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Surgical removal of the otocyst in chick embryos induces 
axons from the contralateral cochlear nucleus (nucleus mag- 
nocellularis, NM) to form, in addition to their normal endings 
in nucleus laminaris (NL), anomalous and persistent func- 
tional contacts in the ipsilateral NM (Jackson and Parks, 
1988). We have examined how interaction between the ab- 
normal synaptic partners during development influences the 
form of the axon terminal and its relation to the target neuron. 
In the light microscope, aberrant axon terminals labeled in 
vitro with HRP appear to form boutons quite unlike the large 
calycine endbulbs made by the normal cochlear nerve (CN) 
endings in NM. In the electron microscope, however, the 
anomalous endings appear embedded in the NM cells, 
something never seen normally in NM or NL. Morphometric 
analyses were performed on electron micrographs from NM 
and NL in animals aged embryonic day (E) 19 to posthatching 
day (P) 2 from which the right otocyst had been removed on 
E3 and in normal control animals. Aberrant endings appose 
18% of the circumference of operated NM cells, versus 45% 
for CN axons in the normal NM at this age. The mean length 
of membrane apposition for the anomalous NM-to-NM end- 
ings was 215% greater than for normal NM-to-NL endings 
but 54% smaller than that in normal CN endings. These 
results support the idea that developmental interactions be- 
tween synaptic partners can influence the form of the con- 
tact between the 2 neurons. The results also demonstrate, 
however, that formation of persistent and functional syn- 
apses with NM neurons throughout development is not suf- 
ficient to induce any axon to assume the calycine form of a 
cochlear nerve endbulb. Thus, target influences on presyn- 
aptic differentiation are clearly limited in their scope. 

The various branches of a single axon can form morphologically 
heterogenous endings on different target neurons (e.g., Lorente 
de No, 198 1) and axons of different origin ending on the same 
target can have a similar specialized form (e.g., Palay and Chan- 
Palay, 1974). For these reasons, it has been concluded that the 
postsynaptic cell controls the form of the presynaptic axon 
(Mugnaini, 197 1). Since specializations in the form of axonal 
endings are likely related to functional specializations in the 
transfer of information between neurons, the mechanisms by 
which axon terminals acquire characteristic shapes and sizes are 
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deserving of study. The supposition that the target cell controls 
the form of its axonal partners could best be evaluated by di- 
recting a novel afferent to form synapses with a target whose 
normal afferent axons have a characteristic form different from 
that of the anomalous afferents. Despite the many examples of 
synapse replacement and rearrangement that have been studied 
during the last 20 years (Cotman, 1985), there are very few cases 
where axons have been directed in substantial numbers to form 
persistent synapses with abnormal target neurons. The best stud- 
ied examples are the aberrant thalamic synapses formed by 
retinal axons after neonatal ablation of the superior colliculus 
(Schneider, 198 1; Campbell and Frost, 1988) and the anomalous 
auditory connections formed between the cochlear nuclei (CN) 
on the 2 sides of the brain after early extirpation of the otocyst 
in chick embryos (Jackson and Parks, 1988). 

In the nucleus magnocellularis (NM) of birds, the cochlear 
nerve forms very large calyx-like endbulbs on the somatic sur- 
face of adendritic or parvodendritic neurons. In contrast, the 
axons of NM cells normally end in small sprays of boutons on 
the dendrites of neurons in nucleus laminaris (NL) (Rubel and 
Parks, 1988). After early destruction of the CN rudiment, an 
anomalous, functional and persistent projection is formed in 
the deafferented NM by new branches ofcontralateral NM axons 
(Jackson and Parks, 1988). The present study has compared the 
morphologies of cochlear nerve, NM-to-NL, and anomalous 
NM-to-NM endings to determine the extent to which the in- 
teraction of novel synaptic partners influences the form of the 
resulting contact. A preliminary report of the main findings has 
been given (Parks et al., 1986). 

