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Abstract 

 

The dorsal funiculus in the spinal cord relays somatosensory information to the brain.  It is made 

of T-shaped bifurcation of dorsal root ganglion (DRG) sensory axons.  Our previous study has 

shown that Slit signaling is required for proper guidance during bifurcation, but loss of Slit does 

not affect all DRG axons.  Here, we examined the role of the extracellular molecule Netrin-1 

(Ntn1).  Using wholemount staining with tissue clearing, we showed that mice lacking Ntn1 have 

axons escaping from the dorsal funiculus at the time of bifurcation.  Genetic labeling confirmed 

that these misprojecting axons come from DRG neurons.  Single axon analysis showed that loss 

of Ntn1 does not affect bifurcation but rather alters turning angles.  To distinguish their guidance 

functions, we examined mice with triple deletion of Ntn1, Slit1, and Slit2 and found a 

completely disorganized dorsal funiculus.  Comparing mice with different genotypes using 

immunolabeling and single axon tracing revealed additive guidance errors, demonstrating the 

independent roles of Ntn1 and Slit.  Moreover, the same defects were observed in embryos 

lacking their cognate receptors. These in vivo studies thus demonstrate the presence of multi-

factorial guidance mechanisms that ensure proper formation of a common branched axonal 

structure during spinal cord development. 
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Introduction 

 

With only one axon extending out from the soma, a neuron uses axonal branches to 

connect with multiple synaptic targets in complex neural circuits. Often axonal branches develop 

stereotypic patterns that support proper circuit connection and function.  This involves not only 

the generation of new branches at the right location but also the guidance of newly formed 

branches toward their targets [1, 2].  While extensive knowledge has been gained on the 

molecular mechanisms of axon guidance and axon branching in the past [3, 4], less attention has 

been paid to how branches are guided in association with branch formation when precise circuits 

are assembled. 

The central projections of the dorsal root ganglia (DRG) sensory neurons in the spinal 

cord provide an excellent model to investigate such guidance mechanisms during branch 

morphogenesis.  These projections relay somatosensory information (e.g., pain and touch) 

collected by their peripheral projection in the skin and muscle to the brain [5-8].  Upon reaching 

the dorsal spinal cord, they normally bifurcate in a location called the dorsal root entry zone 

(DREZ) [7, 9].  The bifurcated branches appear to extend in opposite directions along the 

rostrocaudal axis, generating T-shaped junctions, as part of the dorsal funiculus in the DREZ 

(Fig. 1E) [1, 8].  The dorsal funiculus is a critical axonal track in the spinal cord that allows 

information to flow between the periphery nervous system (PNS) and the central nervous system 

(CNS).  Damage to or malformation of this evolutionarily conserved axonal structure in the 

DREZ can lead to paralysis, as commonly seen after spinal cord injury or in genetic disorders 

such as Frederick ataxia [10-12].  Thus, understanding the development of DRG axon bifurcation 

could provide useful insights into the mechanisms that ensure the fidelity of forming branched 

circuits. 

Studies in the past have begun to tease out the molecular and cellular mechanisms that 

generate this stereotypic branch.  In mice, after reaching the dorsal spinal cord at embryonic day 

(E) 10.5 [7, 9], the DRG central projection first generates a new branch in response to the C-type 

natriuretic peptide (CNP) present in the dorsal spinal cord, and this step requires the CNP 

receptor Npr2 as well as cGMP signaling [13-16].  The resulting two daughter branches are then 

guided to grow only in the DREZ along the rostrocaudal axis [9], leading to the formation of the 

T-shaped branch junction.  This step is partly controlled by the Slit family of guidance 
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molecules, Slit1 and Slit2, which are expressed next to the DREZ inside the spinal cord, as well 

as their Robo receptors, which are expressed by DRG neurons [17].  In mouse mutants lacking 

Slit1 and Slit2 or their receptors Robo1 and Robo2, one of the daughter branches misprojects 

into the spinal cord.  However, the defect only affects ~50% DRG axons and does not eliminate 

the dorsal funiculus, suggesting the presence of other molecular mechanisms that guide 

bifurcating DRG afferents. 

