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Sensory processes have not been a traditional concern of pharmacologists. 
An occasional review article on the pharmacology of sensation has appeared 
but the pharmacological literature concerned with afferent or sensory sys­
tems is practically nonexistent. This, despite the fact that the information 
transfer in afferent or sensory systems apparently involves that favorite 
playground of the neuropharmacologist, the chemically-mediated synapse, 
as much as efferent systems do. There is an inertia in pharmacological 
thought which tends to produce continued interest and productivity in 
efferent and central systems but opposes efforts to move into nontraditional 
areas such as sensation. Pharmacologists, furthermore, are not trained to 
deal with sensory processes and so sensation has been out of the pharmaco­
logical mainstream. One result of this neglect is the fact that with the still 
arguable exceptions of substance P and adenosine triphosphate none of the 
primary afferent transmitters has been identified. In fact, as will be clear· 
later, some of the primary afferent transmitters may not belong to the 
universe of classical putative transmitters at all. 

Pharmacologists commonly say that drugs affecting nervous structures 
do so mainly by influencing processes associated with transmission. That is, 
that chemical transmission, as against conduction, is a particularly drug-
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384 GUTH & MELAMED 

sensitive process. It is not clear whether this generalization is really true or 
that pharmacologists, like the blind men and the elephant, describe as sites 
of action only those which they happen to be observing at the moment. 
Since chemical transmission has held the center of the neuropharmacologi­
cal stage, that process becomes the major focus of attention of this article. 
(Electrotonic transmission has not yet been described along the auditory 
pathway.) It is our guess that the development of a rational therapeutics of 
sensory systems will depend on the understanding of the nature of sensory 
transmission. Thus, we present this review article as prelude to the develop­
ment of such therapeutics and to nudge sensation a bit further into phar­
macological consciousness. 

Major research attention has been focused on transmission at the sy­
napses of the cochlea and cochlear nucleus. The higher auditory pathway 
has received much less attention in this regard. The organization of this 
article will reflect those emphases. 

The limited space available for this review precludes the presentation of 
detailed information on the anatomy of the cochlea and higher auditory 
structures, their blood supplies, and methods applicable to the study of the 
pharmacology of these structures. These subjects have been reviewed else­
where. A previous review article (1) contains synopses of cochlear blood 
supplies and methods of interest to pharmacologists as well as citations of 
other reviews dealing with blood supply, anatomy, and methods. 

AFFERENT TRANSMISSION IN THE COCHLEA 

Hallowell Davis called the cochlea "a roomful of treasures" and the inter­
ested neuropharmacologist-synaptologist will find it so. Not only does it 
have several different synapses but the chambers or scalae of the cochlea 
(Figure I) can be perfused and the perfusate collected. This arrangement 
permits close drug applications bypassing the blood-cochlear barrier (2) as 
well as collection of substances (e.g. transmitters) elaborated by cochlear 
structures (3). 

The afferent synaptological treasures are those found between the two 
varieties of sensory cells called inner and outer hair cells (Figure 1), and the 
afferent dendrites of the VIII nerve. There are also reciprocal synapses and 
dendro-dendritic synapses associated with the afferent fibers. The efferent 
innervation of the cochlea consists of the olivo-cochlear bundle (both ipsi­
and contralateral) and the autonomic (sympathetic). There was a suggestion 
that a reticulo-cochlear innervation existed (4) but this has not been con­
firmed. 
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AUDITORY NEUROTRANSMISSION 385 

Figure 1 This figure is grossly oversimplified but may be useful for the uninitiated. Not 
shown, for example, are the centrifugal innervations of the cochlea and the cochlear nuclei. 

© Copyright 1953, 1972 CIBA Pharmaceutical Company, Davision of CIBA- GEIGY 
Corporation. Reprinted with permission from The CIBA Collection of Medical Illustra­
tions by Frank H. Netter, M.D. All rights reserved. 
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386 GUTH & MELAMED 

Ultrastructure of the Afferent Synapse 

The structural characteristics of the hair cell-VIII nerve synapse are similar 
to those of other chemically-mediated synapses. Although the specific fea­
tures vary from species to species, there is typically a synaptic cleft of 20 
run width filled with filamentous material. The postsynaptic membrane is 
generally thickened and electron-dense. Presynaptically, the hair cell exhib­
its specializations in the form of localized membrane thickenings and an 
electron-dense body, rod-shaped or spherical, called a synaptic body, which 
is 0.1 to 0.4 p.m in height or diameter, and which is surrounded by a 
relatively small number of electron-transparent vesicles of 30 to 50 nm 
diameter. There is no morphological evidence of electrotonic junctions 
between the hair cell and the VIII nerve fibers. 

Smith & Sjostrand (5, 6) first described the ultrastructural features of the 
afferent synapse in inner and outer hair cells of the guinea pig cochlea. 
Presynaptically, the synapse is characterized by the presence of a relatively 
large osmiophilic mass, rod-like in shape, called a synaptic body, sur­
rounded by a single layer of synaptic vesicles. The inner hair cells exhibit 
a narrow, localized thickening beneath the synaptic body and an indenta­
tion of the postsynaptic membrane. These characteristics are not obvious 
at the outer hair cell synapse. 

Similar synaptic features have been described in the cochlea of the new­
born mouse (7), the monkey (8), the rabbit (9), and man (10). However, in 
the outer hair cells of the cat (10--12), the synaptic body is not visible and 
synaptic vesicles are not obvious. Freeze-fracture studies of the chinchilla 
cochlea have further elucidated the anatomical characteristics of the affer­
ent synapse (13). While the synaptic structure, as revealed by freeze 
fracture, in the inner and outer hair cells resembles those of chem­
ically-transmitting synapses, the authors suggest that the difference in struc­
ture between the inner and outer hair cells may mean that the two popula­
tions of hair cells may release different transmitters or have different 
transmitter mechanisms. Such a suggestion is also put forth by Dunn & 
Morest (10), who observed a difference in synaptic anatomy at the inner and 
outer hair cells of the cat cochlea. 

In the mammal, the presence of the synaptic body is not a consistent 
feature of the hair cell-receptoneural junction. As Smith & Sjostrand (5, 6) 
have pointed out, at some hair cell-VIII nerve synapses the synaptic body 
is not visible. In the cat and the chinchilla, the synaptic body is not evident 
at all in the outer hair cells. 