Materials and Methods 
Surgery. The right otocyst was removed surgically from white Leghorn 
(Babcock strain) chick embryos on embryonic day (E) 3 as described in 
a previous study (Parks, 198 1 a). Operated and normal control animals 
were allowed to survive until El4 through posthatching day (P) 2 and 
were then divided into 2 groups for further study. One group of operated 
animals (E 19-P2) and all of the controls were deeply anesthetized with 
pentobarbital and then perfused transcardially with a trialdehyde fixa- 
tive as described in a previous study (Parks et al., 1983). After a careful 
inspection of the skull and brain to verify the complete absence of the 
inner ear and 8th cranial nerve on the right side, tissue blocks containing 
NM or NL were processed for conventional transmission electron 
microscopy. To ensure adequate sampling throughout NM and NL, 
samples were taken from approximately the 20th, 50th, and 90th pos- 
terior-to-anterior percentile positions within the nuclei (50th and 90th 
percentiles in normal controls) using the following procedures. Fixed 
brain stems were sectioned serially in the coronal plane at 100 PM on 
a vibratome. The sections were stained lightly in phosphate buffer con- 
taining methylene blue dye. Under a dissecting microscope, small pieces 
of tissue containing NM or NL at the 3 sampling levels on the left and 
right sides of the brain were dissected and then processed for routine 
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electron microscopy as described previously (Parks, 198 lb, Parks et al., 
1983). 

In vitro HRP labeling. A second group of operated animals was stud- 
ied by means of an in vitro brain-stem preparation and labeling of NM 
axons with HRP (Jackson and Parks, 1982, 1988). In brief, brain stems 
of anesthetized animals were dissected free of the skull in cold oxygen- 
ated avian Tyrode solution, the cerebellum was removed, and the re- 
maining piece of the brain stem glued to the bottom of a perfusion 
chamber. While the brain stem was perfused with oxygenated avian 
Tyrode solution at room temperature, HRP was introduced into the 
crossed dorsal cochlear tract, which carries axons from each NM to the 
contralateral side of the brain. In animals aged E19-P2, HRP staining 
of NM axons was achieved by placing a small crystal made of HRP 
(Sigma Type VI) and Triton X- 100 detergent (Escher et al., 1983) into 
a small cut made in the crossed dorsal cochlear tract. For animals 
younger than E19, HRP was introduced by iontophoretic injection as 
previously described (Jackson and Parks, 1988). 

Histology. Two hours after application of HRP, the brain stem was 
fixed for 2 hr in 4% glutaraldehyde (for light microscopy) or the tri- 
aldehyde fixative (for electron microscopy). Transverse sections of this 
tissue were cut at 100 PM and reacted for HRP by the cobalt-intensified 
diaminobenzidine method of Adams (198 1). As described previously, 
HRP-stained tissue was then processed for light microscopy (Jackson 
and Parks, 1988) or conventional transmission electron microscopy 
(Parks, 198 lb, Parks et al., 1983). 

Morphometric analyses of electron micrographs. Quantitative com- 
parisons were made among a number of groups of E 19-P2 animals. To 
minimize the effects of interanimal variation and to obtain the best 
quality tissue for quantitative analyses, the main body of observations 
was made on tissue obtained from the experimental animals fixed by 
cardiac perfusion. This choice raised 2 potential problems: (1) how to 
insure that NM neurons on the unoperated left side of the brain in 
experimental animals are not different from normal NM cells in ways 
that would preclude their use as valid controls, and (2) how to identify 
the NM-to-NM endings in unlabeled tissue. In operated animals, the 
right cochlear nerve is absent and the left nerve is present. Although 
previous work has shown unequivocally that the number and cross- 
sectional area of neurons in one NM are not affected by removal of the 
contralateral otocyst (Parks, 1979) and that the morphology of NL den- 
drites connected to the left NM is similarly unaffected (Parks, 1981a), 
it was not known if ultrastructural features of NM neurons and their 
endings in NL are also normal. Morphometric data from normal control 
animals were thus compared with the left-side data from experimental 
animals to validate the latter. 

