duration of 
IPSPs are biased toward short durations. 

Ml?aIl Range No. of 
Cells 

mV 

Resting potentials 

Type I 
Type II 
? 

Total 
Action potentials 

Type I 

Type II 
? 
Total 

EPSP delays 
Type I 
Type II 

? 
Total 

EPSP durations 
Type I 

Type II 
? 
Total 

IPSP delays 

Type I 
Type II 
? 

Total 
IPSP durations 

Type I 
Type II 
? 

Total 

-61 -54--69 9 
-60 -53--65 8 
-55 -53--58 3 
-60 -53--69 20 

58 30-80 
28 15-55 
48 15-70 
45 15-80 

msec 

0.7 0.5-1.4 9 
0.7 0.6-0.8 8 
0.7 0.6-0.7 3 
0.7 0.5-1.4 20 

5.2 3.5-6.0 3 
2.3 1.5-2.6 3 
1.5 1 
3.6 1.5-6.0 7 

1.8 1.2-3.5 6 
2.1 2.0-2.3 3 
2.2 2.0-2.5 3 
1.9 1.2-3.5 12 

6.8 5.0-10 
6.3 4.0-9.0 
5.5 5.0-6.0 
6.5 4.0-10 

9 
8 
3 

20 

6 
3 
2 

11 

characteristics is shown in Figure 10B. The synaptic 
responses of two shocks about 1.2 msec apart are brief 
and clearly separated. It was not clear whether this cell’s 
synaptic response contained an inhibitory component 
(Fig. 7B). 

Discussion 

Intracellular recordings from cells in the AVCN in 
vitro show that electrical stimulation of the auditory 
nerve produces not only excitatory but also inhibitory 

synaptic responses. Both the EPSP and the IPSP are 
graded in amplitude as a function of stimulating voltage. 
Excitation always occurs with a shorter latency than 
does inhibition; the delay from the shock to the excita- 
tory response was 0.6 or 0.7 msec, that to the inhibitory 
response was 1.2 msec or longer. Cells in the AVCN had 
one of two kinds of membrane properties under the 
conditions of these experiments. Cells with type I char- 
acteristics have linear current-voltage relationships and 
they fire action potentials regularly in response to steady 
depolarization. Cells with type II characteristics have 
nonlinear current-voltage relationships and they respond 
to intracellularly injected, depolarizing current with only 
one or two action potentials. The input resistance of type 
II cells is reduced during depolarization. The responses 
to hyperpolarizing current show anomalous rectification 
(Armstrong and Binstock, 1965). Temporal summation 
of excitatory synaptic inputs is more likely to occur in 
cells with type I than in cells with type II characteristics. 

Several conclusions can be made from these results. 
The finding that the excitatory inputs of type I cells are 
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Figure 10. Temporal summation of excitatory synaptic in- 
puts. A, Responses of a type I cell to repetitive stimulation of 
the auditory nerve. Responses are superimposed to one, two, 
and three stimulating pulses. Subthreshold EPSPs can sum in 
time to produce a suprathreshold response. This was the same 
cell from which the records were made shown in Figure 3. The 

mouse was 22 days old. B, Response of a type II cell to repetitive 
stimulation of the auditory nerve. Responses to two stimuli did 
not sum in time. Two traces were superimposed. This was the 

same cell from which the record shown in Figure 7B was made. 
The mouse was 22 days old. Bars indicate when the auditory 
nerve was stimulated. 
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graded with the strength of electrical stimulation of the 
auditory nerve shows that simultaneous inputs from 
several auditory nerve fibers can be summed. In addition, 
it has been demonstrated directly that repetitive inputs 
from any one auditory nerve fiber can sum in time (Fig. 
1OA). Excitatory inputs of type II cells are also graded 
showing that simultaneous inputs from more than one 
auditory nerve fiber can sum, but it is unlikely that 
excitatory inputs of any one fiber sum in time. The drop 
in input resistance of type II cells when they are depo- 
larized reduces both the time and space constants and 
thus reduces summing in time and space. Excitatory 
synaptic potentials in type II cells are large, but they are 
only about 1 msec in duration. It has been shown that 
temporal summation in cells with type II characteristics 
does not occur at physiological stimulation rates (Fig. 
10B). Type II cells are, therefore, particularly well suited 
to preserve the pattern and timing information contained 
in the firing of auditory nerve fibers. The synaptic cur- 
rents underlying EPSPs in type II cells must be large; 
the experiment illustrated in Figure 7 shows that type II 
cells can be synaptically excited even when the input 
resistance is low while they are depolarized with current. 