The presence of a synaptic body is not unique to the hair cells of the 
acousticolateralis organs. Similar structures, termed synaptic ribbons or 
lamellae, have been demonstrated at other sensory synapses such as the 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
98

2.
22

:3
83

-4
12

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

2/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AUDITORY NEUROTRANSMISSION 387 

retinal rod cells (14), the photoreceptive cells of the pineal gland (15), and 
vertebrate taste buds (16). The function of the synaptic body is, at present, 
unknown, but several hypotheses concerning its function have been 
proposed. Osborne & Thornhill (17) suggest that the synaptic body, in 
connection with the synaptic rodlets, served to store the afferent transmit­
ter, which is formed in the synaptic vesicles. An alternate proposal is that 
the synaptic body functions to localize the release of transmitter from 
synaptic vesicles (18, 19) and to regulate the release of transmitter from the 
vesicles (18, 19). While there is little direct anatomical evidence to suggest 
that the vesicle contents are released by exocytosis (such as the demonstra­
tion of omega figures), coated vesicles, presumed to be a remnant of the 
vesicular membrane, have been demonstrated in the hair cells of the pigeon 
basilar papilla (20) and in the goldfish saccular macula (21). On the other 
hand, Osborne & Thornhill (17) suggest that the afferent transmitter is 
released from the synaptic rodlets, where it may be stored, into the synaptic 
cleft by a gating mechanism rather than by exocytosis. 

The anatomical evidence supports the hypothesis that transmission at the 
afferent synapse is chemically-mediated. The hypothesis is supported by 
evidence that there are not gap junctions between the hair cells and the 
afferent nerve fibers in the cat (10), the guinea pig (22), and the chinchilla 
(23, 24). But the paucity of vesicles at the receptoneural junction [Yamanda 
(25) has calculated that there are 200 to 300 synaptic vesicles to a synaptic 
body] suggests that, if the hair cells release transmitters from vesicles, the 
stimulation of the post-synaptic receptors by transmitter molecules must be 
extremely effective. Perhaps the receptors are exquisitely sensitive to the 
transmitter (i.e. the affinity of the receptor for the transmitter is very high), 
or the mechanisms for termination of action of the transmitter are not very 
effective. The suggestion has been made that the inner and outer hair cells 
of the cat and chinchilla may release different transmitters, based upon their 
differential ultrastructural anatomy (10, 113). Although this is indeed a 
possibility, one must consider Smith & Sjostrand's (5, 6) findings that at 
some of the afferent synapses in the guinea pig, the synaptic body was not 
evident. The implication of such a differential transmitter hypothesis would 
be that, at least in the guinea pig, different outer hair cells in the same 
cochlea and perhaps different synapses in the same hair cell release different 
transmitters. A more conservative explanation may be that there are differ­
ent mechanisms for transmitter release at these differing synapses, as has 
been proposed by Dunn & Morest (10) and Gulley & Reese (13). Nadol 
(25a) has reported on the presence of reciprocal synapses between outer hair 
cells and afferent endings in the organ of Corti of man. 

Yet another possible site of afferent transmission in the cochlea bears 
mentioning. In the course of research efforts to discover evidence of synap-
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388 GUTH & MELAMED 

tic coupling between the outer and inner hair cell systems, Bodian (26) 
found clefts between pairs of presynaptic efferent fibers. These clefts suggest 
the possibility of dendro-dendritic interaction. Such dendro-dendritic con­
tacts seem, however, confined to the outer hair cell system. As with the 
reciprocal synapses at the bases of the hair cells the function of this contact 
site can only be wondered at. 

Physiology of the Afferent Synapse 
Principally because of the technical difficulties of obtaining intracellular 
recordings from VIII nerve dendrites in the cochlea, direct electrophysio­
logical evidence that transmission at the hair cell-receptoneural junction is 
chemically-mediated has come from studies in lower vertebrates. A series 
of experiments by Furukawa et al (27) on the VIII nerve of the goldfish have 
characterized the postsynaptic responses during transmission at the hair 
cell-receptoneural junction. In the goldfish, the sacculus serves as an audi­
tory organ. Furukawa & Ishii (28) first described the presence of excitatory 
postsynaptic potentials (EPSPs) in the VIII nerve. The EPSP preceded the 
generation of the action potential. Later publications were devoted to char­
acterizing the postsynaptic responses to acoustic stimulation. Furukawa et 
al (27) studied the time-course of the postsynaptic potentials in response to 
sinusoidal acoustic stimuli. 

In the same paper, the authors report observing spontaneous miniature 
excitatory postsynaptic potentials (mEPSP). Most of the mEPSPs were of 
shorter duration than most of the EPSPs. The authors propose that the 
EPSP is composed of a number of mEPSPs evoked with a slightly different 
timing. Finally, the authors cooled the preparation and found that the 
synaptic delay was markedly increased, while an increase in the duration 
of the EPSP was less marked. 

Ishii et al (29) applied a Poisson analysis to the EPSPs in the goldfish VIII 
nerve. In their studies, Ishii et al (29) reduced the EPSP size by reducing 
the intensity of the acoustic stimulus. With the application of weak sounds, 
the EPSPs showed marked fluctuations in size. Even weaker sounds showed 
more marked fluctuations. The fluctuations of EPSP size at the neuromus­
cular junction that result when the concentrations of calcium and/or mag­
nesium are altered have been shown to obey Poisson's law, indicating that 
the EPSP is formed from a large number of contributing units. The Poisson 
relation was found to be applicable to the EPSPs of the VIII nerve of the 
goldfish in response to weak sounds, although discrepancies were found in 
its application to the EPSPs resulting from a strong acoustic signal. The 
authors conclude that transmission between the hair cells and the VIII 
nerve involves quantal release of transmitter. 
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AUDITORY NEUROTRANSMISSION 389 

Thus, the hypothesis that there is a chemically-mediated component to 
hair cell-VIII nerve transmission has been unequivocally demonstrated on 
electrophysiological grounds. Whether or not the findings of Furukawa et 
al (27) in the goldfish VIII nerve will be applicable to the organ of Corti 
remains to be seen. But anatomical evidence points to the similarity of 
synaptic structure in all hair cell-receptoneural synapses and it would thus 
seem that such characterizations might be universally applicable to the hair 
cell-receptoneural junction. 

Pharmacology of the Afferent Synapse 
A number of chemical substances have been proposed, with little evidence, 
to be the transmitter released by the hair cell in response to sensory stimula­
tion. In order to prove that a given substance is a transmitter at a chemical­
ly-mediated synapse, it is generally considered necessary to fulfill the 
following criteria: (a) it must be demonstrated that the presynaptic cell of 
a given synapse is capable of synthesizing the putative transmitter; (b) a 
mechanism of storage of the putative transmitter substance must be demon­
strated; (c) a mechanism of termination of action of the putative transmitter 
should be demonstrated; (d) administration of the putative transmitter 
substance should mimic the action of presynaptic stimulation; (e) phar­
macologic agents should have the same effect on applied putative transmit­
ters and on presynaptic stimulation as agents known to interfere with, or 
mimic, the action of the putative transmitter may be expected to interfere 
with exogenously administered transmitter or presynaptic stimulation; and 
most importantly, if) it must be shown that the putative transmitter is 
released during presynaptic stimulation. 