In search of additional molecular mechanisms, we re-evaluated the role of Netrin-1 

(Ntn1), an extracellular molecule expressed in the spinal cord [18] (S1A-B Fig).  Early studies of 

Ntn1 deletion based on a gene-trap allele (Ntn1β/β) as well as targeted deletion alleles have 

identified aberrant entry of sensory axons into the dorsal spinal cord at E11.5 and E12.5 [19-25].  

Because of its expression immediately adjacent to the DREZ at E11.5 [18], it has been suggested 

that Ntn1 prevents premature ingrowth of sensory afferents into the spinal cord via repulsion, an 

activity that was demonstrated in vitro [19, 26].  However, it is not clear whether Ntn1 is also 

required for proper DRG axon bifurcation, and if so, whether Ntn1 is needed for forming the 

second branch or guiding bifurcated axons.   

Using whole mount immunostaining coupled with tissue clearing [27-30], we examined 

Ntn1β/β mutants and found an ingrowth defect at the time of bifurcation, which differs in time and 

location from what has been previously reported [19, 26]. Genetic and dye labeling confirmed 

that the misprojections are from DRG axons and single cell analysis demonstrated that the defect 

results from misguidance of otherwise normally bifurcated axons.  The misprojections have 

different trajectories from those found in Slit1;Slit2 mutants [17], and triple deletion of both 

pathways led to a rare and more severe phenotype with a near loss of the dorsal funiculus.  

Finally, a similar phenotype was also seen in mice lacking Netrin and Slit receptors.  Taken 

together, these results demonstrate a new role for Ntn1, and more importantly, the presence of 

multiple guidance mechanisms that confine the bifurcating axons within the DREZ and ensure 

the precise construction of the dorsal funiculus. 
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Results 

 

Loss of Ntn1 causes axons to escape from the dorsal funiculus during bifurcation  

To determine the role of Ntn1 in early DRG axon development, we first confirmed the 

expression of Ntn1 in the spinal cord at E10.5, when DRG axons start to bifurcate and form the 

dorsal funiculus [9, 17]. Consistent with previous published expression data [31], Ntn1 

transcripts are found mainly confined to the inside of the spinal cord, including the floor plate, 

the ventricular zone, and the lateral domain in the dorsal horn below the dorsal funiculus along 

the pial layer from E10.5 to E11.5 (Fig. S1A-B, arrows). This RNA expression profile is in line 

with the localization of Ntn1 proteins made by ventricular zone neural progenitor cells and 

deposited along the pial layer adjacent to the DREZ [24, 32]. 

To examine the DRG axonal tracts as they are entering the spinal cord at the DREZ, we 

performed wholemount neurofilament (NF) antibody staining combined with the CUBIC tissue 

clearing method [27, 28]. Individual DRGs and their central projections in the dorsal funiculus 

can be seen from the lateral side of the embryos by confocal microscopy. As shown in wild type 

(WT) embryos, the central DRG axons first extend dorsally, enter the spinal cord, bundle and 

form the dorsal funiculus that runs along the rostrocaudal axis (Fig. 1A,C). Due to the 

developmental delay along the rostrocaudal axis, the dorsal funiculus shown as a longitudinal 

track is thicker near the forelimb (Fig. 1A) than near the hindlimb (Fig. 1C), where it has just 

begun to form from bifurcated axons.  These labeled axons stay within the tract forming tightly 

bundled fascicles, with few labeled axons extending dorsally from the dorsal funiculus (Fig. 1A). 

This clear projection pattern can be also seen by traditional NF staining using horseradish 

peroxidase (HRP)-based immunostaining and BA/BB-based tissue clearing (Fig. S1). When 

viewed on a stereoscope, the labeled DRG axons appear to stay within the tract, leaving a clear 

space between left and right dorsal funiculi (Fig. S1C,D,G,H).  

Similar to those of WT embryos, DRG projections in Ntn1β/β mutants also form the dorsal 

funiculus, which can be seen as a NF-labeled longitudinal tract in the forelimb region (Fig. 1B). 

However, while some axons remain in the tract, a subpopulation of NF-labeled fibers (Fig. 1B 

arrows) were found to escape the tract, filling the space above the dorsal funiculus. These 

misprojecting fiber can be seen in traditional neurofilament staining (Fig. S1E,F,I,J). They 
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appear in the hindlimb region where the dorsal funiculus starts to emerge (Fig. 1D), suggesting 

that the defect happens at the time of bifurcation. 

