
 

General principles of spinal motor circuit development: 
early contributions from research on avian embryos 

LYNN T. LANDMESSER*
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ABSTRACT  Birds and mammals, both being amniotes, share many common aspects of develop-
ment. Thus our understanding of how limb-innervating mammalian spinal motor circuits develop 
was greatly influenced by the use of the avian embryo (chick/quail) to bring about experimental 
perturbations to identify basic underlying mechanisms. These included embryonic surgery, the ap-
plication of drugs to influence activity or molecular interactions, and the ability to observe motor 
behavior and make physiological recordings in intact developing embryos. This article will review 
some of these contributions, highlighting several areas including the acquisition of motoneuron 
subtype identity and target selection, as well as the role of spontaneous rhythmic activity in circuit 
development.
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Introduction

Although initially trained as a neurophysiologist, as I began my 
independent scientific career in 1972 after becoming interested 
in understanding long-term trophic interactions between neurons 
and how circuits developed, my work was greatly influenced by the 
ability to use avian embryos to study neural development. With the 
rich array of tools available today, it is difficult to appreciate that 
at that time genetic approaches were not sufficiently developed to 
apply to questions at hand, there were no molecular markers for 
different subsets of neurons, and there were no means to trace 
the pathways of individual axons, as tract tracing methods such 
as HRP had not yet been invented. However my lab and many 
others were able to build upon the observations of a number of 
experimental embryologists, especially Victor Hamburger, who had 
popularized the use of avian embryos to study the development 
of limb innervation (Hamburger, 1939). Additional advantages of 
using the lumbar spinal cord were that motoneurons innervating 
specific muscles were known to occupy highly stereotyped posi-
tions and exit specific spinal nerves (Romanes, 1964) and thus 
were able to be identified by their position. Furthermore, due to 
extensive studies on the physiology of the spinal cord of adult cats 
(Grillner 1975), we knew in some detail what the spinal motor circuit 
actually did (unlike many other brain regions) as well as many of 
the specific connections, defined physiologically, that were made 
during development. Thus this system was ripe for exploration.

As evident from the other contributors to this issue, the use of 
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avian embryos, pioneered by experimental embryologists such as 
Victor Hamburger, Nicole LeDouarin, and their many colleagues 
and students, contributed to our understanding of a number of 
important biological problems. Without this approach, progress 
on many of these problems would have been delayed for many 
years, awaiting the development of appropriate techniques. Given 
the topics covered by others in this issue, I will confine my remarks 
on how the use of such embryos contributed to our initial under-
standing of 1) How motoneurons acquire their subtype identities 
and find their synaptic targets, and 2) what spontaneous rhythmic 
activity revealed about spinal motor circuits and its role in motor 
circuit development. 

How motoneurons acquire their identities and find their 
target muscles

 In the early 1970’s there was little understanding of how moto-
neurons became specified or how they connected with appropriate 
muscle targets. Although Ramon y Cajal (1911) had much earlier 
proposed that the growth cones of neurons actively navigated to 
their targets by responding to environmental signals (guidance 
cues), the idea that motoneuron growth cones could actively navi-
gate over relatively long distances to reach limb muscles was not 
favored. Paul Weiss (1937) had instead, based on the behavior 
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of transplanted amphibian limbs, proposed that motor axons grew 
out non-selectively and then obtained their identity from whichever 
muscle they innervated (myotypic specification). Others proposed 
(Horder and Martin 1978) that motor axons simply maintained a 
rough topographic order and were passively guided by mechani-
cal features of the environment. Any errors in connectivity were 
proposed to be subsequently corrected by a poorly-defined process 
called “functional validation.” 

Although experimental embryologists had carried out many 
surgical perturbations (limb rotations, supernumerary limbs etc) 
and subsequent behavioral observations to distinguish among 
these alternatives, the lack of appropriate techniques did not allow 
an unambiguous interpretation of their results. Because multiple 
spinal nerves converge in one or more plexuses (avian hind limbs 
have two, crural and sciatic at the base of the limb), prior to the 
emergence of individual muscle nerves (Fig. 1A left), without axon 
tract tracing it was impossible to determine to which muscles ax-
ons from a given spinal nerve had projected either during normal 
development or following experimental perturbations. Thus many 
otherwise well conceived experiments yielded ambiguous results. 
Compounding the confusion and seeming to contradict the idea of 
active axon pathfinding was the observation that when foreign nerve 
fibers entered a transplanted limb bud, they formed a largely normal 
gross anatomical nerve pattern. As noted by Hamburger (1939), 
this clearly showed that the anatomical pattern of nerves within 
the limb was determined by factors in the limb itself. But without 
some form of axon tract tracing one could not determine how axons 
from given cord segments projected within the anatomical nerve 
pattern we later referred to as “a highway system.” Similarly, the 

fact that motor axons could innervate a foreign muscle following 
experimental perturbations said nothing about selectivity of axon 
outgrowth during normal development.

