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A~traet---Synaptic potentials were examined in the second- and third-order auditory neurons of nucfeus 
magnocellularis and nucleus iaminaris in the chick. Brain stems of mature chick embryos were explanted 
and maintained in vitro for 4 to 8 h. Field potentials, extracellular spike potentials and intracellular 
potentials evoked by 8th-nerve stimulation were examined. 

Eighth-nerve stimulation reliably elicited four identifiable field potentials which could be attributed 
to; (i) the afferent volley of the &h-nerve axons, (ii) postsynaptic responses of n. magnocelhdaris neurons, 
and (iii) ips~laterally and, (iv) ContraIateraily-evoked n. laminaris postsy~aptic responses. intracellular- 
recorded postsynaptic potentials from n. magnoce~~uia~s neurons were of two classes. ‘Fast’ excitatory 
postsynaptic potentials were characterized by a rapid rise time and short duration. They were apparently 
monosynaptic with a synaptic delay of 0.4 ms. In each n. magnocellularis neuron the ‘fast’ excitatory 
postsynaptic potentials were composed of 1 to 3 all-or-none components. ‘Slow’ excitatory postsynaptic 
potentials were characterized by a longer latency, a longer duration and graded amplitude variation in 
proportion to the intensity of Ith-nerve stimulation. Both ‘fast’ and ‘slow’ excitatory postsynaptic poten- 
tials had similar reversal potentials. Since the 8th nerve makes monosynaptic connection with n. magno- 
cellularis neurons, it is likety that at this synapse the ‘fast’ excitatory postsynaptic potentials were 
produced, while the ‘slow’ potential may be attributable to the convergence of many boutonal synapses 
of unknown origin. 

Intracellular injections of horseradish peroxidase into n. magnocellularis revealed that its efferents 
bifurcate below the nucleus and send one axon to the contralateral n. laminaris while the other axon 
forms a highiy divergent projection to the ipsilateral laminar nucleus. The intracellular records obtained 
from n. laminaris are consistent with this anatomical finding in that graded excitatory postsynaptjc 
potentials were elicited by &h-nerve stimulation. 

The caliciform synaptic ending known as the end bulb tern, nucleus ma~ocellularis (NM) and nucleus 
of Held in the auditory nuclei is similar in both birds Iaminaris (NL) and to relate the modes of trans- 
and mammaIs.29 The details of transmission at these mission to terminal morphology. The chick auditory 
synapses have not been studied, in spite of the interest system offers several advantages for this type of study. 
in the electrical and chemical modes of synaptic trans- For example, the system has a simplified organization 
mission in the closely related vestibular system of ver- which is considered homologous to that found in 
tebrates8~g~17~18~27~31,32~46 and the fundamental im- higher vertebrates,2g its development has been studied 
portance of this information to the understanding of in detai116*33*36 and the neuronal circuit can be main- 
the processes of sensory integration and coding. Inter- tained in vitro to facilitate the analysis of synaptic 
estingly, for a similar cafyx ending in the chick ciliary m~hanisms. 
ganglion, the mode of synaptic transmission has been Portions of this material have been presented in 
found to be dual-both electrical and chemical trans- two prelimjnary reports.‘5.J4 
mission coincide.2 

The aim of the present investigation was to deter- 
mine the modes of synaptic transmission in the first EXPERI~~~T~L PRM333JRES 

and second central nuclei of the chick auditory sys- Chick embryos (Hubbard x Hubbard), just prior to 
hatching (18-X days), were used for these studies. Anesthe- 
sia was effected by cooling embryos (in ouo) for 15 min in 

1 Address reprint requests to: John T. Hackett, Depart- ice water. The cold embryo was decapitated and the head 
ment of Physiology, Box 449, University of Virginia School placed in cold (2°C) avian Tyrode’s solution (139 mM 
of Medicine, Charlottesville, VA 22908, U.S.A. NaCl, 3 mM KCI, 3 mM CaCI,, 17 mM NaHC03, 6.4 mM 

2 H. Jackson is now at the Department of Anatomy, glucose and gassed with 95% 02-5% CO& The pH was 
University of Utah College of Medicine, Utah, U.S.A. adjusted to 7.3. The dorsal aspect of the entire skull was 