To quantify the misprojections, we used line scans to determine the number of 

misprojecting fibers straying away from the dorsal funiculus of a single DRG in the fluorescent 

wholemount images viewed from the lateral side of the embryo.  Lines were placed in three 

positions - proximal, medial, and distal - that are 75µm apart between the DREZ and the roof 

plate (Fig. 1B). In WT embryos, almost no fibers were found at any of the three positions, 

indicating that axons remain inside the dorsal funiculus. In Ntn1β/β mutants, an average of 22 

fibers per DRG were found in the line proximal to the DREZ, 17 fibers/DRG were found in the 

medial line, and 14 fibers/DRG were found in the distal line that is closest to the midline (Fig. 

1F). The presence of NF-fibers in the dorsal midline of the Ntn1mutants suggests that 

misprojections climb up in the dorsal spinal cord. 

To better understand the location of misprojections, we examined transverse sections of 

E10.5 (Fig. 1G,H K,L) and E11.5 (Fig. 1I,J M,N) embryos stained for NF. In the dorsal spinal 

cord of WT embryos, NF labels axons that extend from the DRG into the DREZ (Fig. 1G,H, I,J). 

The DREZ is smaller at E10.5 than E11.5 (Fig. 1G,H vs I,J), but at both ages, the intense NF 

staining that represents the cross-sections of the dorsal funiculus remains inside the DREZ.  

However, in Ntn1β/β mutants, NF-labeled fibers extended out from the DREZ at both ages.  More 

misprojections were found at E11.5, but they all grow along the pia surface (Fig. 1K,L,M,N), 

consistent with the dorsally extending trajectories seen in the whole mount staining above. Thus, 

loss of Ntn1 caused NF-labeled axons to escape from the DREZ. 

 

Ntn1 affects DRG branch guidance at the time of bifurcation 

Since NF can label axons from different neuronal populations including DRG sensory 

neurons, commissural neurons, and other spinal cord interneurons [21, 22, 33], we wanted to 

confirm that the observed misprojections at E10.5 are indeed axons of the DRG sensory neurons. 

We thus introduced a neural specific CreERT2 recombinase driver (Neurog1:CreERT2) and an 

Ai14 Cre reporter to our Ntn1 mice to label all DRG neurons [34]. After Tamoxifen treatment to 

activate the Cre recombinase, we used RFP antibody to label the fluorescent protein tdTomato, 

which is expressed from the Ai14 allele, and examined DRG neurons and their axons in iDISCO-

cleared and antibody-stained wholemount embryos. 
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In WT control embryos, tdTomato labeling is seen in the DRG cell bodies (Fig. 2A, 

asterisks), the central axons projecting toward the dorsal spinal cord and the dorsal funiculus 

(Fig. 2A, yellow dotted box), which are also labeled by NF staining (Fig. 2A’). In Ntn1β/β mutant 

embryos, tdTomato labeling is seen in DRG central projections as well as misprojections that 

escape from the DREZ and reach the dorsal spinal cord (Fig. 2B). NF staining similar to Fig. 1 

shows the misprojecting fibers (Fig. 2B’) invading the dorsal space.  While not all NF 

misprojections are tdTomato positive, all tdTomato labeled misprojections are NF-positive (Fig. 

2B”). This can be demonstrated by closer examination of the region above the DREZ (Fig. 2C) 

where most misprojecting fibers are stained for both tdTomato and NF (Fig. 2C”, yellow arrows) 

but only a few are stained for just NF alone (Fig. 2C’,C”, white arrow).  Importantly, these 

tdTomato-labeled misprojections came directly from the DREZ (Fig. 2C).  D2 dorsal 

interneurons inside the spinal cord are known to express Neurog1  [34, 35].  Although they are 

labeled by tdTomato staining, D2 interneurons are not labeled by NF (see Fig. 2A and 2A”) and 

thus do not contribute to the NF-labeled misprojections. On the other hand, since 

Neurog1:CreERT2 may not be active in all DRG neurons, tdTomato-labeled misprojections likely 

underrepresent the DRG axon misprojections.  Thus, these data support that some if not all NF-

labeled misprojections seen above are from the DRG sensory neurons. 