We were able to overcome the tract tracing problem by electrically 
stimulating individual spinal nerves and recording from different 
muscle nerves (electrophysiological tract tracing). To our surprise, 
given the strong bias against specific axonal pathfinding, we found 
that each muscle nerve received axons from 2-3 specific spinal 
cord segments (Fig. 1A right) from the time axons first projected 
to muscles (Landmesser and Morrris, 1975). Thus motoneurons 
possessed at least a segmental identity and projected selectively 
to the same muscles innervated by those segments in the adult. 
A brief time later, when it became possible to retrogradely label 
motoneuron somas from specific muscles with HRP, the specific-
ity of axon outgrowth could be extended to individual motoneuron 
pools (Landmesser, 1978). Although this method does not label 
axons, injection of HRP directly into motor nerves labels,via diffu-
sion within axons, both somas and axons revealing the complete 
trajectories of axons from specific motoneuron pools. This approach 
showed that although axons from different motoneuron pools 
were extensively intermingled within proximal spinal nerves, they 
underwent a major re-organization at the base of the limb (Fig. 
1A,B), first segregating into dorsal and ventral nerve trunks and 
subsequently into pool specific fascicles within major nerve trunks 
(Lance-Jones & Landmesser, 1981a). Taken together these studies 
suggested that at the time motor axons exited the spinal cord they 
had motoneuron pool specific identities, presumably in the form of 
cell surface molecular differences, that enabled them to selectively 
sort into pool-specific fascicles and selectively pathfind to their target 

Fig. 1. Innervation pattern of the embryonic 
avian hindlimb based on electrophysiologi-
cal and morphological axon tract tracing 
methods. (A, left) Anatomical nerve pattern 
showing eight spinal nerves converging into 
crural and sciatic plexuses prior to emergence 
of muscle nerves. The axons from one mo-
toneuron pool in the lateral portion of Lateral 
Motor Column (open circles) and one from the 
medial portion (filled circles) are intermingled 
in proximal spinal nerves but then segregate 
into dorsal and ventral nerve trunks. (A, right) 
Prior to HRP tract tracing that let these trajec-
tories be visualized, electrical stimulation of 
individual spinal nerves while recording com-
pound action potentials from different muscle 
nerves (gastrocnemius versus peroneus) as 
muscles were first innervated (St28) showed 
that these each received axons from the same 
several segments as the adult innervation. 
(B) The axons from the sartorius (green) and 
femorotibialis (red) motoneurons pools (both 
LMCl) are intermingled in the proximal spinal 
nerves but then segreate dorsally from ventrally 
projecting adductor axons (blue) at the D-V 
choice point. They subsequently segregate into 
muscle specific fascicles within the dorsal nerve 
trunk before projecting to their muscles. (C) 
More schematic view of D-V and pool-specific 
pathfinding choices. Medial islet-1 expressing 

motoneurons (red) and lateral Lim-1 expressing ones (green) first make the D-V pathfinding choice. Then the axons of individual dorsally projecting pools 
(light green, femorotibialis; dark green, sartorius) segregate into pool-specific fascicles before projecting to individual muscles.
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muscles. How then could these findings be reconciled with other 
reports of non-selective innervation (Stirling & Summerbell 1981)?

This apparent conflict was resolved by displacing motoneurons 
varying distances from their normal targets by either surgically 
moving portions of the neural tube (Fig. 2) or by rotating limb buds 
in early (St-16-17) chick embryos (Lance-Jones and Landmesser, 
1981b). When dispaced moderate distances so that the axons 
entered their original plexus, they altered their trajectories within 
the plexus to project to their original muscle. When displaced 
larger distances and entering the wrong plexus most projected to 
a variety of foreign muscles within the anatomical nerve pattern 
imposed by that part of the limb. However, some axons, ususally 
those closest to their original target, deviated from the normal 
anatomical nerve pattern and grew via completely novel pathways 
to reach their appropriate muscles. 

