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Longitudinal axons grow long 
distances along precise pathways to 

connect major CNS regions. However, 
during embryonic development, it 
remains largely undefined how the 
first longitudinal axons choose specific 
positions and grow along them. Here, 
we review recent evidence identifying 
a critical role for Slit/Robo signals to 
guide pioneer longitudinal axons in the 
embryonic brain stem. These studies 
indicate that Slit/Robo signals from 
the floor plate have dual functions: to 
repel longitudinal axons away from the 
ventral midline, and also to maintain 
straight longitudinal growth. These dual 
functions likely cooperate with other 
guidance cues to establish the major 
longitudinal tracts in the brain.

Longitudinal Axon Patterns 
Emerge Early  

in Brain Development

Regions of the CNS are connected by 
longitudinal tracts, which are bundles of 
nerve fibers that extend long distances 
along the rostral-caudal axis. Longitudinal 
tracts carry ascending sensory information 
from the spinal cord and brain stem up to 
higher brain centers, as well as descending 
impulses from brain to spinal cord, includ-
ing motor signals. The tracts constitute a 
large part of the CNS fibers, particularly 
in the brain stem which is the major transit 
point for ascending and descending fibers. 
Specific populations of axons associate 
with each other to form tracts at particular 
positions. This commentary will review 
our recent study,1 along with related work 
from other labs, that have begun to define 

the molecular mechanisms of longitudinal 
axon guidance.

Very early in the development of the 
embryonic brain, longitudinal tracts 
emerge from early born neurons project-
ing axons to pioneer a simple pattern of 
fiber bundles.2-4 These early tracts form 
a scaffold, which is built upon by later 
axons, such as commissural axons which 
first cross the midline and then turn to 
grow longitudinally. Similar patterns 
arise in diverse embryos from lamphrey 
to fish to mammals, as well as in inverte-
brates such as Drosophila, and so are an  
evolutionarily-conserved feature of bilat-
eral nervous systems. For a longitudinal 
tract to form in the proper position, the 
initial growth of longitudinal axons needs 
to be tightly regulated: the axons first need 
to orient longitudinally and then choose 
a specific dorsal-ventral (DV) position 
depending on their axon type. To form 
tracts, populations of axons need to main-
tain precise trajectories, form coherent 
tightly fasciculated tracts and efficiently 
reach their destination.

Strategies for longitudinal axon navi-
gation: growing parallel to the ventral 
midline. Longitudinal axons grow within 
neural tube tissue, but the identity of exter-
nal cues and how they influence longitudi-
nal trajectories remains unclear. Although 
intermediate target tissues provide instruc-
tive guide posts for many types of axons, 
longitudinal axons start at many different 
positions and share trajectories through 
many segments. Therefore, a continuous 
array of cues along the longitudinal axis 
of the neural tube seems a more likely 
guidance mechanism for longitudinal 
tracts. For example, longitudinal pioneers 
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and several major but relatively late form-
ing forebrain tracts are disrupted in Slit 
and Robo mutant mouse embryos.10-12 
Therefore, to identify whether this guid-
ance system functions through the length 
of the neural tube and whether these sig-
nals guide pioneer longitudinal trajecto-
ries, we considered whether the floor plate 
might provide cues.

The floor plate, a strip of tissue along 
the ventral midline, extends from the fore-
brain through the spinal cord. The floor 
plate is a likely source of global longitu-
dinal guidance because it directs com-
missural axon trajectories by providing 
key long-range cues. Commissural axons 
in the spinal cord first grow toward the 
floor plate, pulled by attractive Netrin and 
Sonic hedghog signals.13,14 Upon reaching 
the floor plate, commissural axons switch 
their responsiveness, thereby losing their 
attraction and instead becoming sensitive 
to repellent signals, primarily the family of 
secreted Slit proteins via the Robo recep-
tors.15 This switch in responsiveness expels 
commissural axons from the ventral mid-
line. Studies in Slit and Robo mutant mice 
and manipulations of Slit/Robo signals in 
chick embryos have provided evidence for 
an important Slit/Robo role for efficient 
midline crossing of spinal commissural 
axons.16,17 Furthermore, once contralateral 
projections are made, post-crossing com-
missural axons turn longitudinally and 
undertake trajectories at significant dis-
tances from the floor plate. These longi-
tudinal trajectories also appear to rely on 
Slit/Robo signaling to project to specific 
positions.16-18 These studies suggest that 
the floor plate produces a field of diverse 
cues that act at a distance to guide pre- 
and post-crossing segments of commis-
sural axons.