To further confirm the DRG origin of misprojecting fibers found in Ntn1 mutants and 

examine the nature of the defect, we next investigated the misprojections at the single axon level. 

We utilized the leaky recombinase activity of CreERT2 in the absence of tamoxifen, which leads 

to tdTomato expression, seemingly at random in a small population of DRG neurons and thus 

sparsely labels their axons.  In iDISCO cleared E10.5 WT embryos, tdTomato labeled axons 

revealed that DRG axons in the DREZ displayed two types of morphologies of the DRG axon 

terminals in the DREZ: 1) bifurcated axons (Fig. 2D), which have already reached the DREZ and 

bifurcated to extend the two branches in the dorsal funiculus that can be visualized by NF co-

staining (Fig. 2F); 2) non-bifurcated axons (Fig. 2E), which have not yet bifurcated but reached 

the spinal cord and turned into the DREZ. Both bifurcated and non-bifurcated axons (n=12 vs 

14) stay within the DREZ (Fig. 2I) in the WT spinal cord.  Similar bifurcated (n=17) and non-

bifurcated (n=13) axons are found in Ntn1β/β mutants (Fig. 2I).  However, although some 

bifurcated axons exhibit branches that correctly turn at the DREZ and follow the dorsal funiculus 

(Fig. 2G, left branch), others often project dorsally out of the DREZ, indicating guidance errors 
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(Fig. 2G, right branch). Non-bifurcated axons often enter the DREZ and project away from the 

dorsal funiculus (Fig. 2H). For comparison, nearly all axonal terminals stayed within the DREZ 

of WT embryos (Fig. 2I), whereas ~55% bifurcated and ~70% non-bifurcated axons in the 

Ntn1β/β mutants misprojected outside of the defined dorsal funiculus (Fig. 2I).  These results 

demonstrate that loss of Ntn1 alters the guidance of DRG axons at the DREZ during bifurcation. 

 

Ntn1 and Slit regulate different aspects of sensory axon guidance during bifurcation  

Our previous studies showed that impaired Slit signaling led to misguidance of one of the 

bifurcated DRG branches, which enter the dorsal spinal cord in the absence of Slit/Robo 

signaling  [17].  Since the misprojections in the Ntn1 mutants appear on the dorsal pial surface 

and stay outside the spinal cord, we hypothesize that Ntn1 and Slits have different guidance 

functions that are both required for the formation of the dorsal funiculus.  To test this hypothesis, 

we generated triple mutants (Slit1-/-;Slit2-/-;Ntn1β/β) and examined sensory axons in whole mount 

embryos using NF staining and tissue clearing as described in Fig. 1. Triple mutants were 

generated in the Slit1 null background (Slit1-/-;Slit2+/+;Ntn1+/+), which has nearly normal DRG 

axon projections (Fig. 3A), similar to those in the WT embryos described above (Fig. 1A,C). 

Once reaching the DREZ, axons form compact bundles that run along the rostrocaudal axis. A 

few short stray axons, due to the loss of Slit1, enter the normally clear space between the dorsal 

funiculi of the two sides of the embryo (Fig. 3A).  In contrast, NF labeled axons are completely 

disorganized around the DREZ (dotted-line region) in triple mutants (Slit1-/-;Slit2-/-;Ntn1β/β) (Fig. 

3B). DRG axons still grow dorsally extending from the cell body, but rarely turn into the 

longitudinal track of the DREZ. Most of them continue to grow straight (Fig. 3B, arrows) or veer 

off slightly after passing the presumptive dorsal funiculus. Examination using traditional DAB 

staining described earlier also confirms this complete ablation of the funiculus tract in triple 

mutants (Fig. S2A-D) when viewed in either the forelimb or the hindlimb region. This analysis 

of triple mutants demonstrates that both Slits and Ntn1 are needed for the formation and integrity 

of the dorsal funiculus and supports the notion that they have different guidance roles during 

DRG axon bifurcation. 