Although no axonal guidance cues had been identified at that 
time, the simplest explanation to explain the experimental results 
would be that the limb imposed branching pattern was likely caused 
by the distribution of either repulsive and/or attractive guidance 
cues within the limb to which all motoneurons could respond, and 
was therefore permissive. In addition, more specific guidance 
cues to which only subsets of motor axons could respond were 
required to explain the choice of lateral and medial Lateral Motor 

Fig. 2. Embryonic surgery to elucidate motor axon pathfind-
ing and the cues which mediate it within the limb bud. (A) 
Portions of neural tube were displaced varying disatances along 
the A-P axis at St 16. (B) Control; axons from a single motoneuron 
pool enter the crural plexus via several spinal nerves and project 
to correct muscle. (C) When displaced a moderate distance, the 
axons enter via different spinal nerves but then alter their trajec-
tory in the plexus to project to correct muscle. (D) Following large 
displacement and entering to wrong sciatic plexus, most axons 
project to a variety of foreign muscles. However some closer to 
the original target deviate from the control anatomical nerve pat-
tern and reach the original muscle via novel or aberrant pathways 
that axons never follow in control embryos.

Column (LMC) axons to select the dorsal or ventral nerve trunk 
respectively (Fig. 1C), and for the grouping of motor axons into 
pool-specific fascicles at specific A-P and D-V locations within 
the plexus and major nerve trunks. Finally, muscle-specific cues 
would subsequently enable motor axons to leave main nerve 
trunks and project to target muscles via muscle nerves. The fact 
that following relatively large displacements some axons were still 
able to reach their muscle targets via a variety of novel pathways, 
indicated that the muscle-specific cues were not confined to the 
limb imposed anatomical nerve pattern, suggesting that axons 
may be responding via chemotaxis to a gradient of an attractive 
signal. This presumambly does not extend across the entire limb 
bud since with greater displacements axons from an individual 
motoneuron pool simply projected to a variety of foreign muscles. 

What tissues were producing these cues? Although motoneu-
rons from given cord segments normally innervate muscles whose 
myogenic cells migrate from somites at the same segmental level, 
somite transplantation experiments showed that motoneurons 
would innervate muscles derived from different somitic levels 
(Keynes et al., 1987; Lance-Jones, 1988). Furthermore, when 
limbs completely lacking muscle fibers were created by removing 
all somites, specific motoneuron pools still projected selectively 
to the location where their muscle would have been (Phelan and 
Hollyday,1990). These observations, suggesting that muscle spe-
cific cues arose not from the myogenic cells in the limb but from 
presumptive connective tissue derived from the somatopleure, were 
supported by a subsequent study in which the somatopleure was 
shifted rostrally along the A-P axis (Lance-Jones & Dias, 1991). 
Intriguingly in this study, axons from anterior lumbar segments that 
entered the sciatic plexus also took novel pathways through the limb 
to project to their original muscles, as observed in Lance-Jones & 
Landmesser 1981b). Taken together, these observations suggest 
that non-specific limb imposed cues and motoneuron pool-specifc 
pathfinding cues are normally congruent, giving rise to the rela-
tively fixed anatomical and pool-specific nerve pattern. However, 
when non-congruent following experimental perturbations, specific 
cues were to some extent able to override the limb imposed cues 
enabling some axons to project to their target muscles via novel 
pathways. In parallel with these studies on avian embryos, work 
in grasshopper embryos and subsequently Drosophila (Goodman 
et al., 1984; Bentley and Keshishian, 1983) provided convincing 
evidence for selective axon pathfinding, which is now universally 
accepted.

These early experiments on avian embryos provided a general 
understanding of the types of pathfinding cues used by spinal 
cord neurons to navigate the limb and the tissues from which they 
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arose. They also provided evidence that motoneurons possessed 
pool-specific molecular identities from the time of axon outgrowth. 
However, a more detailed understanding awaited the molecular 
identification of such cues and the receptors which detected them, 
as well as the genes that conferred motoneuron identity. Over the 
next several decades many labs using a variety of approaches 
in vertebrates as well as invertebrates provided a deeper under-
standing of pathfinding by characterizing many attractive as well 
as repulsive guidance cues and their receptors, and showing they 
could act as long range gradients or be contact dependent as 
summarized in the Tessier-Lavigne and Goodman (1996) review. 
The identification of signals that pattern the spinal cord on the 
D-V axis (defining motoneurons and subclasses of interneurons) 
and the A-P axis (defining motoneuron columnar and pool specific 
identity) are summarized in Catela et al., 2015).