In investigations into the identity of the afferent transmitter (the trans­
mitter released by the hair cells in response to sensory stimulation) the tacit 
assumption is made that all hair cells of the acousticolateralis system release 
the same transmitter. Such an assumption is based upon the common 
evolutionary origin of these organs. But the applicability of any given 
finding must be tempered with an acknowledgement of the possibility that 
there may be species differences in the identity of the afferent transmitter 
and that synapses exhibiting differential structural characteristics may uti­
lize different transmitters. In addition, in the interpretation of pharmaco­
logical data obtained from the cat and guinea pig, it is important to note 
that any effects of drugs or putative transmitters on the compound action 
potential (CAP) probably reflect the effects of those agents upon the sy­
napses of the inner hair cells, since 95% of the afferent fibers in the cat 
innervate the inner hair cells (30) and 85 to 90% of the afferent fibers in 
the guinea pig innervate the inner hair cells (31). It is possible that there 
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390 GUTH & MELAMED 

may be distinct differences in receptor (pharmacological) sensitivity or in 
transmitter release mechanisms between the inner and outer hair cells. The 
data of Gulley & Reese (13), discussed earlier, suggest that the mac­
romolecular configuration of the postsynaptic receptor, and consequently, 
perhaps its susceptibility to stimulation or blockade by agonists and antago­
nists, may differ in the synapses serving inner and outer hair cells. 

The criteria which must be met before acceptance of a particular sub­
stance as the afferent transmitter have not been met for any chemical 
substance at the present time. On the contrary, most substances have been 
eliminated as likely transmitter candidates at this synapse. The evidence 
favoring or eliminating transmitter candidates at the afferent synapse fol­
lows. 

GAMMA-AMINOBUTYRIC ACID (GABA) A great deal of research has 
been performed examining the possibility that GABA may be the transmit­
ter released by sensory hair cells. The evidence ranges from examination 
of the ability of acoustico-Iateralis structures to synthesize GABA (32-35); 
to the presence of GABA in auditory structures (34-37); to the effect 
of administered GABA (38-40, 44), or GABA antagonists (38, 41-43) 
on acoustico-Iateralis electrical activity; and to the effect of agents interfer­
ring with GABA synthesis (38, 48) or degradation (34, 45-47). This 
evidence is extensively discussed by Guth et al (49) and when all the 
evidence is weighe� it is apparent that GABA is probably not the afferent 
transmitter. 

CATECHOLAMINES Support for the idea that the afferent transmitter is 
a catecholamine comes from only one laboratory. This support is in the 
form of changes in the diameter and electron density of the synaptic body 
of frog vestibular hair cells following treatment with agents known to affect 
afferent catecholamine storage such as reserpine, guanethidine, and monoa­
mine oxidase inhibitors (17.34.50). On the other hand. neither the rabbit's 
(51) nor the cat's (52) organ of Corti (Figure 1) show positive histoftuores­
cence for catecholamines. Neither reserpine nor 5-, or 6-hydroxydopamine 
produced changes in the afferent cochlear synapse of the rabbit (9). It may 
be that the blood-perilymph barrier is better developed in the rabbit than 
in the frog and so the drugs used had access to the frog labyrinth but not 
that of the rabbit. It is also possible that the transmitter is a nonftuorescent 
monoamine. 

Neither neurochemical (32) nor pharmacological (39, 53, 54) evidence 
supports the notion that a catecholamine is the primary afferent transmitter. 
For more extensive discussion of the transmitter role of catecholamines see 
Guth et al (49). 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
98

2.
22

:3
83

-4
12

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

2/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AUDITORY NEUROTRANSMISSION 391 

SEROTONIN (5-HYDROXYTRYPTAMINE) With even more certainty 
than in the case of the catecholamines it may be said that the evidence does 
not favor serotonin as the primary afferent auditory transmitter. Both the 
neurochemical (32) and the histofluorescent (9, 51, 52) data are negative. 
The cochlear infusions of serotonin antagonists fail to influence cochlear 
electrical activity in ways referable to the specific antagonism of serotonin 
(55-59). Intracochlear instillation of serotonin itself caused a decrease in 
the compound action potential (CAP) of guinea pig (39) but only at very 
high concentrations. However, intracochlear instillation in the cat produced 
no change in cochlear electrical activity (55). Again, for more extensive 
discussion see Guth et al (49). 

ACETYLCHOLINE (ACh) While there is reliable evidence that ACh is the 
neurotransmitter released by the efferent or olivocochlear endings of the 
cochlea (60-62) there is little support for the suggestions (63-65) that ACh 
also mediates afferent transmission. In fact, there is evidence which weighs 
against such a role for ACh. Acetylcholinesterase has been found to be 
associated primarily with the efferent or olivocochlear bundle (66), and not 
with hair cells or afferent dendrites. Likewise, Jasser & Guth (67) have 
shown that choline acetyltransferase, the enzyme which synthesizes ACh, 
is associated with the efferent or olivocochlear bundle and not the afferent 
synaptic structures. Similarly, Godfrey et al (68) measured choline acetyl­
transferase and acetylcholinesterase activities in cochlea and came to the 
same conclusion. Fex & Wenthold (33) also measured cholineacetyltrans­
ferase activity in cochlea and agreed with the conclusions of Jasser & Guth 
(67) and Godfrey et al (68). 

Other neurochemical (32) and pharmacological evidence (69-76) sup­
ports a role for ACh as the efferent but not the afferent transmitter. For 
more extensive discussion see Guth et al (49). 

GLYCINE The available evidence indicates that glycine is not the afferent 
transmitter in the cochlea. Neither neurochemical (35) nor pharmacological 
studies (38-40) support any role for glycine in the cochlea. 

ASPARTATE AND GLUTAMATE Several investigators have suggested 
that aspartate or glutamate might be the primary auditory afferent transmit­
ter (39, 40, 75, 77). In all these instances, glutamate or aspartate in millimo­
lar concentrations caused an increase in firing rate of afferent auditory 
neurons when instilled intracochlearly. These amino acids are known to 
cause such an excitatory effect practically everywhere in the nervous system 
(78). No other evidence supports glutamate's or aspartate's transmitter role 
in the cochlea. Godfrey and co-workers (35) found glutamate to be high in 
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392 GUTH & MELAMED 

sensory as well as nonsensory portions of the cochlea and the aspartate 
concentration was graded from cochlear apex to base, a distribution not 
consonant with a presumed role as afferent transmitter. As will be seen 
later, evidence is much stronger for a transmitter role of these amino acids 
in the cochlear nucleus (Figure 1). Furthermore, it might be expected, as 
has been shown for ACh following olivocochlear bundle stimulation (76), 
that transmitters would appear in the fluid bathing the afferent synapse, the 
perilymph, following acoustic stimulation. Sewell et al (79) found no such 
increase in either aspartate or glutamate concentration in perilymph follow­
ing acoustic stimulation. 