Abbreaiurions: AVCN, anteroventral cochtear nucleus; retracted and the brain carefully removed, making certain 
EPSP/IPSP, excitatory/jnhibitory postsynaptic potential; to leave a short length of both auditory nerves intact. The 
HRP, horseradish peroxidase; MSO, medial superior oliv- cerebeltum was then removed by cutting the peduncles, 
ary nucleus; NL nucleus laminaris; NM, nucleus magno- and the brain stem trimmed to include the area from the 
cellularis. obex to immediately rostra1 to the cerebellar peduncles. 
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The dissected preparation was fixed to the bottom of a 

specially designed chamber with cyanoacrylic glue and was 

allowed to warm to room temperature (21.‘C), while being 

continually superfused with oxygenated Tyrode solution at 

room temperature. For synaptic transmission, CaCl, was 

particularly necessary.’ ’ 
With the brain stem transiiluminated, NM could be 

localized as the area under the heavily myelinated 8th- 

nerve fibers coursing above the nucleus (Fig. I, between 

arrow heads). Bipolar stimulating electrodes were pos- 

itioned on the Rth-nerve stumps as they enter the medulla 

or on the midline to activate the crossed dorsal cochlear 

tract. The intensity of stimulation was adjusted between 

one and two times threshold for 8th-nerve activation. Stan- 

dard microelectrode recording techniques were employed. 

The evoked responses were recorded with micropipettes 

filled with either 2 M potassium citrate or a solution of 4”~” 

horseradish peroxidase (HRP) in 0.2 M KCI and 0.05 M 

Tris bulTer.39 To facilitate intracellular penetration and 

current injection. these two types of electrodes were 

beveled“ to resistances of 34-45 and 60-90 Mohm, respect- 

ively. Horseradish peroxidase was injected intracellularly 

into neurons by passing 5-8 nA outward current through 

the electrode for 5 min. Tissue injected with HRP was fixed 

by immersion in cold 4?;, gluteraldehyde in 0.1 M phos- 

phate buffer for 3.5 h, then washed in buffer and allowed to 

sink in a solution of cold buffer and 20”,, sucrose. Serial 
frozen sections were then cut at 60pm and reacted for 

HRP according to the Hanker-Yates procedure.” 

RESULTS 

The basic circuit of the avian brain stem auditory 
system is shown in Fig. 2A. Nucleus magnocelluiaris 

(NM) receives monosynaptic innervation from the 
ganglion neurons of the homolateral basilar papilla 
(cochlea) and is homologous to the spherical neuron 
region of the mammalian anteroventral cochiear nu- 
cleus (AVCN). 1 24,29 The primary afferents form 

caiices about the neuron bodies of NM neurons that 
can be easily identified at the light- and electron- 
microscopic level (Fig. ZB,C,D). A second type of ter- 
minal also contacts the neurons of this nucleus but its 
origin remains unknown (Figs 2B,C). 

Neurons in nucleus laminaris (NL) form a concave 

monocellular lamina ventral and lateral to NM. 

These neurons receive binaural. tonotopic and topo- 
graphically-organized innervation from NM, with 
spatial segregation of the ipsiiateral and the contra- 
lateral innervation.“4.3” Nucleus laminaris is usually 
considered homologous to the mammalian medial 
superior olivary nucleus (MSO). 

Figure 3A shows the field potentials evoked by 
single 8th-nerve stimuli that were twice threshold for 
ipsilaterai nerve activation. There were three discern- 
ible components of this field potential: an afferent 
volley and two synaptic potentials (N, and NJ. Near 
the surface of NM, the shortest latency wave recorded 
was positive- negative-positive and probably corre- 
sponded to the compound action current generated in 

the 8th nerve. The amplitude of this wave was propor- 
tional to the intensity of 8th-nerve stimulation and 
presumably to the number of activated 8th-nerve 
fibers. Furthermore, it could be recorded along the 
darkened path of the @h-nerve fibers seen with trans- 
illumination. High frequency stimulation (100 Hz) did 

not affect the afferent volley while the longer latency, 
slower components decrease in amplitude. These 
latter components are most likely produced by synap- 
tic currents. 