To gain further insights and distinguish the role of Slits and Ntn1, we next compared the 

trajectory and location of NF-labeled misprojections in embryos lacking Slit1 only, both Slit1 

and Slit2, both Slit1 and Ntn1, or all three genes by visualizing them from different angles. First, 
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when viewed from the lateral side of the wholemount embryos as above (Fig. 3C), Slit1 single 

mutants (Slit1-/-;Slit2+/+;Ntn1+/+) (Fig. 3D) have a compact DREZ with few DRG axons 

projecting away. In double mutants lacking both Slit1 and Slit2 (Slit1-/-;Slit2-/-;Ntn1+/+), an 

increased number of DRG axons leave the DREZ (Fig. 3E, arrows) and appear in the proximal 

region of the dorsal spinal cord (Fig. 3E), similar to those reported previously [17]. The number 

of misprojections tapers off more distally from the DREZ (Fig. 3E). This can be demonstrated by 

viewing the misprojections from the dorsal side of the spinal cord (Fig. 3K), as those 

misprojections maintain a relatively straight trajectory perpendicular to the DREZ.  They also 

reach the midline but stop there without crossing to the contralateral side of the spinal cord.  

Such a trajectory is consistent with their invasion into the spinal cord, which can be shown on the 

transverse-section of the spinal cord.  There, NF-labeled fibers appear to enter the spinal cord 

from the DREZ with horizontal trajectories inside the dorsal proper (Fig. 3Q, arrows). These 

misprojections reach the midline with an average length of 137.8 μm and a summed length of ~.8 

mm, indicating a high number of misprojections (Fig. 3T).  For comparison, few misprojections 

are found in the Slit1-/- animal on transverse sections, with a summed length of only 0.02 mm 

(Fig. 3T).   

As in Ntn1 mutants, Slit1-/-;Slit2+/+;Ntn1β/β embryos have a large number of dorsal 

misprojections that spread out in random directions from the DREZ along the dorsal spinal cord 

when viewed from the side (Fig. 3F, arrowheads). They appear to extend away from the DREZ 

and reach more distal edge of the spinal cord (Fig. 3F, H), different from that in the Slit1-/-;Slit2-

/-;Ntn1+/+ mutants. This can be corroborated by the dorsal view, which demonstrates that 

misprojections are wavy and long, sometimes passing the midline and reaching to the 

contralateral side of the spinal cord (Fig. 3L). Such pattern is the result of misprojections 

emerging from the DREZ and growing upward along the pial layer as shown on the transverse 

section (Fig. 3R).  As a consequence, the distance from the midline to the DREZ is reduced to ~6 

μm from ~69 μm of the Slit1-/- control animal (Fig. 3T).  Although there are similar total 

numbers of misprojections as those in the Slit1-/-;Slit2-/-;Ntn1+/+ animals (Fig. 3T), most of them 

stay outside the dorsal proper of the spinal cord (Fig. 3R), indicating the different requirements 

of Ntn1 and Slits in the guidance of bifurcating DRG axons. 

The independent roles are further demonstrated in the triple mutant (Slit1-/-;Slit2-

/-;Ntn1β/β).  In addition to the nearly complete loss of the dorsal funiculus, misprojecting fibers 
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grow in both straight or in randomized directions, which increases their reach to the distal region 

(Fig. 3C,G, arrows).  As a result, the phenotype of the triple mutant is more severe than that in 

Ntn1β/β mutants (Fig. 1, Fig. 3F) or Slit1;Slit2 double mutants (Fig. 3E), which is demonstrated 

by an increase in these dorsally oriented fibers extending at all three proximal-medial-distal 

locations between the DREZ and the roof plate (Fig. 3H).  From the dorsal view, both straight 

and randomly oriented misprojections co-exist (Fig. 3M), and from the cross section, 

misprojections are found both inside the dorsal spinal cord and along the pial surface, 

demonstrating additive guidance errors when both signaling pathways are impaired (Fig. 3H, N, 

T).  In addition, due to few axons turning into the DREZ, the distinct linear line in the DREZ 

appears uneven and often broken in the dorsal view (Fig. 3M) and the DREZ became elongated 

in the transverse section (Fig. 3S). 

Taken together, these analyses from different views of the DREZ reveal distinct 

phenotypes in mice lacking Ntn1 and Slit1/2, thus supporting the different guidance roles of 

these pathways during dorsal funiculus development. 

 

Single axon analysis by DiI indicates neither Ntn1 nor Slit is required for branch 

formation. 