Gulley et al (79a) determined the distribution of putative transmitters 
autoradiographically in the organ of Corti. Although some cochlear struc­
tures such as efferent fibers and endings showed labeling following incuba­
tion with glutamate and aspartate, inner and outer hair cells did not. 
Excitatory amino acid receptors have been differentiated into N-methyl­
D-aspartate-preferring and non-N-methyl-D-aspartate-preferring at least 
partly based on the ability of DL-a-amino adipate to block the former 
receptor. Fex & Martin (79b) applied DL-a-amino adipate intracochlearly 
and found no alteration in cochlear electrical activity. The case for either 
glutamate or aspartate as the primary afferent transmitter of audition must 
be said to be "not proven." A wider ranging discussion of this subject is 
available (49). 

MISCELLANEOUS TRANSMITTER CANDIDATES 

(Histamine, taurine, substance P, adenosine triphosphate, prostaglandin. 
tyramine) Histamine was not detected in the organ of Corti using a 
fluorescent histochemical technique (80). Intracochlear infusion of hista­
mine in the guinea pig at 10 mM produced only a slight decrease (19%) in 
the CAP (39). It would appear, then, that histamine is probably not a 
candidate to be the afferent transmitter. Taurine, when instilled intra­
cochlearly in the guinea pig (39), did not affect the CAP or the CM at 
10 mM. Substance P did not affect the CAP or the CM when administered 
intracochlearly in the guinea pig (42). While adenosine triphosphate 
(ATP) reduced the CAP 38 and 95% when administered intracochlearly 
at concentrations of 1 and 10 mM. respectively, the effects were attributed 
to ATP's ability to chelate calcium (39). 

Intraarterial injection of prostaglandin EI (PGE1) in the cat was found 
to produce an increase in the amplitude of the CAP, as well as blockade 
of efferent stimulation effects (81). When administered intracochlearly in 
the guinea pig (39), PGEt. PGAt. PG�, PGF2, and PGF2(t all produced 
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depression of the CAP when infused at 1 mM concentrations. Because 
salicylate, a prostaglandin synthesis inhibitor, also reduces the CAP when 
applied intracochlearly, Bobbin & Thompson (39) suggest that the prosta­
glandins may play a regulatory role in afferent synaptic transmission. 

While octopamine was without effect during intracochlear infusion of 10 
mM in the guinea pig, tyramine produced, at 1 and 10 mM concentrations, 
2 and 94% reductions, respectively, in the CAP (39). The authors suggest 
that the data indicate that tyramine may be a transmitter candidate in the 
cochlea. 

TRANSMITTER-LIKE ACTIVITY (TLA) OR AUDITORY NERVE AC­

TIV A TING SUBSTANCE (ANAS) Amongst ourselves we call it :.::! trans­
mitter." When strangers are present, we call it, with a wink, 
"Transmitter-like Activity" (TLA). In print, it is called "Auditory Nerve 
Activating Substance" (ANAS) (79). ANAS is detectable by bioassay in the 
bullfrog (R. catesbeiana). It appears in the perilymph of guinea pigs or 
bullfrogs during sound stimulation of these animals and causes an increase 
in the firing rate of single units in the frog auditory nerve (79). The peri­
lymph of animals maintained in quiet has no detectable ANAS. It appears 
to be stable in the frozen state over several days. It has thus far eluded 
detection by standard physical means, probably because of its low concen­
tration in perilymph. 

Since none of the standard pharmacological blocking agents tried (see 
above) affect primary afferent auditory transmission and since none of the 
standard transmitters considered above fit this role, it may be that the 
primary afferent transmitter of audition is of an entirely novel structure. 

EFFERENT TRANSMISSION IN THE COCHLEA 
Autonomic 
A majority of workers concur that the cochlea receives two sets of sympa­
thetic fibers, one set innervating blood vessels and the other independent of 
blood vessels (82-86) and that these fibers arise from both the superior 
cervical and stellate ganglia. One group of investigators found only one set 
of adrenergic fibers and those innervated the branches of the labyrinthine 
artery only (87, 88). 

The blood vessel-independent sympathetic terminals were found close to 
spiral ganglion cells of the myelinated type (89). They were also seen in the 
osseous spiral lamina above and below the myelinated afferent nerve fasci­
cles. In the region of the habenula perforata adrenergic nerve terminals 
seemed to make direct contact with unmyelinated axons which were pre-
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sumed to be afferent neurons. In seeking a role for the blood vessel­
independent sympathetic innervation Spoendlin & Lichtensteiger (82, 83) 
referred to the work of Loewenstein (90) who demonstrated that sympa­
thomimetic agents lower the thresholds of touch receptors. Santini (91) has 
demonstrated the existence of noradrenergic endings in the center of 
Pacinian corpuscles so that sympathetic activation could mediate changes 
in mechanoreceptor thresholds. The same role could be served by the 
nonvascular sympathetic fibers in the ear. 

Ross has made the suggestion that the ear receives parasympathetic 
innervation as well (91a). It is further suggested that these parasympathetic 
fibers act to exert control over the adrenergic innervation of the inner ear. 
For further discussion see Guth et al (49). 

Olivocochlear Innervation 
The olivocochlear bundle (OCB) has both a crossed (COCB) and an un­
crossed (VCOCB) component as originally described by Rasmussen (92). 
The cells of origin have been intensely studied by Warr & Guinan (93). The 
OCB takes origin from cells in the medial and lateral regions of the superior 
olivary complex as well as the lateral superior olivary nucleus, the medial 
and ventral nuclei of the trapezoid body, and the dorsomedial periolivary 
nucleus (93). The majority of COCB neurons arise in the medial region of 
the superior olivary complex, the medial nucleus of the trapezoid body, and 
the dorsomedial periolivary nucleus and end primarily on outer hair cells. 
The UCOCB arises primarily in the lateral superior olivary nucleus and the 
lateral region of the superior olivary complex and end under inner hair cells 
either on the cells or on the afferent dendrites serving them. 

The COCB crosses the midline at the floor of the fourth ventricle and as 
it passes the cochlear nuclei (Figure 1) gives off collateral fibers which travel 
to the anterior ventral cochlear nucleus. The COCB and VCOCB eventu­
ally come together as they proceed to their terminations in the organ of 
Corti. Beneath the inner and outer hair cells the OCB endings are large and 
filled with spherical electron-lucent synaptic vesicles. There are also inter­
esting suggestions (94, 95) that OCB fibers and non-OCB, cholinesterase­
positive fibers (94a) may end on supporting cells (Figure 1). More extensive 
discussions of the anatomy of the OCB are available (2, 62). 

