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Summary. Quail leg buds were grafted in place of chick 
leg buds or chick wing buds and vice versa at stages 18 
to 21 after colonization by muscle precursor cells had been 
completed. Motor endplate pattern in the plantaris muscle 
of the grafts was analyzed before hatching by means of 
esterase and acetylcholinesterase staining techniques. Mus- 
cle fibre types were made visual using the myosin ATPase 
reaction. Investigations are based on the species-specific 
endplate pattern of the plantaris muscle: multiply inner- 
vated fibres in the chick and focally innervated fibres in 
the quail. Muscle pieces isolated from the adjacent medial 
gastrocnemius muscle of the grafted legs were histologically 
examined to judge their species-specific composition. 
Horseradish peroxidase was injected into the plantaris mus- 
cles of both the grafted and the opposite leg as welt as 
in the plantaris muscle of normal quail embryos, in order 
to be sure that the plantaris muscle of the graft is innervated 
by appropriate motoneurons. This procedural design offers 
for the first time a possibility to test experimentally the 
influences of motoneurons on endplate pattern formation 
under conditions corresponding to those in normal onto- 
genesis. It is shown that such appropriate motoneurons of 
one species which project to the plantaris muscle of the 
other species dictate the endplate pattern. When the plan- 
taris muscle is innervated by inappropriate motoneurons, 
the endplate pattern inherent in the muscle primordium 
itself becomes realized. A sequence of hierarchically acting 
factors is proposed to bring different results in line. Accord- 
ing to this, the neuronally set programme has priority com- 
pared with that set in the muscle. This is true for the normal 
development and might generate the high neuro-muscular 
specificity. I f  under experimental conditions the neuronal 
programme and the peripheral programme differ, the axons 
and muscle fibres selectively interact with respect to their 
inherent characteristics and the muscle-specific programme 
becomes expressed. I f  there is a lack of a certain axon type, 
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muscle fibres might become innervated by non-correspond- 
ing motoneurons which alter the muscle fibre type. 
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Introduction 

Limb muscles of birds are found to be made up of focally 
innervated fibres, multiply innervated fibres, and a mixture 
of both types (Ginsborg 1960; Hess 1961; Barnard et al. 
1982). The posterior latissimus dorsi muscle (PLD), for ex- 
ample, is composed of focally innervated fibres that are 
known to contract fast. The anterior latissimus dorsi muscle 
(ALD), on the other hand, contains multiply innervated 
fibres which are slow. Most of the limb muscles are formed 
by focally innervated fibres. Besides the ALD, the dorsal 
part of the ulnimetacarpalis dorsalis muscle (UMD) is 
formed by multiply innervated fibres whereas the ventral 
part of this muscle is focally innervated (Grim et al. 1983). 
Another well known chick muscle exhibiting mainly multi- 
ply innervated fibres is the adductor profundus muscle 
(Barnard et al. 1982). 

The innervation type of the plantaris muscle (PL) has 
recently been studied in detail (Grim et al. 1985). Continu- 
ing former observations of Melichna et al. (1974) who 
found the PL to be mainly multiply innervated, Grim et al. 
compared the innervation types of the chick PL and the 
quail PL. They discovered that, unlike the multiply inner- 
vated chicken PL, the PL of the quail shows only one or 
two bands of endplates on the surface. The majority of 
isolated muscle fibres is found to be focally innervated by 
"en plaque" endplates. On the basis of this species-specific 
endplate pattern the PL can be used as a model suited 
to study the motoneuron-muscle interactions in developing 
chimeras. 

Regarding the development of functional motor end- 
plates several steps can be distinguished. It is widely ac- 
cepted that axons growth on stereotyped highways into the 
limb bud and the relation between motoneurons and muscle 
cells display a high specificity (Hollyday 1980; Landmesser 
1980). According to the concept of motoneuron-muscle spe- 
cifity, motoneurons are initially determined with respect 
to their peripheral destination (Landmesser and Morris 
1975). On the other hand, experimental studies have given 
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evidence that also a mismatch can occur of motoneurons 
are forced to innervate a foreign muscle (Bennett and Petti- 
grew 1974; Jacob et al. 1983; Jirmanovfi and Zelenfi 1973). 