To determine whether Ntn1 is required for bifurcation, the process of forming the second 

branch of DRG sensory axons, we used DiI iontophoresis to label and examine single DRG 

axons at E12.5, the age when the majority of axons normally have already generated two 

branches [9, 17].  Spinal cords were removed and imaged from an open book preparation (Fig. 

4A).  Individuals axons were analyzed from maximum projections that were color coded for 

depth (Fig. 4B,C)  Indeed, in WT embryos, labeled axons properly turn at the DREZ and  26 out 

of  27 axons have T- or Y-shaped junctions at the DREZ (Fig. 4B,D).  In Ntn1β/β mutants, 32 out 

of 34 axons analyzed also have two branches (Fig. 4F), indicating that branch formation itself is 

not affected in the absence of Ntn1.  Similarly, 28 out of 29 axons have bifurcated in the Slit1-

/-;Slit2-/- mutant embryos (Fig. 4E), while 20 out of 21 labeled axons in the triple Slit1-/-;Slit2-/-; 

Ntn1β/β mutants have two branches (Fig. 4C,G).  Since bifurcation remains nearly intact at this 

age for all these mutants, we conclude neither Ntn1 nor Slit is required for the formation of two 

branches. 
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Single axon analysis supports that Ntn1 and Slit are involved in different aspects of 

guidance at the DREZ. 

The DiI analysis also allowed us to analyze additional features of bifurcating DRG 

sensory axons.  We examined the single axon trajectories by measuring and comparing two 

angles between the two branches and the primary axons (Fig. 4D).  In WT animals, the angle of 

bifurcation is on average 115.4º (Fig. 4H), consistent with a more curved trajectory of bifurcation 

at this age.  The average deviation is 10.2º (Fig. 4I) and the difference between two angles from 

the same axons is 11.8 º (Fig. 4J), indicating similar projection patterns for the two bifurcated 

branches.  In Slit1-/-;Slit2-/- mutant embryos (Fig. 4E), some branches turn normally at the DREZ, 

while others often fail to properly turn but instead overshoot into the spinal cord, as portrayed by 

a relatively straight trace.  When analyzed together, the average angle is 118.9º, only marginally 

larger than WT (Fig. 4H), but the angle deviation is increased to 19.5º and the angle difference to 

31.6 º (Fig. 4I, J), reflecting misguidance of one of the two branches (Fig. 4I), consistent with the 

previous finding [17].  A similar angle difference was found in Ntn1β/β mutant embryos (Fig. 4F).  

The average angle of bifurcation is ~108.0º (Fig. 4H) with a deviation of 17.5º (Fig. 4I) and a 

difference of 31.8º.  However, analysis of Slit1-/-;Slit2-/-; Ntn1β/β triple mutants (Fig. 4G) reveals 

an enhanced defect with highly deviated trajectories.  Although the average angle is similar to 

that of WT, 110.7º (Fig. 4H), nearly all branches are deviated from the average angle by a 

margin of 37.8º, significantly different from those seen in either Slit or Ntn1 mutants (Fig. 4I).  

Some axons in the triple mutants even overshoot the DREZ with 180º angles, turn with a drastic 

kink, or have an altered axis of turning in the DREZ (Fig. 4G).  Moreover, the angle difference is 

increased dramatically in the triple mutants, reaching 74.6º (Fig. 4J).  Taken together, these 

results demonstrate the additive roles of Ntn1 and Slit, suggesting that the guidance of the two 

branches has different requirements of Ntn1 and Slit.  

 

Role of DCC and Robo receptors in DRG axon guidance during dorsal funiculus formation   

To further demonstrate the requirement of the two extracellular signals in guiding DRG 

sensory axons during bifurcation, we examined mice lacking the Ntn1 receptor DCC, which was 

previously shown to have a late-ingrowth defect [36].  DCC is expressed at low levels in the 

DRG by in situ analysis [37](Fig. S3), and recent analysis by single cell RNAseq suggests DCC 

is expressed in a subset of sensory neurons [37].  Using whole mount analysis of E10.5 DCC 
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mutants, we found similar misprojections as those in the Ntn1 mutants (Fig. 5A,B, arrows).  