Tetanic electrical stimulation of the COCB causes a reduction in ampli­
tude of the VIII nerve compound action potential (CAP) (96) and so it is 
generally assumed that the OCB is inhibitory. Fex (97) was the first to note 
that electrical stimulation of the COCB caused an augmentation of the hair 
cell A-C potential, also called the cochlear microphonic. Fex (98) also first 
demonstrated that the efferent nerve fibers in both the COCB and VCOCB 
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are activated to discharge in response to sound. However, no change in 
cochlear potentials has .. been recorded subsequent to such "physiological" 
stimulation of the OCB. 

The relatively limited. number of behavioral investigations, with their 
widely variant techniques and results, do not permit a definitive statement 
as to the function of the efferent system in physiological auditory signal 
processing. However, .the weight of evidence tempts one to suggest that the 
olivocochlear nerves may influence signal-to-noise ratios at or near thresh­
old to improve the reception of low intensity sounds. This suggestion is 
supported by the work of Dewson (99), Trahiotis & Elliott (100) and Borg 
(101). 

There is an extensive review of the pharmacology of the OCB (62). For 
the more limited purposes of this article it may suffice to say that the criteria 
which must be fulfilled before a substance is accepted as the neurotransmit­
ter have been largely fulfilled for ACh as the transmitter released from 
COCB endings in the cochlea. The evidence is as follows: 

1. Choline acetyltransferase activity has been found in cochlea and it is 
generally agreed that it is associated with the OCB (33, 67, 68). 

2. ACh itself has not been demonstrated in OCB endings, largely because 
no methods yet exist capable of such demonstration, but OCB endings 
are heavily endowed with electron-lucent, spherical synaptic vesicles of 
a size seen at other cholinergic junctions (11). 

3. ACh-like activity has been shown to increase in cochlear perilymph 
coincident with COCB stimulation (76). 

4. The intracochlear application of exogenous ACh plus eserine on coch­
lear potentials mimics the effect of OCB stimulation (69, 70, 102). 

5. The application of many drugs known to interact with ACh at other sites 
produce the predicted response of the COCB-hair cell synapse (49). 
These drugs include hemicholinium-3, gallamine, d-tubocurarine, atro­
pine, hexamethonium, strychnine, brucine, coniine, and tetanus toxin 
(49). 

6. Acetylcholinesterase, as the agency responsible for terminating the ac­
tion of transmitter ACh, has been shown to be associated with the OCB 
by many investigators (reviewed in 103). 

Thus it is generally accepted that ACh is the transmitter released at least 
by the crossed olivocochlear bundle. The ACh receptor on the hair cells 
opposite the OCB endings is apparently different from the standard ACh 
receptor in that it appears about equally well blocked by strychnine, d ­
tubocurarine, and atropine. Of these, only strychnine acts following sys­
temic application. It is also nonstandard in that, while a-bungarotoxin will 
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antagonize the effects of OCB stimulation, that antagonism is reversible 
unlike that seen at the neuromuscular junction (104). 

The Dale-Eccles credo that one nerve likely releases only one transmitter 
was dealt yet another blow by the report by Fex & Altschuler (105) of the 
presence of enkephalin-like immunoreactivity associated with OCB endings 
in the cochlea. As if the cochlea were not already oversupplied with trans­
mitters, Lim et al (106) reported the presence of vasoactive intestinal pep­
tide in the perilymph of chinchillas. 

The variety of junctions in the cochlea now includes the sympathetic 
adrenergic efferents, the cholinergic efferents of the OCB, the inner and 
outer hair cell receptoneural junctions, reciprocal afferent synapses, and a 
dendrodendritic site. All these packaged in an accessible chamber conve­
niently arranged for perfusion, electrophysiological recording, or biochemi­
cal studies. 

TRANSMITTERS OF THE COCHLEAR NUCLEUS 

As compared with the cochlea, the problem of correlating specific transmit­
ters with specific cell types or aggregates in a structure as complicated and 
heterogeneous as the cochlear nucleus (Figure I) is much more difficult but 
not impossible with the techniques of the day. Only in the last few years 
have scientists interested in transmission turned their attention to this 
challenging task in this important auditory structure. The purpose of this 
subchapter is to inform the interested reader of the studies which have 
attempted to understand the distribution of transmitters in the cochlear 
nucleus. The only attempts in this review at correlating the complicated 
anatomy, physiology, and transmitter distributions will be en passant and 
are not meant to be comprehensive. 

Glutamate and Aspartate 

The leading candidates for the role of secondary auditory transmitter (i.e. 
the transmitter released by VIII nerve endings in the cochlear nucleus) are 
glutamate and aspartate (107, 108). Following cochlear ablation in the 
guinea pig, the concentrations of both amino acids decreased in the ventral 
cochlear nucleus (a primary area receiving VIII nerve endings) but not in 
the superficial dorsal cochlear nucleus (an area receiving few or no VIII 
nerve endings). The decrease in concentration of aspartate followed the 
degeneration of VIII nerve endings with greater fidelity than the decrease 
in the concentration of glutamate. The close relation between the time­
course of decrease of aspartic acid in the cochlear nucleus and the morpho-
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logical degeneration of the VIII nerve terminals after cochlear ablation 
suggests that aspartic acid may be concentrated in the terminals of the 
auditory nerve. The time-course of the decrease of glutamic acid and the 
continued slow decrease occurring after most primary terminals had degen­
erated suggests a secondary role for it. 

In an extension of this work, Wenthold ( 108) subdivided the cochlear 
nucleus into seven anatomical regions and repeated the procedures of amino 
acid determinations in these regions following cochlear ablation. In this 
study, the distribution of aspartic acid fit that of a putative transmitter 
better than the distribution of glutamic acid. Glutamic acid concentration 
was relatively uniform throughout the areas sampled. This finding confirms 
the results of Godfrey et al ( 109-1 1 1 ). According to both Wenthold (108) 
and Godfrey et a1 (109) aspartate showed a less uniform distribution among 
cochlear nucleus subdivisions. As a further test for the suggestion that 
glutamate might be the transmitter released by VIII nerve endings in the 
cochlear nucleus, Bird et al ( 1 12) injected kainic acid into the brainstem 
roughly equidistant from the anteroventral, posteroventral, and dorsal 
cochlear nuclei. Kainic acid is felt to destroy glutamatoceptive neurons 
somewhat specifically. The rate and extent of degeneration produced corre­
lated with the distribution of VIII nerve terminals supporting the hypothe­
sis that glutamate may be the transmitter at these sites. As pharmacologists, 
it may be permitted the comment that kainic acid is only relatively specific, 
such specificity depending on its concentration. 