Definitive morphological identifications with intracel- 
lular dye injections of cells with type I and type II 
characteristics have not yet been made, but several lines 
of evidence make it likely that type I cells correspond to 
stellate cells identified in Golgi-stained material and that 
type II cells correspond to bushy cells of Golgi-stained 
material (Webster and Trune, 1982). In the cat, cells 
with “chopping” peristimulus time histograms (Pfeiffer, 
1966a) respond to tones with regularly firing action po- 
tentials whose pattern is not related to the sound stim- 
ulus. The regular rhythm could arise from intrinsic mem- 
brane properties such as those of type I cells. The re- 
sponses to tones do consist of steady depolarizations 
which would be expected to cause type I cells to fire 
regularly (Molnar and Pfeiffer, 1968; Starr and Britt, 
1970; Romand, 1978). Rhode et al. (1983) showed that 
choppers were stellate cells in the ventral cochlear nu- 
cleus. Type II cells do not have intrinsic regular firing 
rhythms; their properties correspond closely with those 
of the bushy cells (Rhode et al., 1983). Bushy cells 
respond to tones with large, brief, graded synaptic poten- 
tials which are capable of maintaining the pattern infor- 
mation to a precision greater than 1 msec. The strong, 
brief, graded synaptic responses of type II cells to stim- 
ulation of the auditory nerve have the characteristics 
required to generate the responses recorded in bushy 
cells (Rhode et al., 1983). Until intracellular dye injec- 
tions into physiologically identified cells are made, how- 
ever, the possibility that these contrasting electrical 
characteristics result from the in vitro conditions cannot 
be completely excluded. 

The synaptic interactions between auditory nerve fi- 
bers and bushy cells are mediated through the large 
terminals called the end bulbs of Held (Lorente de No, 
1933a, 1981; Lenn and Reese, 1966; Brawer and Mores& 
1975; Cant and Morest, 1979). If type II characteristics 
are associated with bushy cells, the experiments de- 
scribed in this paper provide a clue concerning what the 
function of these endings might be. That the input re- 

sistance of type II cells drops sharply when the cells are 
depolarized means that they can repolarize quickly, the 
time constant of the cell being proportional to the input 
resistance. The fact that the synaptic current can depo- 
larize type II cells even when the input resistance is low 
indicates that the synaptic current must be large and 
that the lowered input resistance does not result in a 
refractory period. The large end bulb terminals with their 
multiple release sites for neurotransmitter (Lenn and 
Reese, 1966; Cant and Morest, 1979) could provide unu- 
sually large amounts of synaptic transmitter which might 
result in the large synaptic current. 

Both type I and type II cells receive late inhibitory as 
well as early excitatory inputs as a result of electrical 
stimulation of the auditory nerve. The result that the 
inhibitory response occurs with a delay at least twice as 
long as that of the excitatory one is consistent with the 
conclusion that an additional synapse is interposed. That 
inhibitory and excitatory responses have different 
thresholds to stimulation of the auditory nerve implies 
that the inputs are mediated through different auditory 
nerve fibers. Very little physiological evidence exists for 
inhibition in the AVCN. The only direct evidence is 
presented in a recent report by Martin and Dickson 
(1982) showing that excitation, induced by iontophoretic 
application of excitatory amino acids, can be suppressed 
by tones higher than the cell’s characteristic frequency 
in cells lacking prepotentials. Evans and Nelson (1973) 
have shown that some cells in the AVCN respond to 
tones with a suppression of spontaneous firing. 

In the cat it has been shown that there are two types 
of spiral ganglion cells (Spoendlin, 1969; Liberman, 1982; 
Kiang et al., 1982). Type II auditory nerve fibers would 
be expected to conduct more slowly than the thicker type 
I fibers. It is possible, therefore, that the observed inhib- 
itory input to cells in the AVCN might arise from type 
II fibers. The result that only terminals with large spher- 
ical vesicles are of cochlear origin (Lenn and Reese, 1966; 
Cant and Mores& 1979) argues against this possibility. 
Also, in the present series of experiments recordings were 
made from cells likely to be auditory nerve fibers. If one 
population of auditory nerve fibers conducted more 
slowly, then some responses would be expected to occur 
after a conduction delay; such responses have not been 
observed. It seems likely, therefore, that the inhibitory 
synaptic response arises indirectly from other cells in the 
cochlear nuclear complex. That is, electrical stimulation 
of the auditory nerve excites the cell from which a 
recording is made and also excites other cells in the slice 
preparation which in turn make inhibitory synaptic con- 
tacts onto the cell that is impaled. 

The result that cells in the AVCN receive inhibitory 
as well as excitatory input is consistent with the anatom- 
ical observations that bushy cells and stellate cells are 
contacted by several types of terminals. In addition to 
the endings containing large spherical vesicles which 
have been shown to be of cochlear origin (Lenn and 
Reese, 1966; Cant and Morest, 1979), bushy cells and 
stellate cells are contacted by terminals containing small 
flattened or small pleomorphic vesicles which are not of 
cochlear origin (Cant and Morest, 1979; Cant, 1981). 
Some of the latter have been shown to be intrinsic to the 
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cochlear nuclei and could thus mediate the inhibition 
observed in the brain slice. 
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