Since the deletion of the Slit receptor Robo1 and Robo2 results in the same overshooting error as 

the loss of Slit1 and Slit2 [17], we next generated a triple mutant lacking all three receptors 

(Robo1Robo2--/--;DCC-/-).  Fluorescent labeling of sensory axons in E10.5 whole mount embryos 

reveals extensive dorsal misprojections that fail to form axonal bundles of the dorsal funiculus in 

the triple mutant when compared with the littermate control (Fig. 5C,D). 

To characterize the misprojections quantitatively, we examined E11.5 spinal cord 

transverse-sections and found the same two types of NF-labeled misprojections seen in mutants 

lacking Slits and Ntn1 above (Fig. 3).  In Robo1Robo2--/-- mutant embryos (Fig. 5G), similar to 

that in Slit1-/-;Slit2-/- cross sections (Fig. 3), the DREZ still forms but some fibers invade the 

spinal cord with straight trajectories that shoot horizontally in the dorsal spinal cord (Fig. 5I).  In 

DCC-/- only mutants, the DREZ still forms and the NF-labeled fibers misproject upward along 

the pial layer (Fig. 5F), leading to a reduced distance between the midline and the DREZ (Fig. 

5I), similar to the Ntn1 phenotype (Fig. 1L,M).  In Robo1Robo2--/--;DCC-/- triple mutants, two 

types of misprojecting fibers are found, similar to those in Slit1-/-;Slit2-/-;Ntn1β/β embryos (Fig. 3).  

Both misprojections originate from the DREZ, but some stay dorsally on top of the pial surface 

(Fig. 5F,H) while others enter the spinal cord horizontally (Fig. 5G,H, arrows).  When 

quantified, mice lacking either Robo1Robo2 or DCC have similar total lengths of horizontal 

misprojections, but the triple mutants have increased total lengths, reflecting an increased 

number of misprojections (Fig. 5J).  In addition, the gap between the dorsal misprojections and 

the midline seems to be reduced significantly in all mutants (Fig. 5I).   These phenotypes are 

similar to those found in the analysis of Slit1/2 and Ntn1 mutants above (Fig.3), thus 

demonstrating that loss of either the ligand or the receptor of both signaling systems has the same 

impact on DRG axon guidance at the DREZ. 
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Discussion 

 

 Our in vivo analysis of two guidance pathways has identified multiple guidance 

mechanisms that shape DRG axons bifurcation when forming the dorsal funiculus in the DREZ.  

We show that development of this stereotyped T-shaped structure requires both Ntn1 and Slits, 

each regulating different aspects of guidance during bifurcation.  These results demonstrate the 

presence of multiple mechanisms to ensure the proper formation of the dorsal funiculus, a 

structure that is essential to sensory function in the mammalian spinal cord [38]. 

 

Ntn1 signaling is required for guiding bifurcating DRG axons in the DREZ.  

Our analysis of mouse mutants lacking the secreted molecule Ntn1 expanded previous 

observation of a spinal cord ingrowth defect that was interpreted as the function of Ntn1 in a 

critical “waiting period” before DRG axons sprout collateral branches [19].  However, our study 

showed that loss of this molecular pathway also leads to a profound guidance error at the time of 

bifurcation, as misprojecting axons were found as early as E10.5, when the dorsal funiculus first 

forms (Fig. 1).  The misprojecting axons do not stop at the DREZ but instead project more 

dorsally along the pial surface with random paths, supporting the idea that Ntn1 is needed for 

proper guidance of DRG afferents right at the time when they bifurcate in the DREZ.  The origin 

of the misprojections from DRG neurons is confirmed by both genetic labeling using 

Neurog1:CreERT2 (Fig. 2) and DiI labeling (Fig. 4).  Single axon labeling by both methods 

further demonstrate the guidance role of Ntn1, which is different from what was suggested by 

previous studies  [19, 26].  In these studies, DRG axons were found to enter from the ventral side 

of the DREZ in the medial spinal cord, leading to the proposal that Ntn1 blocks the DRG axons 

from entering the spinal cord when they initially arrive at the DREZ.  Our data demonstrate that 

Ntn1 is required for guidance as well, but Ntn1 acts on bifurcating axons to guide their growth 

along the DREZ and loss of Ntn1 causes misprojections that exit the dorsal side of the DREZ 

(Fig. 1).  Moreover, single axon DiI labeling at later stage rules out the requirement of Ntn1 in 

bifurcation as the majority of DRG axons in Ntn1 mutants still form two branches (Fig. 4).  This 

is an important conclusion as premature entrance into the spinal cord could interfere or delay 

bifurcation, which was not analyzed previously [19, 26].  Interestingly, both dorsal and medial 

misprojections were observed in the recent studies of the embryo with complete Ntrn1 deletion 
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[24, 25, 33], suggesting that Ntn1 may play multiple guidance roles.  Regardless, our single axon 

analysis (Fig.2,4) demonstrates that Ntn1 exerts its guidance function on DRG axons at the time 

of bifurcation.  