A key observation in advancing our understanding of how dif-
ferent subclasses of motoneurons developed distinct columnar 
identities related to their target choice was made by Tsuchida et 
al.,1994). They discovered that in embryonic chick cord, the LIM 
homeodomain transcription factors Lim-1 and Islet-1 were selectivly 
expressed in lateral and medial LMC motoneurons respectively 
and that this correlated with their dorsal or ventral pathfinding 
choice at the base of the limb (Fig. 1C). Susbsequent genetic de-
letion of Lim-1 in mice randomized the choice LMCl axons made 
in selecting the dorsal or ventral pathway whereas LMCm, Islet-1 
expressing, motoneurons continued to make their approriate ventral 
choice (Kania et al., 2000). The selective restriction of the tyrosine 
kinasae receptor EphA4, known to cause growth cone collapse 
upon binding its ephrin ligand, to chick LMCl distal axons at the 
time of the D-V pathfinding choice, together with the expression 
pattern of its ephrin ligands in the limb suggested a major role in 
D-V pathfinding (Eberhart et al., 2000). This role was confirmed in 
subsequent studies (Eberhart et al., 2002; Kania and Jessel 2003) 
by using in-ovo electroporation of tagged plasmid contructs into 
chick neural tubes to cause ectopic expression of EphA4 in LMCm 
motoneurons and showing that it caused many to project dorsally. 
Subsequently EphB1, expressed on LMCm axons was shown to 
be important for appropriate ventral pathway selection (Luria et al., 
2008). However, it is now widely appreciated (Kramer et al., 2006; 
Poliak et al., 2015) that even a simple binary pathfinding choice 
as in D-V pathway selection involves the integration of multiple 
molecules and signaling pathways. 

Although more recent studies have used genetic alterations 
in mice to alter the expression of a variety of molecules, at that 
time in-ovo electroporation provided a way to rapidly alter the 
expression of different genes/molecules and determine how this 
affected pathfinding, neuronal identity, or other apsects of spinal 
cord-limb development. Fortunately, due to the strong conservation 
in birds and mammals of both molecules and cellular mechanisms 
used during spinal cord development, results obtained with in-ovo 
electroporation were usually relevant to the mouse and provided 
insight into which mouse genetic alterations should be pursued. 

While individual motoneuron pools clearly selectively targeted 
and synapsed with appropriate peripheral targets, it was not clear 
if they had also made selective connections with appropriate inter-
neurons in the spinal cord required for normal locomotion. Avian 
embryos exhibit bouts of spontaneous limb motility from E7 (stage 
30). when muscles are first innervated. Although such movements, 
viewed through a window in the egg, appeared jerky and uncoor-

dinated, by making in-ovo EMG recordings Anne Bekoff found that 
even at this early stage the antagonistic flexor and extensor muscles 
in the shank were activated appropriately out of phase (Bekoff et 
al., 1975). These obervations indicated that early in development 
the spinal cord contains pre-motor circuits capable of activating 
antagonistic muscles appropriately, and that motoneuron pools 
had also made appropriate connections with these circuits. More 
recent studies, largely from the Arber lab, have defined both the 
molecular identity and the spatial position of flexor and extensor 
pre-motor interneurons (Tripodi et al., 2011). They and others 
have also shown that the spatial location within the cord may be 
important for facilitating specific connectivity between motoneurons 
and pre-motor interneurons (Tripodi and Arber 2012). It is interest-
ing that early studies in embryonic chicks showed that even when 
motoneurons were caused to innervate foreign muscles following 
surgical perturbations, they maintianed their original pool-specific 
bursting patterns, including flexor vs flexor patterns (Landmes-
seer and O’Donovan 1981a,b), providing clear evidence against 
myotypic specification. However, while many early studies cited 
above showed that motoneurons possessed many pool-specific 
properties prior to their innervation of the limb, we now realize that 
signals dervied from the limb also contribute to the proper con-
nectivity of some motoneuron pools and proprioceptive sensory 
neurons (Haase et al., 2002; Patel et al., 2003). 

Rhythmic spontaneous bursting activity and its role in 
spinal motor circuit development 

 It is now appreciated that in both birds and mammals highly 
rhythmic, spontaneous episodes of bursting activity are widespread 
throughout the developing nervous system including the retina 
and spinal cord (Blankenship and Feller, 2010). This activity is in 
the form of network driven propagating waves and in amniotes its 
many conserved properties distinguish it from the embryonic activity 
observed in other vertebrate and invertebrate species. I will first 
review how the properties of this activity and the mechanismsms 
that generate it were discovered using avian embryos. I will then 
highlight several examples to show its critical role in several aspects 
of spinal cord and muscle development (for more complete review 
see Moody and Bosma 2004). 