Wenthold ( 1 14) studied the high K+-depolarization-induced release of 
amino acids from cochlear nucleus slices in the presence and absence of 
calcium and with the auditory nerve intact or degenerated. He concluded 
on the basis of the quantitative effects of nerve lesion and calcium on amino 
acid release that glutamate is a more likely candidate than aspartate for the 
transmitter released by the auditory nerve. Canzek's & Reubi's findings 
( 1 15) are essentially in agreement with those of Wenthold ( 1 14). Hansson 
et al ( 1 1 6) were able to demonstrate a sound-stimulation induced increase 
in amounts of glutamate and aspartate collected from the surface of the 
cochlear nucleus. 

Enzymes associated with glutamate and aspartate metabolism, glutami­
nase and aspartate amino transferase, not only have high activities in the 
auditory nerve but their activities are most markedly diminished following 
denervation in the areas of cochlear nucleus associated with auditory nerve 
endings ( 1 17). 

Martin & Adams (118) applied the excitatory amino acid antagonist, 
DL-a-amino adipate, to the cochlear nucleus iontophoretically and demon­
strated antagonism of sound-induced excitation of certain units in the coch-
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lear nucleus. They thus conclude that the transmitter of the auditory nerve 
may be glutamate or aspartate or both. 

Glycine 
Glycine levels in the cochlear nucleus are similar to those reported for 
spinal cord gray matter where it is presumed to be a transmitter. Godfrey 
et al (111) suggest that part of the glycine is associated with small cells that 
may be intemeurons. Caspary et al (113) applied glycine iontophoretically 
to various areas of the cochlear nucleus and found either a generalized 
depression or a striking inhibition of activity with little reduction of driven 
neuronal firing. Iontophoretic application of strychnine, a glycine antago­
nist, caused a moderate enhancement of spontaneous and sound-induced 
single unit responses (113). Employing tritium labeled strychnine, Zarbin 
et al ( l13a) found moderate binding to what they termed "glycine recep­
tors" in the dorsal cochlear nucleus. 

Gamma-Aminobutyric Acid 
The distributions of y-aminobutyric acid (GABA) and associated enzymes 
also suggest a neurotransmitter role for this amino acid in the cochlear 
nucleus. Firstly, there is a striking range of values for GABA with the 
highest levels in the granular regions and dorsal cochlear nucleus (110), 
while the posteroventral cochlear nucleus has about 1/6--1/8 as much. 
GABA was also found to be in high concentration in dorsal cochlear 
nucleus and low in ventral cochlear nucleus by Tachibana & Kuriyama 
(119). These latter authors suggest that the dorsal cochlear nucleus may 
receive GABA-ergic neurons. 

These authors (119) also studied the distribution of GABA transaminase 
(GABA-T) by histochemical means. The enzyme, felt to be an important 
means for terminating GABA's action, was found localized more in the 
dorsal cochlear nucleus than in the ventral cochlear nucleus, correlating 
with GABA's distribution. 

In contrast, Davies (120) found that the most of the GABA-T containing 
cells were in the anterior ventral cochlear nucleus, although cells through­
out the cochlear nucleus stained for this enzyme. He concluded that GABA 
might be the transmitter for pathways intrinsic as well as extrinsic to the 
cochlear nucleus. That GABA might function as an inhibitory transmitter 
in the cochlear nucleus was supported by the observation of Whitfield & 
Comis (121) that GABA produces a strong depression of firing rate when 
applied locally. 

Caspary et al (113) likewise applied GABA iontophoretically onto coch­
lear nucleus neurons and recorded inhibition of both spontaneous and 
tone-evoked single unit activity. 
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The enzyme synthesizing GABA, glutamic acid decarboxylase (GAD), 
was found present in cochlear nucleus (122, 123) and auditory nerve (122). 
In a recent publication on the subject, Davies (123) has shown that both 
GAD and GABA seem to concentrate in the dorsal cochlear nucleus in rats, 
cats, and guinea pigs. Davies (123) also showed that sectioning the dorsal 
acoustic stria led to a significant (but less than total) decrease in GAD and 
GABA-T, while decochleation did not produce a lasting fall in enzyme 
activity. He concludes that about 30% of the GAD in the cochlear nucleus 
can be attributed to centrifugal fibers coursing through the dorsal acoustic 
stria and terminating in the dorsal cochlear nucleus. The remainder of 
GAD activity exists in nerve endings of intrinsic nerve fibers. Auditory 
nerve had very low GAD activity which did not change following cochlear 
lesions (122), suggesting that GABA is not the transmitter released by the 
auditory nerve. 

Acetylcholine 

Conclusions concerning specific distributions of cholinergic pathways are 
not to be had from the current literature. But it does appear that ACh may 
be a transmitter released from cells, intrinsic as well as extrinsic to the 
cochlear nucleus. The major extrinsic cholinergic pathways seem to be the 
collaterals of the crossed olivocochlear bundle and a separate excitatory 
pathway from the superior olivary complex ending in the ipsilateral antero­
ventral cochlear nucleus (124). Using hemicholinium-3, because of its 
known ability to inhibit ACh synthesis, Comis & Davies (124) determined 
the effect of this agent on ACh content of the cochlear nucleus after ipsilat­
eral superior olivary stimulation. They found a marked reduction in ACh 
content of cochlear nucleus under these conditions and concluded that this 
pathway represented a major extrinsic source of cholinergic neurons. Fur­
thermore, these authors (124) demonstrated a reduction in ACh content of 
the cochlear nucleus by sound stimulation in the presence of hemicholini­
um-3. Such a decrease only occurred with the superior olive intact. This 
finding provides evidence that the cholinergic innervation is centrifugal and 
not centripetal. 

Acetylcholine (ACh) seems not to be the transmitter released by auditory 
nerve endings in the cochlear nucleus (122, 123). However, within the 
cochlear nucleus. the strikingly uneven distribution of acetylcholinesterase 
(AChE) (127) suggests another neurotransmitter role for ACh. AChE is 
known to be a less reliable indicator of the location of cholinergic neurons 
than is choline acetyltransferase (ChAc). Godfrey et al (126) therefore 
examined the cochlear nucleus for the distribution of both enzymes. The 
findings of Godfrey et al (126) of high AChE and ChAc activities in the 
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granular layer superficial to the anteroventral cochlear nucleus agree with 
Rasmussen's (127) report that most crossed olivocochlear fibers enter and 
terminate in this region. The especially high ChAc activity in the ventrolat­
eral part of the granular layer superficial to the anteroventral cochlear 
nucleus agree with the findings of Osen & Roth ( 125) that AChE-positive 
fibers, presumably of the olivocochlear bundle, travel through the ventrolat­
eral part of the cochlear nucleus and may end in the superficial layer of the 
dorsal cochlear nucleus (127). The release of ACh from dorsal cochlear 
nucleus upon olivocochlear bundle stimulation ( 128) would support such 
a projected path. More recently, Godfrey & Matschinsky (128a) mapped 
AChE and ChAT activities in the rat cochlear nucleus. The rat showed 
ChAT activities about 15  times higher than those in cat cochlear nucleus 
and with a generally more uniform distribution. Explanations for this quan­
titative difference are had by analogy with the difference between cat and 
rat retina or by suggesting a larger number of intrinsic cholinergic neurons 
or a larger number of centrifugal cholinergic neurons in the rat than in the 
cat. 