Although it is not difficult to distinguish anomalous NM-to-NM end- 
ings from the principal noncochlear (NC) endings in NM, which have 
synaptic densities and synaptic vesicles characteristic of inhibitory end- 
inas (Parks. 198 1 b). some confusion with a minor NC ending type in 
unlabeled tissue is ‘conceivable. In 30- to 60-d-old hatchling chickens, 
about 5% of the circumference of NM neurons is apposed by small 
axonal endings that can be distinguished from CN endings only by 
selective staining or elimination of the CN fibers (Parks, 198 1 b; Code 
and Rubel, 1989). To determine if our sample of NM-to-NM endings 
was significantly contaminated by inclusion of endings with different 
morphological features, we compared morphometric values for NM-to- 
NM endings in unstained perfusion-fixed tissue with those obtained for 
a sample ofHRP-labeled NM-to-NM endings from in vitro preparations. 

For quantitative analyses, electron micrographs were used in ways 
similar to those in previous studies of NM and NL (Parks, 198 1 b; Parks 
et al., 1983). Montages of electron micrographs (at x 16,200 final mag- 
nification) were used to calculate the proportion of the cell body cir- 
cumference occupied by endings of different types and the length of 
membrane apposition between each axonal ending and the target cell 
body. The only criteria used to select neurons for photography were that 
they be sectioned through the nucleus, well-stained, and free of any large 
debris or damaged areas that might obscure synaptic endings. Axoso- 
matic endings on NM neurons in normal animals and on the left side 
of operated animals which had clearly distinguishable synaptic densities 
and synaptic vesicles associated with them were classifed as CN endings 
or NC endings according to criteria described in a previous paper (Parks, 
198 1 b). In the operated-right NM, endings were similarly classified into 
NM-to-NM and NC tvnes. NM-to-NL endings were identified in NL 
according to previouslybublished criteria (Parks et al., 1983). Since al1 
of these endings have characteristic morphologies, there were very few 
cases where identification was difficult. 

Apposition length values were measured for the region where the pre- 
and postsynaptic membranes were in closest apposition. All somatic 
membrane apposed by the embedded NM-to-NM endings (see below) 
was included in cell circumference measurements. All measurements 
were made with an electronic planimeter. 

In 4 operated animals aged El9-P2, 64 montages of NM cells were 
studied, they yielded morphometric data on 139 CN endings, 242 NC 
endings and 111 NM-to-NM endings. Thirty-six NM-to-NL endings 
were also studied at x 16,200 in 5 operated animals. Sixty-eight HRP- 
labeled NM-to-NM endings from 8 operated animals were studied. In 
3 normal perfusion-fixed control animals, 3 1 cell montages were studied. 
These yielded measurements of 15 1 CN endings, 67 NC endings, and 
93 NM-to-NL endings. In all, data were obtained from 14 operated 
animals and 3 normal controls. The principal comparisons were made 
among CN, NM-to-NL, and NM-to-NM endings (Figs. 1, 2). 

Statisticalprocedures. For statistical analyses, data were averaged for 
each montage or sampling site and then combined into means for each 
animal; these animal means were used for calculating grand means (and 
standard errors). Nonparametric procedures (2-tailed) were used for 
inferential statistical comparisons. For within-animal comparisons, the 
Wilcoxon matched-pairs signed-ranks test was used and for between- 
animal comparisons the Mann-Whitney test. All statistical analyses were 
performed using StatView II statistical software (Abacus Concepts, Inc.) 