With careful placement of the recording microelec- 
trode in NM, it was possible to distinguish a small 
negative component, N, (Fig. 3A) which diminished 

in amplitude and eventually disappeared as the eiec- 
trode was lowered through the nucleus. This is what 
might be expected from a cluster of neurons generat- 
ing a closed field of current flow.13 

In most recordings, the N, component was not dis- 
tinguishable from a potential which was produced by 
a strong dipole field potential (Nz). Thus, there was 
usually a dominant sink at the surface of NM for 
which there is a corresponding source in depth. This 
type of field potential is associated with bipolar 
neurons in the hippo~mpus and cerebe~lumi3 and 
would be expected here. given the laminar arrange- 
ment of NL neurons and an open field of current 
How. The depth profile of these extracellular field 

potentials is plotted in Fig. 3B. 
Another dipolar field potential (Fig. 4A) was 

recorded whose negative peak (NJ was seen in depth. 
This field potential was evoked by contralateral 8th- 
nerve stimulation and its position corresponded to 
the position of the crossed dorsal cochiear tract ter- 
minals which impinge on the ventral dendrites of 
neurons in NL. There was a simultaneously occurring 
source with a peak amplitude about 250,~m from the 
dorsal surface. A comparison of the N2 and N, waves 
is plotted in the depth profiles of Fig. 4B. An interpre- 
tation consistent with the above observations is that 
the N, wave is the result of a sink produced by synap- 
tic excitation of the somas of NM neurons while the 

Nz and N, components represent sinks produced by 
synaptic excitation of the dorsal and ventral dendrites 
of NL, respectively. The N, and N3 components of 
the field potential, therefore. represent the conver- 
gence of the output from second- to third-order 

neurons. 
Single neuron potentials have been recorded extra- 

ceil~~lariy from about 30 neurons. Most of these 
neurons were histologically identified and corroborate 
the evidence presented above fcr the structures re- 
sponsible for the generation of the respective field 
potentials. Representative examples of single neuron 
potentials are shown in Fig. 5. Immediately beneath 
the surface, along the myeiinated path of afferents, 
two characteristic extracellular spike potentials were 
recorded. One had a very short latency, following im- 
mediately after the shock artifact (Fig. 5A). This 
potential was usually positive going, several millivolts 
in amplitude, and able to follow high frequency 



Fig. 1. Transilluminated isolated chick brain stem preparation. Dark areas (bounded by arrow heads) 

in floor of IVth ventricle are shadows resulting from the heavily myelinated 8th-nerve projections to 

n. magnocellularis. Stimulating electrodes (S) are positioned on 8th-nerve stumps, Rostra1 (R) indicated 

on orientation marker in upper right corner. 
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Fil. 2. Schematic representation of basic circuit of avian brain stem auditory system, showing the 
&h-nerve projections from the cochlea (basilar papilla) to n. magnocellularis (NM). Note the spatially- 
segregated bilateral projections from NM to n. laminaris (NL). B: Electron-micrograph of section 
through neuron in NM showing two types of synaptic contacts. The calyx ending contains large. 
predominantly round clear vesicles and makes multiple, asymetrical synaptic contacts with somatic 
spines of NM neuron. The small endmgs are packed with pleomorphic vesicles. C: Example of NM 
nerlron with calyx and small ending (SE) from an in ritro experiment. D: .4s in C, but showing a large 

area of a calyx ending. Magnification: B x 22,400; C x 16.000: D x 32.ooO. 

145x 
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Fig. 3. Extracellular field potentials recorded at different depths of the brain stem evoked by electrical 

stimulation of the ipsilateral 8th nerve. A: The early positive-negative wave or afferent volley (AV) was 

recorded along the primary nerve pathway. The next peak negativity (N,) is attributed to the closed field 

potential generated by the NM EPSPs. N2 corresponds to the potential peak of the open current field 

generated by synaptic activation of NL. B: Graph showing relative amplitudes of synaptic components, 

N, (circles) and N2 (squares), at different depths. In this and subsequent Figures, positivity at the tip of 

the recording microelectrode is in the upwards direction. C: Diagram showing path of electrode through 

NM and NL. 

stimulation (100 Hz). A second characteristic unit had 
a delay of 3-6 ms and was blocked by calcium-free 
saline solution. Experimental records of spike poten- 

tials of this second sort are given in Fig. 5B,C. In 
Fig. 5B 2 an early notch (dot) is seen which was prob- 
ably generated by the afferent volley. In particular, 
this small potential may reflect the invasion of action 
potentials into the end bulb of Held. The example 
illustrated in Fig. 5C 1 is similar to that in B. How- 
ever, this particular example was identified as an NM 
neuron by antidromic activation from midline stimu- 
lation (Fig. 5C 2). 