Pioneer longitudinal axons also project 
within this field of cues emanating from 
the floor plate. In fact, in the brain, the 
pioneer longitudinal axons project before 
or concurrently with commissural tra-
jectories.3,19 However, longitudinal tra-
jectories do not project towards or away 
from the floor plate, but instead migrate 
parallel to the neuraxis as they maintain 
constant positions relative to the ventral 
midline (Fig. 1). This suggests that longi-
tudinal trajectories cannot result from net 
attraction or repulsion from the midline 

ascending axons in vitro.6 Other sources 
of cues may play region-specific roles, such 
as in the forebrain where local adhesion7 
and diffusible signals8 influence longitu-
dinal populations. Diffusible Slit repellent 
signals from the ventral midline have been 
implicated in guiding forebrain pioneers,9 

project accurately from forebrain to hind-
brain tissue, even when intermediate  
midbrain tissue is deleted.5 In contrast, 
anterior-posterior cues may provide gen-
eral directional information. For example, 
the midbrain-hindbrain boundary secretes 
diffusible cues that can inhibit hindbrain 

Figure 1. Pioneer longitudinal axons and their guidance by Slit/robo signals. top: Schematic of 
longitudinal pioneer tracts in the mouse embryonic midbrain and hindbrain (r1-4, rhombomeres). 
Adapted from 1. neurons (filled circles) give rise to populations of longitudinal axons, which 
descend through the hindbrain to form longitudinal fascicles (medial, intermediate, lateral: MLF, 
iLF, LLF). robo receptor expression has been shown in each population, as indicated. However, 
it is likely that both robo1 and 2 are expressed in all or most longitudinal axons because double 
mutants for both receptors cause strong and widespread guidance errors. Upper left: the axes of 
the brain regions are indicated; A, anterior; P, posterior; D, dorsal; V, ventral. Middle: As an example 
of strongly disrupting Slit/robo signaling, robo1-/-; robo2-/- double mutants show extensive 
errors in all pioneer longitudinal tracts. Adapted from 1. For example, many MLF axons enter and 
project within the floor plate, while other MLF axons wander dorsally away from the floor plate. 
Bottom: Slit signals from the floor plate have dual roles in guiding pioneer longitudinal axons. Slit 
signals prevent entry into the floor plate, possibly by repulsive signals (depicted by the black t). 
Slits also signal to direct growth along straight pathways, acting on several axon populations at 
considerable distances. the shaded arrows depict the presumed Slit protein gradients from the 
floor plate and this long range activity directs longitudinal projections straight and parallel to the 
floor plate.



www.landesbioscience.com Cell Adhesion & Migration 339

Robo2. Robo1 mutants showed a subtle 
defect in MLF projections, but other-
wise had normal longitudinal tracts, and 
Robo2 mutants did not appear to affect 
any of the tracts. In comparison to the 
strong Robo1/2 double mutants, the mild 
single mutant phenotypes suggested that 
Robo1 and 2 are largely genetically redun-
dant. Furthermore, in contrast to the 
Drosophila nerve cord, the single mutant 
phenotypes do not support a “Robo code” 
mechanism for positioning longitudi-
nal tracts in the mammalian brain stem. 
While our results show an important long-
range role for Slit/Robo signaling in set-
ting longitudinal trajectories by keeping 
the axons ipsilateral, further experiments 
will be needed to test if Slit signals can act 
directly and in a graded manner, as would 
be predicted by a repulsive gradient.

Interestingly, the function of Slits in 
longitudinal axons does not appear to be 
limited to midline repulsion. Loss of Slit/
Robo signaling also disrupted straight 
growth in all of the longitudinal tracts 
(Fig. 1). Many pioneer longitudinal tra-
jectories made a distinct class of naviga-
tion errors, including wandering instead 
of growing straight longitudinally and,  
in some cases, diverging dorsally away 
from the floor plate. These observations 
indicate an unexpected role of Slit/Robo 
signaling in promoting straight growth 
of longitudinal axons. This function is 
particularly evident for axons projecting 
at dorsal or intermediate positions, which 
showed an increased variance in their 
direction of growth. Clearly this is not 
consistent with a simple repellent mecha-
nism of Slit. Instead, these phenotypes 
provide evidence that even at significant 
distances from the floor plate, Slit signals 
are required for straight longitudinal tra-
jectories. Together with long range effects 
previously observed for post-crossing 
commissural axons,17 it is clear that Slit 
signals act not merely as local inhibitors, 
but also provide long range positioning. 
The mechanism responsible for promot-
ing straight growth remains unclear, but 
Slit/Robo signaling clearly is essential for 
efficient longitudinal projections.

