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Summary

In the vertebrate spinal cord, motoneurons are clustered into longitudinal
columns in agreement with the targets they innervate. Motoneurons within
each column acquire properties early in development that ensure their axons
navigate to appropriate targets, but how this target identity is specified is
unknown. Recently, Tsuchida et al.(!) described the expression of putative
regulatory genes within motor columns in the chicken spinal cord.
Combinations of LIM-family homeobox genes differentially mark columns that
project to distinct target groups. Expression precedes column formation and
axon outgrowth, making these genes candidates for specifying the target
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identity of motoneuron groups.

Motoneuron organization and projection

Motoneurons are topographically ordered within the spinal
cord@4) (Fig. 1). The arrangement is hierarchical. At the
finest level, motoneurons projecting to a single muscle are
clustered together in a longitudinal column called a ‘pool’.
Poois are grouped into larger columns according to their
target location. Motoneurons in the column of Terni (CT)
project ventrally to sympathetic ganglia. Motor pools in the
lateral motor column (LMC) project to limb muscles, while
those in the medial motor column (MMC) project to axial
muscles. The limb and axial columns are further subdi-
vided along the medial-lateral axis in an intriguing agree-
ment with the dorsal-ventral positions of their respective
targets (Fig. 1). Each column has a characteristic place-
ment along the cranial-caudal axis. This basic pattern of
five spatially discrete columns with five distinct target pref-
erences is found in many vertebrates*5). There is thus a
clear match between a motoneuron’s position in the cord
and its target identity.

Motoneurons appear to develop their target specificity
early, before their axons extend into the periphery, as
shown by experiments that challenged misplaced neurons
to find their targets(®7). Since neurons from individual
pools can compensate for misplacement by correcting
their trajectories, they must be specified with information
enabling them to detect and respond to specific naviga-
tional cues. Additional experiments have shown that such
navigational cues do exist, and that major classes of them
correspond to the columnar organization within the
cord®9). For example, axons from the MMCy, diverge dor-
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sally from the spinal nerve path toward their target in
response to a target-related cue; this cue is ignored by
neighboring axons with other target specificities(19). Like-
wise, axons from the lateral motor column segregate into
dorsally and ventrally directed populations in response to
local cues at the base of the limb(11-14)

The LIM homeobox genes

Landmesser, in her landmark paper of 1978(@) suggested
that ‘some feature of the motoneuron related to its posi-
tion may be of importance in achieving the specific projec-
tion patterns observed’. Sixteen years later we have an
indication of what this feature may be at the molecular
level. A recent report by Tsuchida et al.(!) shows unique
combinations of LIM-family homeobox gene expression
that could define groups of motoneurons with like target
identities.

Any expression patterns correlating with target identity
would excite developmental neurobiologists. The
Tsuchida et al.(") report is particularly exciting because the
LIM genes are putative regulatory genes; they could con-
trol expression of the properties required for specific navi-
gation and innervation. The LIM (named for the genes lin-
1, isl-1, mec-3) gene products have features typical of
transcription regulators, including metal-binding sites(15)
and a homeodomain, and possess a unique pair of cys-
teine-rich motifs (the LIM-motif)(16-18). Members of the LIM
family have been implicated in other systems in specifying
cell fate (e.g. refs 18 and 19) and basic body organiz-
ation2021) More relevant are indications that these genes
379
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Fig. 1. Motor column organization, LIM family
gene expression and projection patterns in the
avian spinal cord. On each side of the spinal
cord, motoneurons are clustered into columns
that have a characteristic placement along the
cranial-caudal axis {(left). Neurons in these
columns express distinctive combinations of
LiM family genes (center). All express jsi-1 and
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spinal cord neurons. Two columns are further
distinguished by unique genes, LIM-3 in
MMCm and LIM-1 in LMCy, while a differential
timing of isl-2 expression distinguishes two
other groups. Neurons within each column
make similar pathfinding decisions and project
to targets of like embryonic origin (right). Thus,
the column of Terni (CT) projects ventrally to
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sympathetic ganglia, the medial motor column
(MMC) projects to axial muscles and the lateral
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motor column (LMC) projects to limb muscles.

These columns are further subdivided: medial

{m) and lateral (1} subdivisions project in agreement with the dorsal-ventral positions of their targets. MMC axons diverge from the spinal nerve to dorsal (MMCr,)
and ventral (MMC, ) targets. At the base of the limb, LMC | axons turn dorsally while LMCm neurons turn ventrally. Note that two columns with non-averlapping
distribution along the cranial-caudal axis, the MMC;j and LMCm, share the same expression pattern and both project ventrally. After Tschuida et al.().

can specify subpopulations. For instance, the Drosophila
ap gene apparently specifies a subset of abdominal
muscles and has therefore been suggested to help deter-
mine the identity of muscle targets(@2).

LIM genes and motoneuron specificity

Prior work using antibodies in the chick suggested that the
LIM gene islet-1 specifies motoneurons as a class(@3).
Motoneurons express islet-1 soon after their last division
and before expressing other markers for their phenotype.
When cells were experimentally induced to form motoneu-
rons they expressed islet-1 and other motoneuron mark-
ers.

Tsuchida et al.(!) expand the putative role of LIM genes
from merely determining motoneuron fate to defining their
target specificity. They confirmed using in situ hybridiz-
ation that all early chick motoneurons express islet-1. After
about four days of development, however, they began to
see subpatterns of expression suggesting the existence of
a different but closely related protein, which they charac-
terized, islet-2. Spurred on by this discovery, they cloned
chick homologues to several other LIM family genes and
found that two, Lim-1 and Lim-3, are also expressed by
subpopulations of motoneurons. Thus, four different LIM
family genes (islet-1, islet-2, Lim-1 and Lim-3) are now
known to be expressed by motoneurons in the developing
chick spinal cord.