There was a third type of unit activity recorded 
extracellularly in these studies. This spike potential 
was recorded within NL as confirmed by HRP 
neuron marking. Neurons in NL receive afferents 
from both ipsilateral and contralateral NM neurons; 

the ipsilateral input innervates mainly the dorsal den- 
drites while the ventral input impinges on the ventral 
dendrites (see Fig. 2A). An example of a NL unit 
excited by both inputs is shown in Fig. 5D. Ipsilateral 
activation was preceded by a small positivity that was 
possibly the afl’erent volley. 

Excitatory postsynaptic potentials in nucleus magnocek 
lularis neurons 

Eighth nerve, auditory afferents terminate as the 
end bulb of Held in nucleus magnocellularis (NM) 
neurons. Stimulation of the 8th nerve resulted in spike 
potential generation in these neurons. In most NM 
neurons penetrated with a microelectrode, the mem- 
brane potential soon dropped below 40mV and the 
action potential no longer contaminated the under- 
lying synaptic potential. The relationship between the 
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Fig. 4. A: Extracellular field potentials evoked by electrical 
stimuli delivered to the ipsilateral (Ipsi, first arrow) and the 
contralateral (Contra, second arrow) 8th nerve at each 
indicated electrode depth. Two stimuli were delivered for 
each tracing, at the times indicated by the arrows below 
the bottom race. N, is the negative peak of the wave seen 
deep in the tissue evoked by contralateral nerve stimu- 
lation. Both N2 and N, potentials are of the open field 
type. B: Graph showing relative amplitudes of synaptic 
components, N2 (circles) and N3 (squares), as a function of 

electrode depth. 

Inhibitory postsynaptic potentials were not evident 
in these neurons. It might be argued, however, that 
the slower falling phase of the responses inverted by 
11 nA depolarizing current injection might be due to 
IPSP contamination (Fig. 7A). In neurons that were 
hyperpolarized, there is an evident break in the falling 
phase (Fig. 7B, downward arrow). It has been sug- 
gested that this break is related to a vohage-depen- 
dent potassium conductance generated by the peak 
synaptic depolarization.” 

extracellular field potential recorded just outside a In all neurons studied, the EPSPs in NM had one. 
NM neuron and the intracellularly-recorded EPSP is two, or three (usually two) all-or-none components, 
shown in Fig. 6A. An estimate of the synaptic delay indicating input to NM neurons from very few 8th- 
was obtained assuming that the peak negativity of the nerve axons. As illustrated in Fig. 7A, the responses 
afferent volley reflects the arrival of the action poten- evoked by electrical stimulation straddling threshold 
tials at the terminals of 8th-nerve axons. The synaptic intensity for activation of the 8th nerve were all-or- 

delay can then be taken as the interval between the 
start of the action potential invasion (Al, dotted line) 
to the beginning of the EPSP (A2). The latter can be 
very accurately determined by observing the begin- 
ning of all-or-none EPSPs at threshold stimulation- 
intensity or by inverting the EPSPs with depolarizing 
current injections (Fig. 6B). The mean synaptic delay, 
so determined, for six neurons was 0.45 ms i: 0.08 
( f- standard deviation) at 21’ C. An approximate value 
of the synaptic delay can also be obtained from the 
field potentials of Fig. 3A. This was found to be 
0.5 ms, a value in agreement with the above. 

Another property associated with chemically- 
mediated synaptic transmission is depression of the 
postsynaptic potential following repetitive activation. 
Complete depression of the NM-EPSP was seen with 
continuous stimulation at 50Hz (Fig. 6A 3). Also 
obvious in these traces is the lack of any coupling 
potential; only the presynaptic volley remains. 