Results 

Qualitative observations 
Comparison of low-power electron micrographs from NM on 
the left and right sides of the brain revealed obvious differences 
in the proportion of the cell body surface apposed by axonal 
endings and in the size and location of these endings (Figs. 3, 
4). As shown in Figures lA, 2, and 3, most of the normal NM 
soma is apposed by large axonal endings from the CN and a 
few smaller NC endings. The CN endings are indented by the 
short somatic processes which stud the cell surface (Jhaveri and 
Morest, 1982a). In the right NM (Fig. 4), the somatic processes 
are greatly reduced in number, large areas of the cell body are 
unapposed by any axonal ending and contain no membrane 
specializations such as the postsynaptic densities associated with 
synapses, and several medium-sized endings are seen embedded 
deeply within the cell body (Figs. lC, 4; see also figure 6 in 
Jackson and Parks, 1988). This pattern is found routinely in the 
right NM but never on the left side or in normal animals. The 
axosomatic endings in the right NM that are labeled by in vitro 
HRP injection resemble the embedded endings seen in perfu- 
sion-fixed animals (Fig. 5). 

Neuronal circumference 

Quantitative analyses of electron micrographs substantiated and 
extended the qualitative observations. NM neurons on the right 
side of operated animals were smaller than those receiving nor- 
mal CN input. Mean @EM) circumference values for normal 
control, left-side operated, and right-side operated groups were 
81.9 (2.8), 88.7 (3.3), and 77.2 (1.8) pm, respectively; the 13% 
left-right difference in operated animals was marginally signif- 
icant (z = 1.83, p < 0.07). Since the normal and left-side op- 
erated values did not differ, they were combined for an overall 
“normal” mean of 85.8 (2.5) Mm. For the purposes of the fol- 
lowing calculations, we make the assumption (which is very 
nearly true) that NM cells are spheres and calculate the radius 
(r) of a cell from its circumference (c) (r = c/2*). The surface 
area of the cell is then given by 4d. Normal NM neurons and 
right-side operated neurons in this study had mean surface areas 
of 2324 and 1901 pmz, respectively, for a mean difference of 
18%. This difference is comparable with the previously reported 
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Figure 1. Light micrographs of typical HRP-stained axonal endings. A, Cochlear nerve axon forms a calycine ending on a NM neuron in a normal 
posthatching day (P) 2 animal. Scale bar, 10 pm. B, Spray of small boutons from a normal NM axon ending in NL. C, Boutons in the right NM 
formed by an axon from the left NM. Scale bar (for B and C), 10 pm. 

15% decrease in neuronal cross-sectional area in NM on the 
right side of operated animals at this age (Parks, 1979). 

Proportion of the neuronal surface occupied by each type of 
ending 

Analysis of the proportion of neuronal circumference occupied 
by axonal endings revealed that normal control animals and the 
left side of operated animals had, respectively, 4 1.5 (1.4)% and 
47.2 (4.8)% of their circumferences occupied by CN endings; 
these proportions did not differ reliably, and the overall mean 
for these 2 “normal” groups is 44.8 (2.9)%. The proportions of 
normal and left-side operated NM neurons occupied by NC 
endings also did not differ significantly; the mean @EM) value 

for these 2 “normal” groups combined is 6.0 (1.5)%. Thus, on 
average, normally innervated NM neurons had 50.8% of their 
circumference occupied by CN and NC endings. In contrast, 
NM neurons on the operated side of experimental animals had 
only 25.5% of their circumference occupied by axonal endings; 
18.4 (1.7)% was occupied by NM-to-NM endings and 7.1(3.1)% 
by NC endings. These findings are illustrated in Figure 6. 