Where are the factors situated which determine the end- 
plate pattern of limb muscles ? At first glance, there appear 
to be two possibilities: the motoneurons determine the syn- 
aptic pattern and fibre type distribution, or the developing 
muscle itself controls this process. Observations exist that 
support both points of view. On the one hand, heterotopi- 
cally replacements of pieces of the neural tube, for instance, 
as were done by Khaskiye et al. (1980), seem to prove the 
hypothesis favouring the determining influence of motor- 
neurons. On the other hand, Jacob et al. (1983) have shown 
that an UMD inappropriately innervated does not change 
its normal endplate pattern. Additionally, Butler et al. 
(1982), as well as Phillips and Bennett (1984), show the 
initial differentiation of distinct fibre types analyzed by 
myosin-ATPase profiles appears normally even in aneuro- 
genic limbs. 

Since it is common to most of the experimental ap- 
proaches being aimed at this problem that muscles are al- 
ways forced to interact with inappropriate motoneurons, 
the question remains whether the results obtained are true 
for normal neuro-muscular interactions occuring during 
normal ontogenesis. The species-specific differences of the 
endplate pattern in the PL of chick and quail thus represent 
a favourable model to study interactions between muscle 
fibres and neurons of corresponding characteristics. 

In this paper we focus on the PL in quail-chick chimeras 
addressing special attention to the formation of endplate 
pattern of PL muscles in the quail leg connected with appro- 
priate or inappropriate motoneurons of the chick spinal 
cord and vice versa. Therefore leg buds of one species have 
been grafted in the place of leg or wing buds of the other 
species. A hierarchy of controlling factors is proposed 
which come from motoneurons as well as muscle primordia. 

Materials and methods 

Eggs of White Leghorn chick (Gallus domesticus) and of 
Japanese quail (Coturnix coturnix japonica) were incubated 
at 38 ~ C and 80% humidity. Young embryos were staged 
according to the criteria of Hamburger and Hamilton 
(1951) ("HH-stages"),  older embryos corresponding to the 
total period of incubation (e.g. E 18 = 18 days). After open- 
ing of the egg containing the host, the embryo was floated 
up to the level of the shell window by dripping Locke solu- 
tion (Hara 1971). For microsurgical procedures iridectomy 
scissors and electrolytically sharpened tungsten needles 
(Dossel 1958) were used. 

In a first series of experiments leg buds of quail embryos 
(HH-stages 18 to 21) were isolated and grafted in place 
of chick leg buds previously removed from embryos at cor- 
responding stages. Grafts were fixed by the tension of the 
clipped amnion. In a second series of experiments quail 
leg buds were replaced by chick leg buds. Host and donor 
embryos ranged from HH-stages 18 to 21. In a third experi- 
mental series chick (or quail) leg buds were heterotopically 
transplanted in place of quail (or chick) wing buds. In these 
cases leg buds were temporarily fixed by means of cactus 
needles. The migration of somite-derived muscle precursor 
cells into the leg bud had been completed by the time of 
grafting (Jacob et al. 1979). Stages of embryos correspond 
to that used in the other series. E 16 to E 20 chick hosts 