Perhaps the strongest evidence for chemically- 
mediated synaptic transmission comes from the dem- 
onstration of an inversion of postsynaptic potentials 
(e.g. see Refs 11 and 19). Inversion of NM-EPSPs was 
easily obtained with current injections of less than 
1OnA (Fig. 68 1). As shown in Fig. 68 1, a progressive 
increase in depolarizing current injected through a 
balanced bridge circuit reduced and eventually 
inverted these EPSPs. In over 25 penetrated neurons, 
the reversal potential was examined at stimulus 
intensities that straddled threshold for 8th nerve acti- 
vation or that were supra-threshold for NM-EPSPs. 
and no coupling potentials were ever detected. There- 
fore, no evidence was obtained for electrotonic trans- 
mission The reversal of the NM-EPSPs is shown at 
slower sweep speed and with superimposed sweeps for 
each level of current injection (Fig. 60 

In the preceding example, there was contamination 
of the intracellular record with a field potential prob- 
ably generated by the afferent volley. The amplitude 
of this potential did not change upon penetration of 
the cell; therefore, it is unlikely that there were field 
effects associated with synaptic transmission. In most 
NM neurons studied, we did not observe the contami- 
nation of the afferent volley (Fig. 7). 
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Fig. 5. Extracellular spike potentials recorded 
ipsilateral 8th~nerve stimulation. A: Responses 

from n. magnocellularis and n. laminaris evoked by 
from cochlear nerve fibers. B & C: Spike potentials 
. I . ,. recorded from two different NM ceils. In B2 a posrtrve notch (dot) is seen whose latency corresponds to 

that of the afferent volley. A similar positive potential (dot) is seen in Cl which is all-or-none and 
occurred coincident with the following larger spike. This unit was also fired antidromically (C2) in 
response to midline stimulation. Dl and D2: NL spike evoked by ipsilateral (Dl) and contralateral (D2) 

stimuli. 
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Fig. 6. Evidence for chemically-mediated synaptic trans- 
mission. Extracellular and intracelhtlar responses in NM to 
ipsilateraf 8th~nerve stimulation. All records from the same 
ceil. Al, A2: Synaptic delay can be measured from the peak 
negativity of the extracellular afferent volley (Al, dotted 
line) to the beginning of the EPSP (A3, 0.41 ms). A3: At 
50 Hz, repetitive stimuli produced complete depression of 
the EPSPs without a change in the amplitude of the affer- 
ent volley. Bl: Inversion of the EPSPs by depolarizing 
current injection (many superimposed tracings l&6.2 nA 
injected current). B2: Single trace at reversal potential. 
Note flatness of the baseline, indicating an absence of elec- 
tronic coupling. C: Inversion of EPSPs as in Bl, but 
several superimposed sweeps at the indicated amount of 

depolarizing current injection. 

none. With increased stimulus strength (middle traces) 
a larger component was recruited in an all-or-nothing 
manner. Finally, with still higher stimulus strength, 
the response increases another step but no further. In 
Fig. 8B, another example is shown which has even 
larger amplitude variations in the step-increases. 

In all neurons which were not depolarized by cur- 
rent injections, there was no evidence of hyperpolariz- 
ing potentials. However, following repetitive stimu- 
lation (about 10 Hz) or while recording from neurons 
which were strongly depolarized, there was occasion- 
ally an increase in the falling phase of the inverted 
EPSP or the appearance of a hyperpolarizing poten- 
tial while the first portion of the EPSP was still in the 
depolarizing direction. When KCl-filled microelec- 
trodes were used (see Experimental Procedures), there 
was no change in the amplitude of postsynaptic 
potentials which could be attributed to a leak of 
chloride ion into the neurons. Similarly, no evidence 
for IPSPs in vestibular neurons has been 
reported.‘8.27 These results are somewhat surprising 
since both Gray type I and type II synapses were 
observed on NM neurons and in the lateral vestibular 
nucleus of the toadfish.” 