Distribution of the NC endings 

It was of interest to evaluate whether NC endings had enlarged 
their coverage of NM cells in the absence of CN endings. Since 
the circumference of NM cells on the operated side is 13% below 
control values, it is possible to consider NC coverage in relation 
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Figure 2. Electron micrographs, taken from a Pl experimental animal, showing qualitatively representative examples of the 3 axonal ending types 
considered in detail in this study. A, Large calycine ending formed by a CN fiber on a nucleus magnocellularis (NM) neuron on the unoperated left 
side of the brain. Note the short somatic stubs which indent the afferent ending. B, Typical boutonal axosomatic ending formed by a NM fiber on 
its normal target in the right ventral nucleus laminaris. C, An induced NM ending deeply indenting a NM cell body. Scale bar, 1 pm. 
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Figure 3. Low-power electron micrograph of a normally innervated NM neuron from an El9 chick embryo to show the normal synaptology. 
From the upper Ieft (asterisk), a large-caliber CN axon can be seen forming a characteristic endbulb on the cell body; another endbulb covers the 
top of the cell. Note the numerous somatic stubs which indent the endbulbs and the extensive coverage of the cell circumference by axosomatic 
endings. An arrow at the right of the figure indicates the position of a characteristic small NC ending. 
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Figure 5. Electron micrograph showing HRP-stained profiles of aberrant NM axon terminals in the contralateral NM; note that the stained profile 
on the right is embedded within the cytoplasm of its target neuron (cf. Fig. 4). 

to 100% of the operated cell circumference or to 87% of the 
normal control circumference. In the first case, NC coverage is 
7.1 (3.1)% versus the control value of 6.0 (lS)%; this difference 
is not statistically reliable. If NC coverage is normalized to 
control cell circumference, the value of 6.2 (2.7)% is also not 
significantly different from controls. Although there was no re- 
liable difference in the proportion of normal and operated NM 
neurons occupied by NC endings, the overall 50% difference 
between the proportions of the cell circumference occupied by 
all types of axonal endings in normal and operated neurons was 
marginally reliable (z = 1.83, p < 0.07). 

Length of membrane apposition 
The length of membrane apposition for CN endings was 8.9 
(1 .O) pm in normal control animals and 9.8 (1.2) pm on the left 
side of operated animals; since these values did not differ reli- 
ably, they were combined for an overall “normal” value of 9.4 
(0.8) Mm (Fig. 5). Similarly, the mean apposition lengths of NC 
endings in normal control and left-side operated animals did 
not differ significantly and could be combined into a single value 
of 1.5 (0.1) pm (Fig. 5). This normal value did not differ sig- 
nificantly from the NC apposition length on the right side of 
operated animals, 1.6 (0.2) pm. Endings in NL arising from NM 
neurons have mean apposition lengths of 2.1 (0.2) Km in normal 
control animals and 1.9 (0.2) pm in left-side operated animals; 

t 

since these values did not differ reliably, they were combined 
for a grand mean of 2.0 (0.1) Km. Anomalous NM-to-NM end- 
ings were studied in both perfusion-fixed and HRP-labeled op- 
erated animals; mean apposition lengths of these 2 groups were 
identical (4.3 pm) and were thus combined for a mean of 4.3 
(0.2) pm. As illustrated in Figure 7, apposition length in the 
NM-to-NM endings was significantly different from those of 
both CN endings (z = 3.56, p < 0.001) and NM-to-NL endings 
(z = 3.70, p < 0.001). 

Discussion 
Comparison with previous studies on the chick auditory nuclei 
There are 2 instances in which the current measurements differ 
significantly from previously reported ones. The present data 
show a mean apposition length of 9.4 pm for CN endings in 
E 19-P2 animals, whereas Parks (198 1 b) reported a value of 4.8 
km in P30-60 animals. Similarly, the proportion of the normal 
cell circumference occupied by CN endings was 44.8% in E19- 
P2 animals and 65.8% in P30-60 animals. These differences are 
consistent with the major changes in the shape and size of CN 
endbulbs that are known to occur during development (Ryugo 
and Fekete, 1982). As described by these authors for the cat, 
endbulbs undergo 3 sequential stages of morphological devel- 
opment between postnatal days 2 and 20. In the first stage, the 
endings are solid cuplike structures with few branches. In the 