Fig. l. Sectioned PL muscle of a 20-day chick embryo. Arrow: 
muscle belly; asterisk: tibia. Note the long tendon of the muscle 

and E 15 or E 16 quail hosts were fixed respectively in 4% 
neutral formaldehyde and Serra's fluid. A total of 557 graft- 
ing experiments was performed and 96 embryos were evalu- 
ated. Only normally developed legs were used for evalua- 
tion. Limbs were skinned and a piece of muscle tissue from 
the proximal part of the medial gastrocnemius muscle, bor- 
dering on the PL, was used for histological examination. 
After microdissection the PL was fixed in situ for approxi- 
mately 15 rain. The isolated PL was further fixed for a total 
period of 1 to several hours. After washing in water the 
whole muscle was incubated at 37 ~ C according to the indi- 
gogenic method of Holt (1958), as modified by Lojda et al. 
(1979), for demonstration of motor endplates. For compari- 
son of endplate pattern the PL of the contralateral leg was 
treated in the same manner. In some cases endplates were 
demonstrated in teased small bundles of muscle fibres using 
the method of Karnovsky and Roots (1964). According 
to Barnard et al. (1982), and Grim et al. (1985), the chick 
PL is made up only by multiply innervated fibres. There- 
fore, the following criteria for classification of quail PL 
were used: 1. location of "en  plaque" endplates at the dor- 
sal PL surface in a limited zone, 2. fibres of a teased small 
bundles exhibiting only one endplate over a long distance 
(minimum: 2 ram). 

PL and medial gastrocnemius muscle have the same ori- 
gin. To make sure that the PL is formed by donor cells 
a piece of the adjacent gastrocnemius muscle was stained 
according to the method of Feulgen and Rossenbeck (1924). 
As the interphase nuclei of Japanese quail cells are charac- 
terized by a large mass of nucleolus-associated heterochro- 
matin DNA which does not exist in the chick nuclei, quail 
cells can be distinguished from chick cells (Le Douarin 
1969). 

The qualified statement of Tanaka and Landmesser 
(1986) which concerns difficulties of distinction between 
quail and chick nuclei at late embryonic stages is not very 
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Fig. 2A-D. Normal PL muscles and muscle fibre bundles of chick and quail cut out from prehatching embryos. A Dorsal surface 
of a chick PL. Endplates are stained according to the indigogenic method. B Small bundle of a chick PL stained for acetylcholinesterase. 
Note the multiple innervation. C Dorsal surface of a quail PL. D Small bundle of a quail PL. Note the focal innervation. Arrows: 
endplates 

well founded. Jacob et al. (1986) have shown that in muscles 
of chimeras 2 weeks after hatching nuclei can easily be dis- 
tinguished. This seems to he a problem of fixation. 

Fibre type composition of quail PL, chick PL and PL 
of chimeras was visualized using myosin ATPase reaction. 
Muscles were frozen in Freon cooled by liquid nitrogen. 
Unfixed cryostat sections (10 gm) were used for detection 
of myosin ATPase by the calcium-cobalt method of Padyk- 
ula and Herman (1955) as modified by Lojda et al. (1979). 
Some sections were preincubated for 15 rain by 20 ~ C using 
potassium acetate buffer pH 4.3 according to Guth and 
Samaha (1970). 

To prove that the PL in the grafted leg is appropriately 
innervated, the HRP method was used to demonstrate the 
motoneuron pool. E 10 and E 11 chick hosts were decapi- 
tated, eviscerated and skinned. The caudal body part was 
placed in Tyrode solution and PL of both legs was visual- 
ized by removing the medial part of the gastrocnemius mus- 
cle. HRP was injected through a glass pipette into the PL 
muscles of both the grafted and the opposite leg. In the 
same way, PL muscles of normal quail embryos (E 9 and 
E 10) were injected. Embryos were transferred into oxygen- 
ated Tyrode solution. Lumbosacral spinal cord was bared 
by removing the vertebral bodies. Specimens were incu- 
bated for 6 h at 32 ~ C, fixed in glutaraldehyde for 1 h, 
washed for 6 days in TRIS-buffer changed several times 
and processed with diaminobenzidine (DAB) for develop- 
ment of the label. See for details of this procedure Land- 
messer (1978) as well as Tosney and Landmesser (1986). 

Specimens were dehydrated, embedded in paraffin, and 
transversally sectioned. The sections were counter-stained 
with cresyl violet. 