Pioneering behavioral studies by Hamburger and colleagues 
on chick embryos showed that such activity was highly rhythmic 
and that it began as S-shaped propagating waves of axial move-
ment as early as E4 (St 23) prior to motoneuron outgrowth into the 
limb, but by E7 (St30) the limbs were also activated during these 
waves (Hamburger and Balaban, 1963). Importantly these studies 
provided evidence that this early activity was centrally generated 
since relexes could not be elicited until E 7.5 (St 31) when sensory 
afferents are known to begin to project into the spinal cord and 
form synapses. The central generation of this activity was further 
confimed by showing that it was still generated following embryonic 
surgery that removed descending input from the brain as well as 
sensory input (Hamburger et al., 1966). While Hamburger and col-
leagues also showed that these bouts of motility were associated 
with electrical bursting activity in the cord (Provine et al., 1970), 
subequent characterization of the circuits generating such activity 
was greatly facilitated when it was found to also occur in isolated 
chick spinal cords where pharmacological perturbations and more 
extensive electrical recordings were possible (O’Donovan and 
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Landmesser 1981a). 
O’Donovan and colleagues subsequently characterized in 

some detail the circuits driving rhythmic activity using both elec-
trophysiology and Ca2+ imaging (O’Donovan et al., 1998). Thus, 
although specific pre-motor lumbar circuits activated muscles with 
locomotor-like patterns during bursting episodes both in-ovo and in 
isolated spinal cord preparations (Bekoff et al., 1975; Landmesser 
and O’Donovan, 1981a), the circuit responsible for generating 
repeated episodes of rhythmic activity was a much more diffuse 
network of motoneurons and interneurons with extensive rec-
curent excitatory connections. Waves, which propagated in both 
directions, were initiated when sufficient excitation built up, and 
although all cord segments were capable of generating them, at 
any point in time they were generated by the most excitable part of 
the circuit. Following an episode, a period of network depression 
prevented the premature initation of another wave, thus provid-
ing the highly rhythmic nature of spontaneous activity (Tabak et 
al., 2001). More recent studies using imaging of voltage sensitive 
dyes in both isolated chick and mouse brain-spinal cord prepara-
tions have confirmed and extended these studies, showing that 
at early stages waves originate in the cervical or lumbar cord and 
propagate both caudally as well as anteriorly into brain structures 
(Momose-Sato et al., 2012a). It is amazing that so many of the 
general properties of these early waves were actually deduced by 
the careful behavioral studies of Hamburger and colleagues many 
years before (Hamburger and Balaban, 1963; see also Bekoff 2001).

To determine what role, if any, such activity plays during develop-
ment requires that it be blocked in-vivo during defined periods. The 
following features of this circuit, elucidated in both chick and mouse, 
are most relevant for achieving this goal. First, at early stages as 
motor axons are growing into the limb, ACh released by motoneu-
rons provides an essential excitatory drive with GABA and glycine 
also contributing as they are excitatory at this developmental stage 
(Nishimaru et al., 1996; Milner and Landmesser, 1999; Hanson and 
Landmeser 2003; Momose-Sato et al., 2010b). As muscles become 
innervated, the excitatory drive switches to glutamate while GABA 
and glycine become inhibitory as in the adult. A second important 
feature is that strong homeostatic mechanisms resist attempts 
to perturb activity. Thus while both early and late activity can be 
blocked by nicotinic or glutamatergic antagonists respectively, 
this is only transient, with activity returning within hours and now 
being driven by GABA (Chub and O’Donovan, 1988; Milner and 
Landmesser, 1999). Thus while developing rodent and chick spinal 
circuits have similar properties, a great advantage of the chick is 
that the effect of any perturbation on activity (pharmacologic or 
optogenetic) can be precisely determined over long time periods 
since every wave elicits a clearly detectable movement that can 
be monitored via a window in the egg. This is not possible in the 
in-vivo mouse embryo.