These LIM genes could specify target identity because
specific combinations of expression correlate with
motoneuron topography. The code is combinatorial rather
than one-to-one (Fig. 1). For example, while all neurons in
the medial motor column express both islet-1 and islet-2,
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only those neurons in the MMCw express Lim-3, thus dis-
tinguishing neurons in this column from those in all other
motor columns. Lim-1, on the other hand, is expressed
only in LMC neurons. Similar combinatorial expression of
homeobox genes may specify segmental units of the
developing brain (reviewed in refs 24 and 25).

The topography in the cord is itself only a correlate of
target identity that is derived from previously defined maps
of projection patterns. Tsuchida et al.(") provide a clearer
link with target identity by mapping projections directly.
They labeled neurons from their peripheral targets and
asked if the label coincided with expression patterns. It
did. For example, when a dorsal limb muscle is injected
with a tracer that is transported back to the innervating cell
bodies, all neurons with the tracer express genes appro-
priate for the dorsal muscle group. Therefore, LIM gene
expression correlates both with position and with innerva-
tion patterns.

As scientists, we delight in the exception that proves the
rule. The exception in this case is a pool that is apparently
misplaced. As a rule, axial muscles are innervated by
MMCm neurons, except for the rhomboideus muscle,
which is innervated by LMC; neurons. Does the gene
expression pattern in these neurons agree with their posi-
tion or with their target identity? If it agrees with the posi-
tion, we might suspect that the genes are relevant to col-
umn formation but irrelevant to target identity. However,
when the rhomboideus neurons were identified by inject-
ing their muscle with tracer, they were found to express
LIM genes typical of MMCm neurons. Thus, the combina-
tion of LIM genes expressed accurately predicts the target
specificity.



Development of columns and specificity

Are these genes expressed before axons actually choose
specific pathways or targets? The question is difficult to
answer because the topography is itself late to arise. Dur-
ing the period when axons are busily choosing their path-
ways, the motoneurons are mixed within the spinal cord.
The neuron’s physical relationships are thus useless for
showing if early expression patterns define motoneuron
groups. All motoneurons could express all LIM genes, with
the precise combinations sorting out only after all the inter-
esting segregation into columns and target homing was
done. Tsuchida et al(!) provide evidence that early
expression patterns are not inconsistent with defining
roles. Subsets of motoneurons do express unique pat-
terns of LIM genes even as they are migrating from the
proliferative zones to prospective motor column sites and
perhaps before they chose between major pathways.
However, the identity of individual neurons is hard to
define precisely during these stages. Direct correlations
must thus await the discovery of other markers of target
identity. In the future, it will be particularly interesting to
determine directly whether specific expression precedes
the very early pathfinding decisions made along the
dorsal-ventral axis, since these decisions agree most
closely with column identity.

Itis particularly intriguing that these genes do not define
individual motor pools but instead are expressed in
columns, where the neurons all share major target-related
features. This topographic specificity of motor columns
and their targets is preserved in many animals-5), sug-
gesting important features of this organization are con-
served, perhaps because they are major units of specifica-
tion. Within a column, neurons all innervate like groups of
muscles and make the same major pathfinding decisions,
such as whether to take a dorsal or ventral path to the limb.
Moreover, the decisions that differentially characterize
each column are arguably the most central in navigating to
the proper target. For instance, neurons are seldom able
to correct their trajectory and reach an appropriate target if
a manipulation causes them to chose the wrong dorsal-
ventral path(11-13) In contrast, neurons more readily
correct when their cranial-caudal position is altered within
a column(®.8). Similarly, the medial-lateral column posi-
tions (which correspond to dorsal-ventral decisions) sel-
dom differ among species, whereas cranial-caudal posi-
tions can vary even between individuals of a species!®.
The dorsal-ventral pathfinding decisions also correlate
with differences in target origins. Medial and lateral motor
columns innervate axial and limb muscles respectively.
LMC and LMCy, innervate limb muscles derived from dif-
ferent embryological groups of pre-muscle tissue, the
dorsal and ventrali muscle masses. If the LIM genes do
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specify target identity, they do so in agreement with the
most major pathfinding decisions and the most global dif-
ferences in target organization.

Future directions

Tsuchida et al{) demonstrate that the differential
expression of LIM family genes by motoneurons predicts
their broad target specificity. At the very least then, these
expression patterns represent very early markers for differ-
ent motoneuron populations. Whether these genes actu-
ally determine target specificity is still an open question,
however, since this study is purely correlative. Experimen-
tal evidence, such as an analysis of LIM mutants, is clearly
desirable. These authors’ findings should also inspire a
search for genes that confer other aspects of target speci-
ficity. For instance, as-yet-unidentified genes may deter-
mine the target identities of individual pools. At a regional
level of organization, differential identities develop early(26),
but we have no idea what distinguishes thoracic groups
from the evolutionarily later limb groups. Since the LIM
family is believed to code for proteins that regulate tran-
scription, another obvious question is the identity of the
downstream genes. Implicit in the suggestion that LIM
genes determine target specificity is that they determine
the differential responses of motoneurons to guidance
cues, perhaps by regulating expression of cell surface
receptors or adhesion molecules. Such molecules must be
expressed before pathfinding commences, and could thus
mark target identity early. in short, the present results her-
ald a new era in the study of motoneuron identity.
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