Interestingly, Comis & Whitfield (129) have demonstrated by single unit 
studies that where ACh has an effect, when applied locally, it is invariably 
excitatory. This suggests that the olivocochlear endings exert opposite 
effects in the cochlea and cochlear nucleus. The olivocochlear collaterals (if 
true collaterals) to the cochlear nucleus would then be producing excitation 
while VIII nerve units would be simultaneously inhibited, a very interesting 
arrangement, perhaps suited for shaping of information. 

In an interesting and circumspectly written paper Hunt & Schmidt ( 130) 
reported on the binding patterns of radio-iodinated a-bungarotoxin in the 
rat central nervous system. These authors studied the distribution of the 
toxin radioautographically. It was presumed that a-bungarotoxin exhibited 
a certain specific affinity for cholinoceptive sites in the central nervous 
system. This concept has been questioned ( 131 )  and Hunt & Schmidt go to 
great lengths to present a balanced view of their results. All these caveats 
notwithstanding, they ( 130) found quite high concentrations of silver grains 
over the cochlear nucleus, particularly the ventral cochlear nucleus. The 
source of the prejunctional (presumed) cholinergic nerves serving the toxin 
binding site can only be guessed at. However, it is parsimonious to assume 
that these might be intrinsic as well as olivocochlear and ipsilateral olivary 
cholinergic inputs to the cochlear nucleus. 

Employing a radiolabeled muscarinic antagonist, quinuclidinyl benzilate 
(QNB), Wamsley et al (BOa) mapped the distribution of so-called musca­
rinic cholinergic receptors in rat brainstem. These researchers found high 
levels of autoradiographic grains over the dorsal and ventral cochlear nu­
clei. In fact, they report the presence of discontinous bands of autoradio-
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graphic grains associated with the granule cell layer which cells are thought 
to receive olivocochlear collateral fibers. Contrariwise. Rotter et al (BOb). 
using an irreversible muscarinic antagonist. Propylbenzilylcholine mustard 
(PrBCM). as their radioligand found low and very low densities of so-called 
muscarinic receptors in dorsal and ventral cochlear nuclei, respectively. 

Pickles & Comis (132) and Pickles (133) have studied the influence of 
atropine applied to the dorsal surface of the cochlear nucleus on behavioral 
responses to sound stimuli. They found that the ability to detect an auditory 
signal in noise is impaired following the application of atropine while the 
absolute threshold is much less affected. In the latter paper. Pickles (133) 
points out that atropine increases the width of the critical band. He plumps 
for the ipsilateral cholinergic pathway (arising in the superior olivary com­
plex) rather than the olivocochlear bundle or an intrinsic cholinergic syn­
.apse as the site of atropine's action. 

Catecholamines 
The cochlear nucleus also receives a significant projection of noradrenergic 
neurons (134, 135). Versteeg & co-workers (135a) found both norepineph­
rine and dopamine present in the combined dorsal and ventral cochlear 
nuclei, dopamine being in very low concentration as it is in most areas of 
the pons and medulla. The norepinephrine-containing fibers reach the coch­
lear nucleus by two distinct pathways. One pathway enters through the 
dorsal region of the anteroventral cochlear nucleus and the second enters 
the dorsal and posteroventral cochlear nucleus via the dorsal acoustic stria. 
At least some of these fibers originate from the locus coeruleus. Stimulation 
of the locus coeruleus caused a reduction in spike generation of neurons in 
the dorsal cochlear nucleus (13Sb). Treatment with reserpine did away with 
the ability of the locus coeruleus stimulation to cause inhibition and in­
traventricular norepinephrine reinstituted the inhibition (135b). 

The local application of norepinephrine to the cochlear nucleus (136) 
leads to inhibition of single unit activity. Pickles (137), in a companion piece 
to his previous work employing atropine, applied norepinephrine directly 
to the surface of the cochlear nucleus. In this study, norepinephrine was 
found to increase both the absolute and the masked thresholds significantly, 
affecting both to the same extent. The influence of wideband noise masking 
was greater than that of narrowband masking after norepinephrine applica­
tion, leading Pickles (137) to suggest that, as with atropine, norepinephrine 
had increased the width of the critical band. 

Other Amines 
Histamine (HI) receptors, as defined by 3H-mepyramine binding and au­
toradiography, were found throughout the auditory system ( 138a). Al-
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though grain densities were not very high in the dorsal and ventral cochlear 
nuclei, they were present. Taurine was also reported to be present in coch­
lear nuclei but in relatively low concentrations (1 38b). Fuxe (138) has 
reported the presence of serotonergic nerve endings in the dorsal cochlear 
nucleus. 

Polypeptides 

Four polypeptides with presumed transmitter roles have been found present 
in the cochlear nucleus, substance P, neurotensin, enkephalin, and somato­
statin. 

Substance P is an undecapeptide which has been nominated as the trans­
mitter of primary afferent transmission in the spinal cord (139). In an 
extensive investigation of the distribution of substance P-like immuno­
reactivity in the central nervous system of the rat, Ljungdahl et al ( 140) 
found substance P positive cell bodies and nerve terminals in many areas 
of the rat central nervous system. A few substance P-like immunoreactive 
cell bodies were found in the dorsal cochlear nucleus but none in the ventral 
cochlear nucleus. Likewise only a few cell bodies and nerve terminals were 
found positive for neurotensin and then only in the dorsal cochlear nucleus 
of all auditory areas studied (140a). 

Somatostatin also has been found to be present in cochlear nucleus by 
radioimmunoassay (141) and immunohistochemistry ( 142). 

Enkephalin-like immunoreactivity was detected immunohistochemi­
cally in cell bodies and processes in the dorsal and ventral cochlear nuclei 
(143). "Opiatergic" receptors, as defined by 3H naloxone autoradiogra­
phy, have been found in the molecular layer of the dorsal cochlear nu­
cleus ( 144). 

Any attempts at summarizing these data can only lay the author open 
to serious charges of oversimplification. Nonetheless, by way of attempting 
some sorely-needed clarification here is a summary. 

1. The transmitter released by the auditory nerve in the cochlear nucleus 
is unlikely to be: ACh, GABA, glycine, or a catecholamine. It might be 
glutamate or aspartate, with aspartate receiving somewhat stronger evi­
dential support for this role. 