Effects of altering activity after muscles have been 
innervated

 Another advantage of avian embryos is the possibility to ap-
ply drugs to activate or block specific transmitter receptors over 
defined time periods. Pittman and Oppenheim (1978) found that 
the nicotininc antagonist dTC applied from the time of muscle in-
nervation (E7, St 30) blocked spontaneous motility and rescued 
lumbar motoneurons from programmed cell death, a period from 

E7-E10 (St30-36) when half the motoneurons normally die (Ham-
burger,1975). It was appreciated at that time that motor neurons 
depended for survival on target derived trophic factors, since 
studies in chick embryos had shown that most motoneurons died 
following limb bud removal (Hamburger, 1934) and that survival 
was increased by peripheral target enlargement following supernu-
merary limb bud transplantation (Hollyday and Hamburger, 1976). 
Muscles apparently were the source of the survival factor(s) since 
most motoneurons died during this same period when innervating 

Fig. 3. The effect of blocking spontaneous activity on the intramuscular 
nerve branching pattern and how this is altered by removal of polysi-
alic acid (PSA) on axons. (A) Muscle whole mounts of the iliofibularis 
muscle show the axon branching pattern in the fast region (top) and slow 
region (bottom). (a,b) Control; (c,d) the large increase in branching follow-
ing activity blockade with the nicotinic antagonist dTC. (e,f) Prevention of 
this increase by removing PSA from NCAM via local in-ovo injection of a 
PSA-specific endosialidase, endo-N. (B) Quantification of the number of 
branches in the slow region in the control (C), actvity blockade (dTC) and 
activity blockade + PSA removal (E+dTC).

B
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muscleless limbs (Phelan and Hollyday, 1991). 
One possibility was that blockade of activity resulted in an in-

crease in the production or release of trophic factors from muscles 
and some evidence supports this (Oppenheim, 1991). However 
blockade of muscle activity also resulted in a large increase in 
intramuscular nerve branching (Fig. 3 A,B) of motor axons in chick 
thigh muscles (Dahm and Landmesser, 1989). This subsequently 
resulted in a doubling in neuromuscular synapses early in the cell 
death period when synapses first formed (Dahm and Landmesser, 
1991; see also Ding et al., 1983 who found an increase in synapses 
but at a later time point). These observations gave rise to the idea 
that the increased number of synapses as a result of excessive 
nerve branching might enhance survial by enabling more efficient 
uptake of trophic factors. 

One caveat of in-ovo drug injections is that antagonists/agonists 
will bind to all of the targeted receptors; thus dTC would bind to 
nicotinic receptors in muscle, spinal cord or elsewhere, possibly 
causing non-specific effects. It was reasurring, therefore, that 
many of the effects on muscle development that were observed 
when blocking nicotinic receptors in the chick, including increased 
intramuscular nerve branching, increased number of synapses, 
and the prevention of programmed motoneuron cell death, were 
observed when choline acetyltransferase, the enzyme that synthe-
sizes ACh, was genetically deleted in the mouse (Brandon et al., 
2003). In this mouse release of ACh from motoneurons would not 
occur, thus preventing muscle fiber activation as well as blocking 
spontaneous, cholinergic driven, activity at early stages. However, 
a more specific alteration, the genetic deletion of the muscle-specifc 
ACh receptor, AChRa1, was later shown to result in increased 
intramuscular nerve branching and motoneuron survival (An et 
al., 2010). These results show the importance of activating muscle 
AChRs in regulating the extent of intramuscular nerve branching 
and synapse formation, but it is important to note that such activa-
tion would also be reduced if early cholinergic-mediated activity 
was blocked, even without blocking muscle-specific ACh receptors.

The example cited above will now be used to illustrate an ad-
ditional benefit of using avian embryos, even in what has become 
the era of genetic approaches. The studies described above es-
tabished a correleation between the extent of intramuscular nerve 
branching and motoneuron survival following activity blockade. 
A futher test of this idea would be to alter intramuscular nerve 
branching without altering activity and determine its effect on 
motoneuron survival. Although virtually nothing was known about 
the molecular basis of such branching at that time, we were lucky 
to observe (Landmesser et al.,1990) that activity blockade caused 
a large increase on intramuscular motor axons of polysialic acid 
(PSA), a carbohydrate added to NCAM that decreases axon-axon 
fasciculation (Rutishauser and Landmesser, 1996). We therefore 
reduced PSA locally by injecting in-ovo into one thigh a PSA specific 
endosialidase, endo-N, and confirmed the spatial and temporal 
extent of PSA removal via immunostaining. Endo N reduced the 
extent of branching in control animals and completely prevented 
(Fig. 3 A,B) the increased branching caused by activity blockade 
(Landmesser et al., 1990). We also found that injection of a highly 
purified antibody Fab fragment against L1, an adhesion molecule 
increasing axon-axon fasciculation, could reverse the effects of 
endo-N on branching. While synapse formation and motoneuron 
survival were not quantified at that time, it was subsequently shown 
that endo-N injection in control embryos reduced both the number 

of intramuscular nerve branches and motoneuron survival without 
affecting activity (Tang and Landmesser, 1993). 