How widespread is Slit/Robo guid-
ance for longitudinal axons, and are other 
cue systems involved? The important role 
of Slit/Robo guidance for longitudinal 

was provided by studies showing that Slit/
Robo signaling in Drosophila has promi-
nent midline signaling roles in longitudi-
nal tract formation. One key observation 
from flies was that loss of midline Slit 
caused the entry of all longitudinal axons 
into the midline, implying that a role of 
Slit signaling is to keep longitudinal axons 
out of the midline.20,21 Tests of the fly 
Robo family of receptors further showed 
that longitudinal axons used Slit not  
simply to avoid entering the midline, but 
to choose tract positions at specific dis-
tances parallel to the midline by express-
ing certain combinations (or possibly 
levels) of the three Robo receptors, repre-
senting a “Robo code” that specified lon-
gitudinal tract positions.22,23 The extent 
to which vertebrate longitudinal axons 
use an analogous Slit/Robo positioning 
mechanism remained unclear. As men-
tioned above, spinal cord commissural 
axons require Slit/Robo signals to attain 
specific tract positions away from the floor 
plate.16,17

To extend this analysis, we studied 
mouse mutants for Slit1 and 2, and also 
for the two main Robo receptors, 1 and 
2.1 Loss of both Slit1 and 2, or both Robo1 
and 2, caused profound disruptions of all 
longitudinal tracts in midbrain and hind-
brain (Fig. 1). The most strongly affected 
trajectories were the pioneers of the medial 
longitudinal fascicle (MLF), which nor-
mally projected adjacent to and parallel to 
the floor plate. Most MLF axons reacted 
to Slit or Robo loss by entering and cross-
ing the floor plate. The main implication 
was that Slit/Robo signaling influences 
longitudinal trajectories by preventing 
midline entry, analogous to Slit-mediated 
repulsion in Drosophila. Thus, Slit signals 
from the floor plate have an important 
role in setting longitudinal trajectories by 
keeping pioneer axons out of the ventral 
midline.

Robo1/2 double mutants had the 
strongest phenotypes with widespread 
effects on all longitudinal pioneer tracts 
in the hindbrain (Fig. 1). This indicates 
that Robo1 and 2 play a major role in Slit 
reception. To test whether Robo1 and 2 
had distinct roles in specifying the posi-
tion of tracts, such as by a Robo code, we 
also examined mouse embryos that were 
homozygous mutant for either Robo1 or 

and raises the question of whether the 
floor plate plays a role in their guidance. 
To begin to define basic longitudinal 
guidance mechanisms, we have recently 
undertaken a series of genetic and cellular 
studies to test the roles of floor plate and 
more specifically, Slit/Robo signaling.1

The floor plate is important for lon-
gitudinal axon trajectories. To determine 
whether longitudinal axons navigate using 
signals from the floor plate, we used gene 
inactivation and overexpression strategies 
in vivo to either remove or to create extra 
floor plate tissue.1 To reduce or remove 
floor plate tissue, we analyzed mouse 
embryos mutant for the transcription fac-
tor Gli2, which have a lack or reduction 
in differentiated floor plate cells in the 
midbrain and hindbrain. Gli2 mutants 
had profoundly disrupted longitudinal 
tracts, with axons projecting across the 
ventral midline, failing to maintain DV 
positions and, in some cases, switching 
to project anteriorly instead of posteriorly. 
An opposite strategy consisting of induc-
ing ectopic floor plate tissue in the lateral 
neural tube by electroporation-mediated 
misexpression of Sonic Hedgehog was 
also used and resulted in ectopic floor-
plate-like tissue that had a potent effect in 
diverting longitudinal trajectories. These 
observations point to floor plate signals as 
being important for longitudinal trajecto-
ries. The diverse behaviors of longitudinal 
axons suggest multiple guidance activities, 
potentially presenting positive and nega-
tive signals to influence DV positioning, 
as well as directional cues to set AP polar-
ity of projections. A further implication is 
that these signals can act over long range, 
reaching from the ventral midline far up 
into dorsal tissue (alar plate) to influence 
the dorsal-most longitudinal axons.