2. GABA seems to be involved as both an extrinsic and intrinsic transmit­
ter. 

3. Cholinergic neurons investing the cochlear nucleus arise from the 
olivocochlear bundle and the ipsilateral bundle arising in the superior 
olivary complex. There may be intrinsic cholinergic neurons but there 
seem to be few, if any, cholinergic neurons projecting from the cochlear 
nucleus (126). 
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4. Noradrenergic neurons investing the cochlear nucleus arrive in two 
bundles. At least some of the noradrenergic fibers arise from the locus 
coeruleus. 

5. The function of most of these transmitters is unknown. However, ACh 
seems generally excitatory while norepinephrine, GABA, and glycine 
are generally inhibitory. An atropine-sensitive (cholinergic) pathway 
and a noradrenergic pathway seem important for the detection of signals 
in noise. 

TRANSMITTERS OF HIGHER AUDITORY CENTERS 

First, some caveats (Table I): 

1 .  In their review of the subject Oswald & Freeman (1 56) say that no effect 
of a-bungarotoxin on synaptic transmission has been observed in the 
mammalian central nervous system and, "the question of whether a­
bungarotoxin binds to the CNS nicotinic acetylcholine receptor has not 
been fully resolved." 

2. The use of 3H-strychnine to delineate glycine receptors is suspect. In this 
publication Zarbin et al (113a) report that strychnine is displaced almost 
as easily by ,a-alanine as it is by glycine and that not all other ligands 
have been examined by their abilities to displace strychnine. For in­
stance, strychnine antagonizes ACh at the COCB-hair cell junction. 

3. In their paper using 3H-mepyramine to delineate HI-histamine recep­
tors, Palacios et al (138a) discuss the pitfalls of their method. For ex­
ample, not all HI receptors are neuronal. Furthermore, although 
mepyramine is among the most specific antihistaminics, it is well known 
that antihistaminics do antagonize agonists other than histamine. It 
might have been more circumspect to entitle this paper, "Mepyramine 
binding sites." 

4. A correlation was suggested (130a) between HI binding sites and musca­
rinic sites. This correlation appears to break down in the superior olive 
and nucleus of the lateral lemniscus. 

5. There are few or no monoamine cell bodies or varicosities (52, 152) in 
the superior olive. Therefore, the observation that phentolamine in­
creases glucose utilization in this structure (147) must be explained by 
an effect of the drug at some site outside the olive and presynaptic to it. 

The information contained in Table 1 is insufficient for any broad-brush 
correlations. It is presented as a means for indicating the state of neuro­
chemical information in the auditory system and to demonstrate again what 
a fertile field audition and sensation in general may be for pharmacologists 
in the future. 
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Table I Transmitters of higher auditory centers 

Acetylcholine (ACh) Histamine Monoamines Amino acids Peptides 

Superior No QNBa ( 1 30a) Moderate mep. No 5-HT, DA, or NE in aCB Low GABA and GAD ( 1 38b) SRIF neurons and 
olive +++o-BuTxa ( 1 30) binding ( 1 38a) neurons (52) Avg. glutamate and taurine fibers (142) 

Highest ChAT in No monoamine cell bodies or ( 1 3 8b) (lat. trapezoid nucleu s, 
auditory varicosities ( l 5 2) Sensitive to kainate ( 1 54) few ELI fibers and 

High glycine receptor neurons ( 1 43) 
( 1 1 3a)C 

Nucleus Very high QNBa Low-moderate DBH-containing soma and High "glycine" receptor SRIF neurons and 
lateral ( BOa) mep binding fibers (135) ( 1 1 3a)C fibers (142) traceable 
lemniscus + +o-BuTx" ( 1 3 0) ( 1 3 8a) Phentolamine "'" t glucoseb to inferior colliculus 

High PrBCMa ( B Ob) ( 1 4 7) 

Inferior High QNB" ( B Oa) Low mep. binding Adrenergic fibers from locus High GABA ( 148) and GAD SRIF neurons and 
colliculus +++o-BuTxa ( 1 30) in caudal portion coeruleus (1 35, 1 5 1 )  ( 148, 1 50) fibers ( 142) 

Intermediate PrBCMa ( 1 38a) Low NE, DA content (135a) GAB A, glycine - t activity Few ELI perikarja 
(1 30) 5-HT neurons and endings (149) ( 143) 

ACh, eserine "'" excita- ( 1 5 2, 153) Picrotoxin .... . response to Low VIP (146) 
tion atropine "'" in- Phentolamine "'" t glucoseb sound (149) 
hibition (1 54) ( 14 7) Moderate glycine ( 150) 

Low "glycine" receptor 
( 1 1 3a)C 
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Medial Low PrBCMa ( 1 3 0b) 

geniculate 

Auditory 

cortex 

a Binding 
bU tilization 

Moderate c<-BuTxa 

(130) 

ACh release following 

medial geniculate 

stimulation ( 1 45) 

Moderate mep. 

binding (13 8a) 

c Glycine receptors as defined by 3H-strychnine binding 

Adrenergic fibers from locus 
coeruleus ( 1 5 1) 

Moderate no. DBH neurons 

( 1 3 5) 
5 -HT neurons and endings 

( 1 5 2, 1 5 3) 
Phentolamine -+ sm. t glucoseb 

(147) 

Phentolamine -+ no change in 
glucoseb ( 147) 

High GABA and GAD ( 1 3 8b) 

High taurine (l 38b) 
Taurine inhibitory ( 1 55) 

No "glycine" receptors 
( l 1 3a)C 

Many SRIF fibers, few 

neurons ( 142) 

Low VIP ( 1 46) 

SRlF neurons and 
fibers (142) 

ELI in basket cells 
(143) 

High VIP (146) 

A bbreviations: a·BuTx, a-bungarotoxin, a nicotinic ligand; ChAT, choline acetyltransferase, the enzyme synthesizing acetylcholine; DA, dopa­
mine; DBH, dopamine-J3-hydro xY lase-enzyme used as marker for catecholamine neurons; ELI, Enkephalin-Iike immunoreactivity ; GABA, 'Y-amino­
butyric acid; GAD, glutamic acid decarboxylase, the enzyme synthesizing GABA; S-HT , S-hy droxytryptamine (serotonin) mep., H 3 -mepyramine, 
an Hi histamine antagonist used as ligand; NE, norepinephrine; PrBCM, propylbenzylilcholine mustard, an irreversible muscarinic antago nist 
used as ligan d ;  QNB, quinuclidinyl benzilate, a muscarinic antagonist used as ligand; SRIF, somatostatin reactive immunofJuorence; and VIP, 
vasoactive intestinal peptide. 
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