Results 

General 

A normal chick PL prepared by sectioning can be seen 
in Fig. 1. Figure 2 shows the chicken PL and the quail PL 
which can be distinguished by species-specific patterns of 
motor endplates. While the chicken PL is multiply inner- 
vated the quail PL is focally innervated. The experimental 
procedures performed are based on the purpose of getting 
connections between the PL of one species with motoneu- 
rons of the other species. If  a leg bud of one species is 
grafted in place of a leg bud of the other species motoneu- 
rons are allowed to find an appropriate target, as the 
scheme shown in Fig. 3 exemplary demonstrates. Results 
of these experiments are described in the first and second 
parts of this chapter. In the third part results are described 
which were obtained after replacement of wing by leg buds. 
According to the latter procedural design inappropriate mo- 
toneurons are forced to innervate the PL. Finally, the pools 
of motoneurons innervating the PL in normal and grafted 
legs are described. 

I. Quail PL innervated by appropriate motoneurons of the 
chick 
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Fig. 3. Schematic representation of experimental procedures. Leg 
buds of one species are grafted instead of leg (or wing) buds in 
the other species. The question is whether the endplates of the 
PL innervated by motoneurons of the host neural tube develop 
in a chick-typical (A) or in a quail-typical (B) pattern. In the case 
illustrated, a quail leg bud (grey) is grafted in place of the right 
leg bud of a chick host (white). Black: neural tube spinal nerves 
and endplates of PL 

Fig. 4. Chick host after grafting a quail leg (arrow) in place of 
the right chick leg and a subsequent reincubation period of 17 days 

After grafting a quail leg bud instead of  the chicken leg 
bud, in about 15% of  the cases, a normally shaped quail 
leg was observed. Compared with the chick host leg o f  
the contralateral side, its size is found to be in accordance 
with a normal quail leg at the corresponding developmental 
stage (Fig. 4). Depending on the age of  the donor  embryo 
at the time of  grafting a more or less distinct feather pig- 
mentation of  quail characteristic can be seen. The skeletal 
and muscular pattern does not considerably differ from 
a normal quail leg. 

The experimental design is based on condition that mo- 
toneurons of  chick origin match muscle fibres of  quail ori- 
gin. To be sure about  that, muscles of  the grafts were histo- 
logically examined. Figure 5 shows an isolated piece cut 
out of  the medial gastrocnemius muscle immediately cover- 
ing the PL. The muscle fibres contain quail nuclei. Figure 6 
shows the endplate pattern of  quail PL innervated by ap- 
propriate chicken motoneurons.  In more than 90% of eval- 
uated specimen the endplate pattern is chick-typical, that 
is to say, the chick motoneurons must have determined 
and therefore "changed"  the innervation type of  the quail 
PL. 

II. Chicken PL innervated by appropriate motoneurons of  
the quail 

Results of  this experimental series are similar to those ob- 
tained in the first one. Figure 7 shows a chick graft grown 
in place of  a quail leg. While the quail host reveals pig- 
mented feathers, the transplanted chick leg, for the most 
part, does not show pigmentation. It is worth mentioning 
that the transplanted leg of  chick origin is often larger than 

Fig. 5. Medial gastrocnemius muscle cut out from a grafted leg. 
Arrows: quail nuclei. Feulgen-staining 

the normal quail leg at the contralateral side. Only PL mus- 
cles of  those legs have been evaluated whose shape as well 
as skeletal and muscular pattern corresponded to normal 
legs. As was described above, in this series, too, histological 
examinations were performed in order to assure the chicken 
origin of  muscle fibres (Fig. 8). Figure 9 shows the dorsal 
surface and a fibre bundle of  such a chicken PL innervated 
by appropriate quail motoneurons.  Most experiments per- 
formed in this series yield PL muscles of  chick origin which 
reveal a quail typical motor  endplate pattern. 
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Fig. 6A-C. Chick-like endplate 
pattern of a quail PL in a quail leg 
grown in place of the chick leg. 
A Dorsal surface of the whole 
muscle. 
B Dorsal part of the PL. 
C Muscle fibre bundle. Arrows: 
endplates 

Fig. 7. Quail host after grafting a chick leg (arrow) in place of the right quail leg and a subsequent reincubation period of 13 days 

Fig. 8. Medial gastrocnemius muscle cut out from a grafted leg. Note the chick nuclei within the myotubes (arrows) 

According to the findings ment ioned above, motoneu-  
rons of  the host  embryo must  have dictated the innervat ion 
pat tern  of  the PL. 