Postsynaptic potentials in nucleus laminaris neurons 

We encountered two EPSP types in NM which Figure 10 shows intracehularly-recorded EPSPs 
may be related to the two types of afferent terminals from an NL neuron in response to ipsilateral 8th- 
which contact these neurons. The ‘fast’ EPSP (Figs 6, nerve stimulation. The amplitude of the EPSPs in- 
I, 8 and 9A) has been seen in every NM neuron pen- creased in proportion to the intensity of 8th nerve 
etrated. It has a rapid rise time, short duration and stimuIation (Fig. 10A) and with hy~rpolarizing cur- 
reliably follows the stimulus train in a one-to-one rent injections into NL neurons. Excitatory postsyn- 
fashion. The second type of postsynaptic potential aptic potentials decreased with depolarizing current 
recorded from NM neurons was characterized by a injections and with strong depolarization were 
slow time course (Fig. 9A) and a graded amplitude inverted (Fig. 1OB). Inhibitory postsynaptic potentials 
(Fig, 9B) and a longer latency than the ‘fast’,EPSPs. were not obvious in our records. The composite 
This ‘slow’ EPSP was always depolarizing except character of the EPSP, and especially the small com- 
when reversed by depolarizing current injections. The ponents seen, suggests that many NM axons converge 
reversal potentials for both ‘fast’ and ‘slow’ EPSPs onto each NL neuron. 

were about the same (Fig. 9C). This ‘slow’ potential 
was not reliably elicited by &h-nerve stimulation and 
did not faithfully follow the stimulus train. The dur- 
ation of the ‘slow’ potential was about 50m.s. Two 
characteristics of this postsynaptic potential have a 
bearing on the nature of NM neuron innervation. 
First, in response to 8th nerve stimulation the latency 
of the ‘slow’ EPSPs was always longer than the ‘fast’ 
EPSPs (Fig. 9A). It is, therefore, likely that the latter 
are the result of primary afferent activation. Secondly, 
the graded amplitude of the ‘slow’ EPSP indicates 
that there are many afferents (always greater than 
five) contributing to this potential. Since there are 
many small axons converging on a NM neuron, it is 
likely that they produce the ‘slow’ EPSP. Although 
the neurons of origin of these axons have not yet been 
identified, the anatomical observation of recurrent 
collaterals from NM neurons coursing back through 
the nucleus suggests the possibility that the ‘slow’ 
EPSP results from NM neurons terminating on one 
another. There are, of course, many other plausible 
explanations, including local circuits within the brain 
stem, or a second class of 8th-nerve axons.44 

~nh~6itor.v postsynapt~c ~tentiais in nucleus magno- 
cei~u~~ris neurons 
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Fig. 7. A: Inversion of excitatory postsynaptic potential recorded in NM neuron as in Fig. 6C but in the 
absence of preceding negative field potential. B: the falling phase of the EPSPs has two parts which 
become more evident during hy~rpolarization. (1-4, increasing current injection) Note the all-or-none 

EPSPs. 

~0rp~oZogy of nucleus ~ugnocel~ulurjs ter~ina6s in 
nucleus ~a~~~a~~s 

By intracellular labeling of NM neurons with HRP, 

it is possible to examine the course of NM axons and 
their terminal distribution in NL. One example is 
shown in Fig. 11. An individual NM neuron was pen- 
etrated, characterized electrophysiologicaily and then 
injected with HRP. About 1.5 h later, the tissue was 
fixed and processed to reveal the morphology of the 
penetrated neuron. Figure 11A shows a composite 
tracing from serial sections through the ipsilateral 
NM and NL. A single HRP-marked axon coursed 
ventrally and slightly posteriorly; it then bifurcated, 
and one branch crossed the midline. The other branch 
turned back to run dorsolaterally through NM at the 
level of its neuron body. This branch then traveled 
rostrally for 250-3OOpm. At this point, the fiber 
dropped ventromedially to NL in a cascade of bifur- 
cations which resulted in an elaborate terminal arbor. 
This figure demonstrates the divergence of projections 

from an individual NM neuron onto 25-35 adjacent 
neurons in NL. 