These observations illustrate that the ability to alter quite locally 
and for defined time periods, the expression or function of molecules, 
and even their postranslational modifications is a great advantage 
not easily achieved by even modern day genetic techniques. 
Especially for neurons that extend axons long distances, in some 
cases to different targets via axon collaterals, local regulation of 
cell surface adhesion and guidance molecules is essential. Thus 
the amount of a given molecule in the surface of an axonal growth 
cone at a given time or place, may not reflect its message level in 
the cell body but be regulated by local translation, stabilization on 
the cell surface, or enzymatic cleavage (O’Donnell et al., 2009; 
Holt and Schuman, 2013). 

Effects of altering spontaneous activity early in 
development and prior to muscle innervation

In birds and mammals many aspects of spinal cord develop-
ment, including the differentiation of subtypes of interneurons 
and motoneurons, is activity independent. Although activity was 
shown to refine axonal projections later in development, initial 
axon pathfinding was thought to be activity independent (Katz and 
Shatz, 1996). Nevertheless, the Ca2+ transients associated with 
bursts of activity had been shown to regulate the rate of axonal 
extension in different species, and electrically stimulating cultured 
Xenopus spinal neurons altered their interpretion of a gradient of 
myelin associated glycoprotein from inhibitory to attractive (Ming 
et al., 2001). However given the complexity of individual pathfind-
ing choices in-vivo, it was essential to alter activity in the intact 
developing embryo and determine its effect on pathfinding.

Given that complete blockade of spontaneous activity is highly 
unphysiological and could induce complex homeostatic responses, 
we chose to block GABAA receptors in-ovo with picrotoxin as this 
resulted in only a modest (2X) reduction in the frequency of the 
spontaneous episodes of activity. Furthermore, this decrease 
was maintained during the entire period (St 23-28) of motor axon 
outgrowth (Hanson and Landmesser, 2004). We oberved that 
defasciculation of motor axons at the plexus was reduced and that 
approximately 20% of motoneurons made D-V pathfinding errors. 
These changes were associated with a reduction, assessed by 
immunostaining, of several guidance cues known to be important 
for this pathfinding choice: PSA on NCAM which enables axons 
to defasciculate and respond to other more specific guidance 
cues(Tang et al., 1992), EphA4 on dorsally projecting LMCl ax-
ons (Kania and Jessell, 2003), and EphB1 on ventrally projecting 
LMCm axons (Luria et al., 2008). These changes were limited to 
distal axons near the choice point and their expression in the spinal 
cord or on more proximal axons was not altered nor was EphA4 
messsage in LMCl motoneurons (Hanson and Landmesser, 2004). 

To determine if only some level of activity was needed to enable 
axons to respond to cues regulating this choice (i.e. acting in a 
permissive manner), or if motor axons were sensitive to the precise 
frequency of activity episodes, we next increased the frequency 
(2X) by application of the glycine uptake inhibitor sarcosine (Hanson 
and Landmesser, 2006). Surprisingly this increase in frequency did 
not cause D-V pathfinding errors or alter the expression of EphA4, 
EphB1, or PSA, but it profoundly disrupted pool-specific pathfinding. 
Thus deviations from the normal frequency of spontaneous activ-
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ity in either direction perturbed pathfinding but in different ways, 
indicating the importance of maintaining the normal frequency. One 
caveat to these approaches was, that in addition to altering the 
frequency of episodes, the applied drugs were also either blocking 
GABAA signaling or enhancing glycinergic signaling. We therefore 
decided to apply an optogenetic approach for which chick embryos 
were especially advantageous.