III.  PL innervated by inappropr ia te  motoneurons  

In the third experimental  series leg buds were grafted in 
place of  wing buds using the quail-chick system. Figure 10 

shows a quail leg grown instead of  the fight wing of  a 
chick host. Before fixation it had  been noticed that  the 
t ransplanted leg moved synchronously with the opposi te  
wing. Only those legs have been evaluated, that  were found 
to exhibit a normal  shape as well as normal  skeletal and 
muscular  pattern.  Histological  examinat ions were per- 
formed in this series, too (not shown). 
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Fig. 9A, B. QuaiMike endplate pattern of 
and chick PL in a chick leg grown in 
place of the quail leg. 
A Dorsal surface of the whole muscle. 
B Higher magnification of the dorsal 
part of the PL. 
C Small muscle fibre bundle. Arrows: 
endplates 

Figure 10 shows the endplate  pat tern  of  a PL cut out  
of  a quail leg and innervated by inappropr ia te  motoneurons  
located in the brachial  par t  of  the spinal cord. The most  
interesting observat ion that  emerged from this series is that  
an endplate pat tern characterist ic of  the donor  PL has de- 
veloped. That  is to say, that  inappropr ia te  motoneurons  
do not  have the abili ty to determine the mo to r  innervat ion 
type of  the muscle. 

Fig. 10. A Chick host with a quail 
leg (arrow) grown in place of the 
right wing. 
B Dorsal surface of the PL muscle 
showing a quail-like endplate 
pattern (arrows). 
C Bundle of muscle fibres. Arrow: 
endplates 

IV. Myosin  ATPase  reaction 

According to the classification of  Barnard  et al. (1982), the 
PL of  the chick is composed of  two subclasses of  type I I I -  
fibres which are mult iply innervated (Fig. 11). Fibres which 
are stained in a medium way belong to the type I I I  A and 
those which are intensely stained to type I I I  B. The quail  
PL shows weakly stained (acid-sensitive) type II-fibres 
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which are focally innervated (Fig. 12). They are especially 
numerous on the dorsal surface of the muscle. The darkly 
stained (acid-stable) fibres are multiply innervated and rep- 
resent I I I A  in III B types. In chimeras in which the PL 
of quail origin is innervated by appropriate chick motoneu- 
rons, muscle fibres can be found which are stained darkly 
and in a medium way (Fig. 13). These fibres belong to the 
Ill A and III B types which are typical of the chick PL. 
Weakly stained type II-fibres are rare. 

V. Localization of PL motoneuron pool 

It remains to be checked that in the case of orthotopically 
grafted legs the PL is actually innervated by appropriate 
motoneurons. In six chicks to which a quail leg bud had 
been grafted, the motoneurou pools were made visual using 
the HRP technique. The PL of grafted quail leg and of 
the opposite chick leg of E 10 and E 11 hosts were injected 
with HRP. Labeled motoneurons were examined in trans- 
verse serial sections of the spinal cord. In addition, also 
in E 9 an E 10 quail the motoneuron pool of PL was dem- 
onstrated in the same way. In both species the majority 
of stained motoneurons is found in the lumbosacral seg- 
ments 4-6 (LS ~ 6 )  (Fig. 14). These motoneurons are 
grouped in the medial region of the lateral motor column. 
The position of the PL motoneuron pool of grafted quail 
legs is in accordance with that found in the contralateral 
half of the spinal cord with respect to their mediolateral 
and cranio-caudal extent. It therefore can be stated that 
the PL of the grafted quail leg innervated by the chick 
spinal cord received innervation from the appropriate PL 
motoneuron pool. 