Figure 4. Montage of electron micrographs through a NM neuron on the deafferented right side of the same El9 animal illustrated in Figure 3. 
In comparison with Figure 3, note the relative absence of axosomatic endings, the smooth contours of the neuronal surface, the absence of somatic 
membrane specializations except opposite axonal endings and (arrows) the induced NM-NM endings deeply embedded within the cell soma. 
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Figure 6. Mean percentage of the circumference of NM neurons occupied by CN, NC, and NM-NM axosomatic endings on the right side of the 
brain in operated animals and in normal controls. The proportion of the cell circumference unapposed by any axonal endings is also shown. 

second stage, the endings retain some broad solid regions but 
also become fenestrated and branched. In the third stage, which 
persists into adulthood, CN endings form a reticulum of small 
branches enveloping their target neurons. Since this pattern of 
development is supported by our unpublished data for chickens, 
it would be expected that mean apposition length of CN endings 
would be greater in embryos than in older animals and that the 
proportion of the cell body occupied by CN endings would 
increase over the course of development. 

Young and Rubel (1986) report that one fully reconstructed 
normal NM axonal arbor (from a sample of 119 reconstructions) 
produced, in addition to its other projections, a single small 
bouton on another NM cell (their figure 13). Thus, the possibility 
must be considered that some of the NM-to-NM endings we 
studied arise from the ipsilateral rather than the contralateral 
NM. In this regard, several points deserve discussion. First, 
despite the existence of hundreds of HRP-labeled NM neurons 
(from 2 laboratories) in which such a projection should be ev- 
ident (Jackson and Parks, 1982, 1988; Young and Rubel, 1983, 
1986; Parks and Jackson, 1984), ipsilateral NM-to-NM axo- 
somatic contacts are seen only very rarely in operated or normal 
animals. Second, since in normal animals at least 95% of the 
surface of NM cells has been shown to be occupied either by 
axosomatic endings of known origin or by no endings at all 
(Parks, 198 1 b; Code and Rubel, 1989; Code et al., 1989), there 
is little reason to believe that a quantitatively significant ipsi- 
or contralateral axosomatic NM-to-NM projection, either of 
which should be glutaminergic (Jackson and Parks, 1988) exists 
normally. 

Third, it is clear from the anatomical and electrophysiological 
results of Jackson and Parks (1988) and the present HRP-la- 
beling experiments that a large number of anomalous endings 
in the right NM do arise directly from neurons in the left NM. 
Fourth, there is no evidence in our data for more than one mode 
in the distribution of any morphometric variable for the class 
we term “NM-to-NM’ endings. Thus, there is no objective 
reason to believe that this class, which differs significantly from 

CN and NM-to-NL endings in the morphometric measures, 
contains subclasses of ending which differ on these measures. 
Therefore, even in the very unlikely event that a significant 
proportion of the NM-to-NM endings measured in this study 
were ipsilateral ones induced by otocyst removal, the main con- 
clusions of the study would still be valid. 

Control of axon terminal form by target neurons 

The present results show that foreign axons induced to form 
functional synapses with NM neurons do not acquire the gross 
form of a CN calyx ending. This is particularly surprising given 
that the NM-to-NM axons are present in the target nucleus by 
at least E7 (several days prior to the time of normal synapse 
formation between the CN and NM neurons) and thus can 
presumably undergo a full range of developmental interactions 
with their target neurons (Parks et al., 1987). This finding has 
important implications for understanding how different branch- 
es of a single axon (such as the CN) can form a variety of 
morphologically distinct ending types on their various target 
neurons. 