DISCUSSION 

Extracellular potentials from auditory nuclei 

Each element of the scheme in Fig. 2A can be cor- 
related with an extra-~llularly-recorded field poten- 
tial. The afferent volley was recorded first in time and 
was largest in amplitude in the tract of Ith-nerve 
fibers that course over the auditory nuclei. The volley 
had the characteristic, positive-negative-positive wave 
of a compound action current propagated in a 
volume conductor.‘3 Recording of units in NM 
revealed a small positive notch in the evoked response 
which may be related to the calyx ending of the 8th- 
nerve afferents. However, this potential is not as 
prominent as those seen in the records from the mam- 
malian cochlear nucleusz6 or in the turtle cerebel- 
Ium.43 
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Fig. 8. All-or-none property of excitatory postsynaptic potential. A: Synaptic potentials evoked by 

increasing intensities of stimuli delivered to the 8th nerve. Note that the smallest response, in response to 

stimulation which straddled threshold for activation of 8th nerve (top), is all-or-none. Similarly, with 

high stimulus strengths, the amplitude of the EPSPs increase but in a step-wise fashion. Further increase 

in stimulus strength did not recruit more than these three units (bottom). B: Another cell showing wider 

fluctuations in unit increments of EPSP amplitude. Only three steps were evident. 
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Fig. 9. A: ‘Fast’ and ‘slow’ excitatory postsynaptic potentials recorded from the same nucleus magnocel- 

lularis neuron. Note differences in latency and time course of these two potentials. B: ‘Slow’ EPSP from 
NM cell with graded amplitude proportional to the intensity of Xth-nerve stimulation. C: Plot of 

synaptic potential amplitude (circles: ‘fast’ EPSP, squares: ‘slow’ EPSP) as a function of depolarizing 
current injection. 



Fig. 11. Intracellular staining of a single nucleus magno~ellularis cell, A: Reconstruction from serial 
tracings of brain sections in which a single NM cell was injected with HRP. Note course of ipsilateral 
collateral from NM to NL. B: Dark-field photomicrograph showing terminal field seen in one section. 
Bar = 1OOpm. C: Reconstruction of terminal field of this cell in the ipsilateral NL from 3 adjacent 

sections, one of which is shown in B. 
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Fig. 10. Excitatory postynaptic potentials recorded in nu- 
cleus laminaris evoked by ipsilateral 8th~nerve stimulation. 
A: The irregular shape and multiple components indicate 
that this potential is produced in response to the activation 
of many converging afferent terminals. These EPSPs sum- 
mate as the intensity of stimulation increases (l-3). B : The 

EPSPs were inverted by depolarizing current injections. 

Following the afferent volley are two synaptic field 
potentials. The earliest is restricted to NM and is of 
the closed-field type. The second can be recorded over 
several hundred microns and is a typical dipole field 
that is most likely generated by synaptic activation of 
NL. 

Relation of excitatory postsynaptic potentials to ter- 
minals in nucleus magnocellularis 

Horseradish peroxidase-labeling of nerve terminals 
in NM has revealed large caliciform terminals encom- 

passing as much as one-third of individual cell 
somas.25 These endings were also identified in elec- 
tron-micrographs of NM from normal animals’6*46 

(Fig. 2B) and from tissue which has been recorded 
from in vitro (Fig. 2C). As shown in Fig. 2, these ter- 
minals form synaptic specializations on somatic 
spines as well as smooth somatic membrane. Stimu- 
lation of the 8th nerve evoked powerful excitation of 
NM cells which was consistent with the large size and 
close proximity of these synapses to the NM cell 
soma. The presence of two or three all-or-none com- 
ponents of these EPSPs indicates that there is a corre- 
sponding number of afferents innervating the postsyn- 
aptic cell. This is consistent with early Golgi studies2’ 
and more recent electron-microscopic studies.r6 Thus, 

anatomical studies (Golgi, electron-microscopic and 
HRP) support the contention that the end bulbs of 
Held are responsible for the powerful and direct exci- 

tation of NM. In addition, this interpretation is con- 
sistent with cell-counting studies performed in our 
laboratory. Nucleus magnocellularis is composed of 
approximately 4500 neurons23,36 while there are 
12,00&14,000 cochlear ganglion cells in the chick 
(S. R. Young & E. W. Rubel, unpublished obser- 
vations). Thus, it would appear that there is a conver- 
gence ratio of 2 or 3: 1 and little or no divergence in 
the 8th~nerve innervation of NM. 