Discussion 

To get a better understanding of mechanisms involved in 
the control of the development of muscle specific motoneu- 
ron innervation, endplate patterns of the PL in legs that 
had been previously transplanted between chick and quail 
embryos are studied. Investigations are based on the obser- 
vation that PL muscles of chick and quail show different 
endplate patterns and are made up of distinct muscle fibre 
types (Grim et al. 1985). The chicken PL consists of multi- 
ply innervated slow fibres while the quail PL is mainly com- 
posed of focally innervated fast fibres. The experimental 
design thus far provides the possibility to force appropriate 
or inappropriate motoneurons of one species to innervate 
the PL of the other species. 

The terms "appropriate" and "native" are used to 
characterize motoneurons located within the pool from 

Fig. 11. Fibre type composition of the dorsal part of the quail 
PL. Myosin ATPase reaction. Focally innervated type II fibres 
are weakly stained; multiply innervated type I I IA and III B fibres 
are darkly stained 

Fig. 12. Fibre type composition of the dorsal part of the chick 
PL. Myosin ATPase reaction. Muscle is made up of multiply inner- 
vated type I I IA and III B muscle fibres 

Fig. 13. Chimeric quail PL innervated by appropriate chick moto- 
neurons. Muscle fibres belong tho the I I IA and III B types which 
are typical of the chick PL 
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Fig. I4A, B. Cross section through lateral motor columns (LMC) at the LS level after HPR injecting into PL muscles. Arrows: motoneurons 
of PL pools closely clustered in a discrete medial region of the LMC contain granular reaction product. Cresyl violet staining. A 
Pool of PL motoneurons of the normal left chick leg. B Motoneuron pool of the PL within the grafted quail leg of the right side 

which the PL is normally innervated regardless of the spe- 
cies. "Fore ign"  or " inappropriate"  motoneurons are those 
located within spinal cord segments which normally do not 
contribute to the leg innervation. The effect of the experi- 
mentally altered motor innervation is analyzed by staining 
the endplates. The evaluation of the experimental series 
yield the following results. 

1. PL muscles within quail legs orthotopically trans- 
planted to chick hosts develop an endplate pattern charac- 
teristic of the chick. 

2. PL muscles within chick legs orthotopically trans- 
planted to quail hosts develop an endplate pattern charac- 
teristic of the quail. 

3. PL muscles within legs heterotopically transplanted 
develop an endplate pattern characteristic of the donor em- 
bryo. 

4. PL muscles within transplanted legs are always found 
to be mainly made up of donor myocytes. 

5. The myosin ATPase reaction shows that appropriate 
motoneurons are able to alter the fibre type. 

6. The location of the motoneuron pool innervating the 
PL within grafted quail legs corresponds to the location 
of the motoneuron pool innervating the normal chick PL. 

Thus, our results show that appropriate motoneurons 
in avian chimeras are able to dictate a muscle innervation 
type that normally does not occur. Unlike this dictatorial 
influence of appropriate motoneurons inappropriate moto- 
neurons do not determine the endplate pattern of the mus- 
cle. In this case the endplate pattern corresponds to that 
found in the normal leg. From these results it can be de- 
duced that at least two different influences controlling end- 
plate pattern formation can become effective, a central and 
a peripheral one. 

Our findings concerning the dictatorial influence of mo- 
toneurons on development of focally or multiply innervated 
muscle fibres are in line with the cross-innervation experi- 
ments performed by Hnik et al. (1967), Jirmanov/t et al. 

(1971)) and Jirmanov/t and Zelenfi (1973) who transplanted 
the nerves between the multiply innervated ALD and the 
focally innervated PLD using adult and especially young 
chicken. Under these experimental conditions, a focal inner- 
vation develops in the ALD and a multiple one in the PLD. 
Recently, Vogel and Landmann (1987) got some evidence 
that under exceptional circumstances after a motoneuron- 
muscle fibre type mismatch, embryonic motoneurons can 
alter fibre type expression. 