There are a number of well-studied cases in normal animals 
where single axons make morphologically quite distinct endings 
on various target cell types. Single climbing fibers of the cere- 
bellum, for example, can make small globose varicosities on 
granule cell dendrites, large efflorescent endings in the glomeruli 
and on Golgi neurons, and smooth or beaded tendrils on the 
cell bodies and proximal dendrites of Purkinje cells (Palay and 
Chan-Palay, 1974). Similar variations in ending morphology 
are found in various normal targets of retinofugal axons (see 
Campbell and Frost, 1988) and CN fibers (Lorente de No, 198 1). 
A related example is the synapse en marron of the cerebellar 
Golgi neuron, where either climbing fibers or mossy fibers form 
a large terminal efflorescence on the corrugated surface of the 
Golgi cell (Palay and Chan-Palay, 1974). Since “a single fiber 
ending on different types of cells forms different types of ter- 
minals, while fibers of different origins ending on corresponding 
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portions of cells of the same class may form similar endings,” 
it has been generally accepted that “the modeling of the pre- 
and postsynaptic structures seems to depend largely on the post- 
synaptic element” (Mugnaini, 197 1, pp. 148-149). This con- 
clusion, which has been based on studies of normal material, 
receives important support from the recent experimental work 
of Campbell and Frost (1988) who find that developing retinal 
axons induced to form synapses in auditory or somatosensory 
thalamic nuclei adopt many features characteristic of normal 
auditory and somatosensory (but not visual) afferent axonal 
endings. 

Of the several morphologically distinct ending types made by 
various branches of each cochlear nerve axon (Lorente de No, 
198 I), the large calycine endbulbs in the anteroventral cochlear 
nucleus of mammals and nucleus magnocellularis of birds and 
reptiles are the most remarkable. They are among the largest 
and most specialized axonal endings in the nervous system and 
appear designed to subserve extraordinarily faithful synaptic 
transmission between ear and brain (e.g., Goldberg and Brow- 
nell, 1973; Ryugo and Fekete, 1982; Hackett et al., 1982). In 
the l- to 2-month-old hatchling chicken, each endbulb covers 
about one-third of the surface of an NM neuron and each neuron 
receives, on average, 2 such endings (Parks, 198 1 b; Jackson and 
Parks, 1982). Synaptic transmission at the CN-NM synapse is 
mediated by an excitatory amino acid neurotransmitter acting 
on kainate-preferring postsynaptic receptors (Nemeth et al., 
1985). Stimulation of the afferent axon produces a very rapid 
and large excitatory postsynaptic potential in the NM neuron 
(Hackett et al., 1982), reflecting the powerful excitatory action 
of the CN. 

In maturity, the CN-NM junction presents a deceptively un- 
complicated picture of an immense axon terminal cupping a 
spherical and adendritic or parvodendritic nerve cell body (Parks, 
198 1 b; Jhaveri and Morest, 1982a). These cells follow a tortuous 
developmental course to this simple result, however. Prior to 
E15, CN axons are highly branched and contact a number of 
multipolar NM neurons; each NM neuron receives functional 
input from a number of CN axons on its many long dendrites. 
Between El 3 and El 6, CN axons are reduced to a single un- 
branched fiber ending in a calyx, functional convergence onto 
each NM neuron is concomitantly reduced by 50%, and NM 
neurons are transformed from multipolar to unipolar form 
(Jackson and Parks, 1982; Jhaveri and Mores& 1982b). These 
remarkable parallel transformations suggested that interaction 
between these particular afferent axons and target cells might 
be essential to the development of their characteristic forms 
(Jhaveri and Morest, 1982b). A previous experimental test of 
this hypothesis showed that surviving NM neurons do not re- 
quire the presence of CN axons to achieve an essentially normal 
form (Parks and Jackson, 1984) even though 30% of NM neu- 
rons die under these circumstances (Parks, 1979). 