Slit/Robo Signals are Critical 
Guides for Longitudinal Axons

With the floor plate having potent effects, 
the next step was to identify specific 
molecular signals for pioneer longitudi-
nal axons. A starting point was the Slit  
family of repellents and their Robo recep-
tors, chosen because Slits are expressed in 
the floor plate and have been implicated in 
guiding several axon populations, as previ-
ously mentioned. An additional rationale 
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guidance in mouse,25,26 as well as in C. 
elegans.27 For example, a longitudinal gra-
dient of Wnt signals acts through Frizzled 
receptors on the post-crossing segments of 
spinal cord commissural axons to set their 
anterior direction of growth.26 Much later 
in development, Wnt signals direct the 
descending projections of corticospinal 
axons through the spinal cord, in this case 
through Ryk receptors.25 Shh also provides 
an anterior-posterior gradient in the spinal 
cord to direct post-crossing commissural 
trajectories.28 These Wnt and Shh guid-
ance systems share features, including 
cues expressed in anterior-posterior gradi-
ents over long distances, as well as axonal 
receptors that direct growth either up or 
down the gradients. Interestingly, both 
Wnt and Shh expression are prominent 
in brain floor plate during longitudinal 
pioneer outgrowth. Overall, longitudinal 
axons may have mechanisms to simulta-
neously interpret separate cue systems 
for anterior-posterior directionality, floor 
plate-derived attractants and repellents for 
DV positioning, as well Slit/Robo signals 
promoting straight growth.

In conclusion, Slit/Robo signals have 
emerged as important guides for pioneer 
longitudinal axons. These signals have 
strong and widespread roles across mul-
tiple early longitudinal axon populations, 
and likely continue to guide later axon 
types, as well. These roles include repul-
sion from the ventral midline, as predicted 
from Slit/Robo effects on many other 
types of migrating axons and cells. Our 
results also identify novel functions in pro-
moting straight growth along longitudinal 
pathways. Future studies to discover how 
longitudinal growth cones integrate Slit/
Robo signals with other cues may prove to 
be a long journey, but one that is critical to 
understanding brain development.
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pioneers suggests new directions for axon 
guidance. A first question is whether Slit/
Robo guidance is generally important 
for all longitudinal axons. During fetal 
forebrain development, several major 
tracts are missing or dispersed in Slit and 
Robo mutant mice.10-12 However, because 
these tracts are relatively late forming, it 
remains unclear whether the Slit/Robo 
mutant phenotypes may be indirect conse-
quences of errors made by earlier pioneers. 
Additional evidence of Slit/Robo longi-
tudinal guidance is emerging from other 
systems, particularly zebrafish, including 
a population of forebrain pioneers,9 as well 
as a group of tyrosine hydroxylase-express-
ing descending axons.24 Based on these 
and other studies in progress, as well as 
the studies on post-crossing commissural 
trajectories, an emerging model is that 
Slit/Robo signals are broadly important in 
many regions of the CNS for setting lon-
gitudinal trajectories.

For a wider view of longitudinal guid-
ance mechanisms, it will be important 
to identify other guidance signals. First, 
are Slit/Robo signals the only floor plate-
derived repellents for longitudinal axons? 
They do appear to be predominant for 
the MLF because in Robo1/2 double 
mutants most of these axons find the floor 
plate an attractive tissue for entry and 
growth.1 This implies that in the absence 
of Slit/Robo signaling, the floor plate has 
a net attractive activity for MLF axons. 
Floor plate-derived attractants, such as 
Netrin1, likely also influence trajectories, 
as recently shown for longitudinal axons 
in zebrafish.24 An intriguing idea is that a 
balance between attractant and repellent 
midline signals might orient axons and 
set their specific longitudinal trajectories. 
On another level, even when longitudi-
nal axons make strong errors in Slit/Robo 
mutants, they still grow in the anterior-
posterior direction. This implies an inde-
pendent anterior-posterior directional 
guidance system. Wnt and Shh signals are 
likely candidates. Wnts serve as impor-
tant directional cues for anterior-posterior 
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