Various observations exist that point to an involvement 
of muscle primordia itselves in determining the fibre types 
and endplate pattern during embryonic development. Christ 
et al. (1983) showed that after replacement of the brachial 
neural tube by leg level neural tube in the avian embryo, 
the UMD of the wing does not change its normal motor 
innervation pattern. This muscle is characterized by a multi- 
ply innervation dorsal and a focally innervated ventral part 
(Grim et al. 1983). Similar results were obtained after graft- 
ing the wing bud in place of the leg bud (Jacob et al. 1983; 
Laing and Lamb 1983; Grim et al. 1986). In all cases the 
inappropriately innervated UMD exhibits a normal, that 
is to say an unchanged endplate pattern. Moreover, despite 
the foreign innervation the subsequent development of the 
distribution of fast and slow muscle fibres, as judged by 
ATPase staining, was normal in all muscles examined 
(Laing and Lamb 1983). Butler et al. (1986) maintained that 
"naive nerves lacked the memory of a previous partner" 
and thus, cannot alter fibre types if they are forced to inner- 
vate inappropriate muscles. Studying aneurogenic limbs, 
Christ et al. (1979) found a normal muscle pattern. Examin- 
ing such muscles by means of myosin ATPase histochem- 
istry, Butler et al. (1982) observed that in those muscles, 
lacking any peripheral neuronal influences, the initial differ- 
entiation of distinct fibre types does occur. 

If  we favour the model of intrinsic fibre type differentia- 
tion, the question arises how the myotubes become deter- 
mined. Studies concerning limb muscle development have 
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shown clearly that the myoblasts originate from the somites 
while the total of the muscular connective tissue derives 
from the somatopleure (Christ et al. 1974, 1977; Chevallier 
et al. 1976, 1977). The somite-derived myoblasts were found 
to be "na ive"  with respect to their destination within the 
limb (Chevallier et al. 1977; Christ et al. 1978; Lance-Jones 
t988a, b). After heterotopicat substitution of brachial so- 
mites in a chick host by non-brachial quail somites, the 
chimeras show a normally developed chick-specific muscle 
pattern and the muscles are made up of quail myocytes 
(Jacob et al. 1983). Development of individual muscle form 
is brought about by influences mediated by the somato- 
pleure-derived connective tissue of the limb (Jacob and 
Christ 1980). Such chimeric wings also show a normal end- 
plate pattern. It is therefore suggested that the developing 
myotubes become informed of their spatial arrangement 
and of their fibre types by local cues mediated by cell-cell 
or cell-matrix interactions (Christ et al. 1986). This has been 
recently supported by Butler et al. (1988). 

Looking at the results mentioned above, it can be sug- 
gested that the motoneurons determine the muscle fibre 
types. On the other hand, the significance of peripheral 
influences for the muscle specific endplate pattern forma- 
tion is experimentally well documented. The results on the 
PL obtained with quail-chick chimeras offer a possibility 
to get out of this controversial issue. We set out a model 
proposing a hierarchy of factors controlling motoneuron 
innervation. 

If  appropriate motoneurons are allowed to project to 
the PL, that species-specific endplate pattern is expressed 
which is inherent in the motoneuron pool. In this case, the 
centrally situated information wins through against the pe- 
ripherally located programme. During normal development 
of motoneuron innervation the centrally and peripherally 
located programmes are identical, what might be the reason 
for the generation of the high neuromuscular specificty. 