Campbell and Frost (1988) have suggested that the differen- 
tiation of morphological features involved in contacts among 
neurons is responsive to interactions among the connected ele- 
ments. The present data support this general statement in that 
the experimental coupling of anomalous presynaptic and post- 
synaptic neurons results in a morphologically anomalous func- 
tional contact between the 2 cells. Our results clearly show, 
however, that there are significant limits to target-controlled 
morphogenesis of axon terminals. That NM axons innervating 
NM retain the boutonal form characteristic of their terminals 
in NL shows that interaction with transforming NM neurons 

CN NM-NM NM-NL 

Figure 7. Mean length (and SEM) ofthe membrane apposition between 
axonal ending and target neuron for 3 types of axosomatic ending in 
the avian auditory system. CN, normal cochlear nerve endings on nu- 
cleus magnocellularis (NM); NM-NM the aberrant projection; NM-NL, 
normal NM endings in nucleus laminaris. 

during development is not sufficient to induce any axon to form 
a calyx-like ending. 

It is also true, of course, that the NC endings retain a boutonal 
form in the absence of CN endings. This finding is less significant 
than it may first appear, however, since it is known that these 
NC endings arrive in NM only at about El6 (Jhaveri and Mo- 
rest, 1982b,c), after the major morphological transformations 
of CN endings and NM neurons are completed. Thus, the finding 
that NC endings retain a boutonal form after otocyst removal 
does not really illuminate the issue of target control over dif- 
ferentiation of presynaptic elements. 

The present results suggest some specific and testable hy- 
potheses about the role of cell interactions in shaping axonal 
endings. First, certain types of neurons (e.g., cochlear ganglion 
cells) may have increased ability to produce different axonal 
ending types via interactions with different target neurons; this 
might be tested by, for example, inducing CN axons to form 
synapses with abnormal targets and comparing the resulting 
endings with those normally formed on that target cell. Second, 
it is possible that some neurons (e.g., NM neurons) form a single 
type of ending regardless of the target cell involved; this might 
be tested in the auditory system, for example, by transplating 
NM to ectopic sites or transplanting abnormal target neurons 
into the path of the contralaterally traveling branch of NM’s 
axon and studying any contacts formed. 

Compensatory adaptations in synaptic form 

If one looks only at the axon terminal of the NM-NM sprout, 
it does not appear that interaction with an abnormal target has 
had much effect on its shape. Clearly, however, there has been 
a significant alteration in the relationship between pre- and post- 
synaptic elements in this anomalous, but functional and per- 
sistent, synapse. 

The anomalous NM-NM projection arises from a population 
of neurons about half the size of the normal cochlear ganglion 
(Rubel and Parks, 1988) and the typical arbor of an anomalous 
NM axonal branch contains fewer than 10 boutonal endings (see 
Jackson and Parks, 1988) which are each only a fraction the 
size of a CN endbulb. Thus, the “coverage” of the target by the 
novel afferents falls considerably short of the coverage provided 
by the normal CN afferents; the present data suggest that op- 
erated neurons have only half the coverage of normal neurons 
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at this age. Some adaptations of synaptic form in this novel 
functional contact may act to compensate partially for the re- 
duction in afferent input. 

In their interaction with NM neurons, the anomalous NM 
boutons have more than twice as much membrane in apposition 
to the target cell as in normal NM-NL contacts. That this is 
done by altering the physical relationship between the 2 ele- 
ments rather than simply increasing the presynaptic element’s 
size is unusual. In other cases of reactive synaptogenesis, the 
contact area between afferent and target cells is increased through 
formation of new axon terminal endings (e.g., Raisman, 1985) 
or through enlargement of the presynaptic membrane special- 
izations on surviving afferent endings (Hillman and Chen, 1985). 
In their invagination by the target neuron, the anomalous NM 
endings most closely resemble the unusual normal axosomatic 
endings seen in the terminal nerve ganglia of teleost fishes (Ma- 
tsutani et al., 1986). Such an intimate relationship could facil- 
itate any kind of trophic interaction whose strength is propor- 
tional to the area of cell-cell contact. There is preliminary 
evidence (Parks et al., 1986) that one such interaction may be 
the induction in NM neurons of abnormal postsynaptic densi- 
ties. 
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