The second type of terminal found on NM cells was 
boutonal in shape, did not contact somatic spines, 
had only one or two synaptic specializations per bou- 
ton and had vesicles much more densely packed than 
those found in the end bulbs described above (Figs 2B 
and C). Golgi impregnations16 reveal that a single 
axon may issue boutonal terminals to many NM cells 
and that a single NM cell receives boutonal endings 
from many converging axons. It is likely that these 
boutonal endings are responsible for the graded, 
‘slow’ EPSP described above. The cell bodies of these 
afferents have not been identified. 

Mode of transmission in auditory nuclei compared with 
oestibular nuclei 

Synaptic transmission from primary afferent vesti- 
bular fibers to vestibular neurons has been extensively 
investigated in recent years. Much of this interest has 
been generated by the demonstration of electrotonic 
transmission and the possibility of dual electrotonic 
and chemical transmission.8~g~17~‘8~27~31~32~45~46 In 

the auditory nuclei, no evidence for electrotonic trans- 
mission has been forthcoming. On the contrary, 
Pfeiffer26 suggested, on the basis of delay between 
pre- and post-synaptic spike potentials, that trans- 
mission between primary auditory afferents and cells 
of the AVCN. In Fig. 6, we have presented clear evi- 
dence for chemically-mediated synaptic transmission. 
Furthermore, synaptic potentials were inverted by 
depolarizing current injections with no evidence of 
electrotonic coupling and postsynaptic potentials 
were reversibly eliminated by a calcium-free super- 
fusate. There were no potentials that could be attri- 
buted to coupling between postsynaptic cells. In con- 

trast, there are occasional gap junctions between 
cochlear nuclear cells in the rat.40 In light of this 
finding, it would be of interest to examine electrophy- 
siologically the question of electrotonic transmission 
in mammals. 

Intracellular recordings from mammalian cochlear 
nucleus 

Since one of the objectives of our experiments was 
to provide additional information on the synaptic 
events which may be occurring in the AVCN and 
MS0 of mammals (through the proposed homologies 
with NM and NL), a brief description of what is 
known regarding intracellular events in these mam- 
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mahan nuclei is relevant. There have been a number 
of studies of intracellular potentials in the mammalian 
cochlear nucleus;2~3~“~7~‘0~30~41~4z we know of no in- 
tracellular investigations of MS0 neurons. The 
studies of the AVCN have used pure-tone or click 
stimufi and are primarily attempts to determine the 
synaptic events responsible for the extracellular-res- 
ponse-pattern classification.“’ The results of these 
studies were interpreted in terms of afferents activated 
by different types of accoustic stimuli without regard 
to further ~dent~~~t~on of these afferents. We have, in 
contrast, found two types of EPSPs which can be 
related to the caliciform and boutonal endings that 
contact the NM cells. We suspect that similar synap- 
tic potentials will be found in the mammalian AVCN 
as the caliciform and small boutonal terminal-types 
have also been identified in that nucleus.5,14.2a.21.38 

There is strong7 but indirect, evidence that ‘primary- 
like’ responses in AVCN are recorded from postsyn- 
aptic cells which receive the end bulbs of Held.26 The 
findings in the present study that the ‘fast’ EPSP in 
NM follows nerve stimulation in a one-to-one fashion 
further reinforces this conclusion. On the other hand, 
the synaptic mechanisms responsible for the inhi- 
bition of activity following tone-evoked discharges are 
not clear, although we did find a suggestion of a 
hyperpolarizing potential which could be responsible 
for tone-evoked suppression of activity. The obser- 
vations on mammalian cells with more complex re- 
sponse patterns are not relevant since onIy ‘primary- 
Like’ responses with some inhibitory surrounds at 

higher stimulus intensities have been identified in 
NM 35.37 

The present results were obtained from near-term 
embryos and although the major developmental 
events have occurred by this age,3” several develop- 
mental changes which might be expected to affect the 
electrophysio~ogy of this system had not been com- 
pleted in these subjects. Given the several examples of 
developmental synapse elimination documented 
within both the peripheral and central nervous sys- 
tem,28 it is reasonable to assume that the number of 
a&rents converging on a given postsynaptic target 
cell is to some extent age-dependent. We have found 
NM neurons to be innervated by only 1 3 @h-nerve 
fibers, so this number could not be much reduced at a 
later stage of development. However, the possibility of 
subsequent reductions in the degree of divergence by 
NM axons and their convergence on individual NL 
targets remains. 
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