If  inappropriate motoneurons are forced to project to 
the PL, the species-specific pattern is realized that is inher- 
ent in the muscle primordium itself. In the latter case, the 
peripherally located information wins through against the 
central one, on condition that muscle fibres are in the posi- 
tion to choose appropriate partners. In the vast majority 
of experiments such connections seem to be set up. Under 
these circumstances which do not exist during normal devel- 
opment axons may compete with each other (for review: 
Bennett 1983). According to the statement made by Vrbovfi 
et al. (1978) there "is a clear preference of slow nerve fibres 
for slow muscle fibres and fast nerve fibres for fast muscle 
fibres". Muscle cells differentiated within the limbs are sup- 
posed to possess identities, detectable by differences in myo- 
sin ATPase content, before they are innervated (Bennett 
1983). I f  under experimental conditions, the number of cor- 
responding motoneurons is not sufficient, it may happen 
that muscle fibres are forced to accept a wrong partner. 
This might explain the motoneuron-muscle fibre type mis- 
match leading to an alteration of fibre type expression in 
some muscles as was observed by Vogel and Landmesser 
(1987) and several other authors who performed cross-in- 
nervation experiments in young chickens and points to a 
plasticity of muscle fibres to some extent under the influence 
of a separate axon information. 

According to Landmesser (1978) and Hollyday (1980) 
motoneurons exhibit target selectivity. I f  inappropriate mo- 
toneurons mismatch a foreign muscle their first choice is 

a muscle fibre of the corresponding type. In case they do 
not find the right partner second choice innervations will 
develop. This might be interpreted as an expression of a 
hierarchy of neuronal specifities (Hollyday et al. 1977). 

According to the hierarchy concept given in this paper, 
firstly muscles innervated by appropriate motoneurons ex- 
press an endplate pattern which is established within the 
pool. We therefore cannot support the suggestion of Butler 
et al. (1986) that motoneurons projecting to muscle primor- 
dia are judged to be naive with respect to slow and fast 
characteristics. If, secondly, the centrally located pro- 
gramme cannot be realized the peripheral programme is 
found to dominate. That may best explain the stability of 
the endplate pattern seen in the UMD of heterotopically 
grown wings (Jacob etal. 1983; Laing and Lamb 1983; 
Grim et al. 1986). Thus, realization of neuromuscular syn- 
apse formation is suggested to be molecularly based on 
recognition processes between axons of different motoneu- 
rons and different muscle cells. One might assume that moto- 
neurons and myogenic cells are uniquely labeled in accord 
with their axial level of origin early in development (Lance- 
Jones 1988 a, b). As was mentioned above muscle precursor 
cells of the somites were found to be blank with respect 
to their level. However, the possibility exists that the soma- 
topleure which subsequently form the connective tissue and 
the substrates of the highways are marked by level-specific 
signals. 

Reviews in which HRP techniques are discussed (Holly- 
day 1980; Landmesser 1980) show that motoneurons later- 
ally situated within the lateral motor column (LMC) project 
to muscles arising from the dorsal premuscular mass while 
motoneurons medially situated within the LMC, project 
to muscles arising from the ventral premuscular mass. The 
PL as well as the medial part of the gastrocnemius muscle 
of the chick were found to come from a common muscle 
primordium which originates from the ventral premuscular 
mass (Pautou et al. 1982). This must also be true for the 
quail. Therefore, the species-specific origin of the PL in 
quail-chick chimeras can be judged by histological examina- 
tions of pieces cut out from the medial part of the gastrocne- 
mius muscle. 

In accordance with the developmental origin of the PL 
in both species the motoneuron pool of the PL was found 
in the medial part of the LMC. Tanaka and Landmesser 
(1986) showed that in chick-quail chimeras motoneuron 
pools of one species selectively innervate homologous mus- 
cles in the limb of the opposite species with considerable 
precision. After transplantations of the quail leg bud in 
place of chick leg bud the motoneurons innervating the 
quail PL were situated in a position which corresponds 
to the pool of the normal chick PL. Therefore, it is likely 
that the PL of the quail became innervated by appropriate 
motoneurons. 

Looking at the results obtained with the PL in quail- 
chick chimeras we feel that the concept of a hierarchical 
control of  motoneuron innervation might help to reconcile 
the different experimental results and controversial theories 
dealing with this subject. 
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