Fluorescenly tagged constructs of ChR2 were electroporated 
into the cervical cord of St 18 embryos causing ChR2 to be ex-
pressed in both motoneurons and interneurons (Fig 4 A,B). Brief 
flashes of light were used to drive spontaneous waves of activity 
that then propagated into the lumbar cord throughout the period 
of motor axon outgrowth. Two sets of experiments were carried 
out. In the first we applied picrotoxin to block GABAA signaling but 
then drove waves at the normal frequency with light from St 20 
on (Fig. 4C). This rescued both the D-V pathfinding errors (Fig. 
4D) and the expression of PSA, EphA4, and EphB1 in the plexus 

Fig. 4. An optogenetic approach to alter spontaneous activity in vivo and its 
effect on dorso-ventral (D-V) pathfinding. (A) At St18 GFP-tagged ChR2 was elec-
troporated into the cervical neural tube of chick embryos. (B) Phase and fluoresecnt 
views of cervical cord at St 25 showing expression of ChR2 on the electroporated 
side. Activation of ChR2 by light flashes caused waves to propagate into the lumbar 
cord. (C) The intervals between spontaneous waves was increased from control 
values by slowing spontaneous activity with chronic in-ovo application of picrotoxin 
to block GABAA transmission (Chr. Picro). This could be reversed by eliciting waves at 
the control frequenccy in picrotoxin treated embryos (Chr. Picro and light activation). 
(D) Slowing the frequency with picrotxin caused 20% of motor axons to make D-V 
pathfinding errors, and these were rescued by driving waves at control frequency.

expression were not altered when activity was blocked by 
exogeneous expression of a K+ channel (Benjumeda et 
al., 2013) or by the genetic deletion of a SNARE protein 
needed for exocytosis of synaptic vesicles (Law et al., 
2016). It is important to point out that these were, in fact, 
very different experiments; in the latter cases activity was 
completely blocked, whereas we only modestly altered the 
frequency of spontaneous episodes. The expression of 
some molecules and the execution of some pathfinding 
decisions may occur in the complete absence of activity 
and a number of molecular events are clearly activity in-
dependent. However, the complete absence of electrical 
activity would almost never be experienced by a developing 
nervous system. Our results show instead, that when the 
pattern and/or frequency of spontaneous activity is altered, 
as would occur with a variety of mutations that affect dif-
ferent transmitter systems, or in the case of maternal drug 
use affecting such systems, early developmental events, 
such as pathfinding can, in fact, be affected.

Finally, it is interesting to recognize that all amniotes 
that have been studied have propagating waves of activ-
ity with many conserved properties, even when occuring 
in vastly different neuronal structures such as the spinal 
cord or retina: 1) they all have similar low frequencies with 
highly rhythmic episodes being separated by relatively 
long intervals (30-100 sec), 2) they propagate at similar 
relatively slow velocities (10mm/sec), and 3) many show 
a similar switch in excitatory drive from ACh or GABA to 
glutamate. Unlike other vertebrates such as zebrafish or 
Xenopus, or many invertebrates, where embryos or larvae 
actively move and receive sensory stimuli very soon after 
gastrulating, amniotes, contained within the uterus or rigid 
eggs, would experience long periods of time completely 
devoid of exogenous stimulation and thus activity. As has 
been noted (Ackman and Crair, 2014), amniotes may have 
evolved to have waves of propagating activity to activate 
the nervous system and muscles in a regular way prior to 
the development of sensory systems capable of detecting 
exogeneous stimuli. Downstream molecular mechanisms 
may have also evolved to have a preferred frequency of 
Ca2+ transients. While highly speculative this is an interest-
ing possibiity to consider. 

B

C D

A

(Katsanenka and Landmesser, 2010). In the second, we used 
flashes of light to double the frequency of waves and found that 
neither D-V pathfinding nor the expression of the D-V guidance 
cues were altered. However pool-specific pathfinding was severely 
compromised (Kastanenka and Landmesser, 2013), as found 
previouly by increasing the frequency of spontaneous activity with 
sarcosine (Hanson and Landmesser, 2006).

Taken together these findings indicate that this system is sens-
tive to modest increases or decreases in spontaneous bursting 
episodes and their associated Ca2+ transients. This is not without 
precident as the expression of different adhesion molecules (Itoh 
et al., 1997) as well as transcription factors (Watt et al., 2000) 
has been shown to be sensitive to different stimulus frequencies. 
Furthermore, both the pattern and frequency of stimulation/Ca2+ 
transients can differentially regulate gene expression (Dolmetch 
et al., 1997). Nevertheless, several recent studies have chal-
lenged our results by indicating that D-V pathfinding and EphA4 
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Concluding, I hope that the individual examples I used to il-
lustrate major points have been able to convey that early studies 
using avian embryos provided a good conceptual understanding 
of the major principles of how spinal motor circuits form. This work 
therefore provided a strong foundation for more recent work utiliz-
ing genetic and other more modern approaches to better dissect 
the underlying mechanisms at the cellular and molecular levels. 
I also apologize to the many scientists who also made important 
contributions to this area but whose work was not cited due to 
space constraints.
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