The guidance function is further supported by the similar defect found in mice lacking the 

Ntn1 receptor DCC (Fig. 5).  This DCC function is reminiscent to that found in zebrafish DRG 

axons, which require proper DCC signaling to control actin-mediated invadopodia during the 

initial entry at the DREZ [39].  There are two possible mechanisms.  One is that Ntn1 proteins 

present locally outside the DREZ (Fig. S1) [18] provides a permissive cue that encourage the 

growth of newly bifurcated branches but restrict their trajectory within the DREZ, similar to the 

recently described role for Ntn1 in confining pontine neuron migration [40].  Such a permissive 

function matches with the proposed adhesion function of DCC [41].  Alternatively, it is possible 

that the guidance function is mediated by a repulsive action of Ntn1, which can be mediated by 

both DCC and the repulsive receptor Unc5C.  This is supported by Unc5C expression in DRG 

neurons as well as the repulsive activity of Ntn1 on E11.5 and E13.5 DRG axons in vitro [19, 

26]. Thus, it would be interesting to re-examine Unc5C mutants and determine its role during 

DRG axon bifurcation and distinguish these potential mechanisms for Ntn1 signaling.  

Regardless, our studies demonstrate a key role for Ntn1 signaling in DRG axon guidance right 

after bifurcation at the DREZ. 

 

Multiple mechanisms are present to regulate DRG axon guidance during bifurcation. 

One striking result from our studies is the complete disorganization and the loss of axonal 

bundles in the dorsal funiculus when both Slit and Ntn1 pathways are impaired.  This is reflected 

by the severe sensory misprojections in triple mutants lacking all three genes, Ntn1, Slit1, and 

Slit2, in which nearly all DRG axons leave the DREZ and grow medially into the dorsal spinal 

cord (Fig. 3).  Similar problems were found in mice lacking the receptors for both pathways (Fig. 

5).  To our knowledge, this is the first report of such a severe defect of the dorsal funiculus. 

Importantly, when the misprojections were examined more carefully, we found that the 

guidance error found in Ntn1 mutants is different from that found in mice lacking Slit [17].  The 

misprojections due to the loss of Slit signaling tend to enter the spinal cord horizontally whereas 

those from the loss of Ntn1/DCC grow more dorsally and stay at the pial surface (Fig. 3).  In 

addition, different growth trajectories were found for the misprojections: those in Slit/Robo 
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mutants are relatively straight and horizontal whereas those in Ntn1 mutants are wavy and 

randomly oriented.  It is worth noting that the misprojections seen in Slit/Robo mutants enter the 

spinal cord from the middle or the dorsal side of the DREZ, which is different from those medial 

misprojections found in Ntn1 mutants discussed above [24, 25, 33].  Nonetheless, these 

phenotypes suggest that Ntn1 and Slit have different actions in guiding DRG axons.  This 

conclusion is further supported by the defects in the triple mutants that exhibit both types of 

misprojections.  Quantitative analysis shows that loss of both pathways resulted in added defects 

for both horizontally and dorsally invading misprojections (Fig. 3-5), suggesting non-redundant 

functions of the two mechanisms. 

Building on a collateral-couple repulsion model we proposed earlier [17], we suggest that 

Slit and Ntn1 regulate branch guidance at two different steps during bifurcation (Fig. S4).  When 

the primary axon of DRG neurons first reach the dorsal spinal cord, they are guided by Slits to 

turn into the DREZ; after turning, the second branch is stimulated to form by CNP; and finally, 

the two branches continue to grow along the DREZ and their trajectory is regulated by Ntn1.  

Future analysis at single cell levels would be useful to test this refined model and distinguish the 

role of these molecules before and after bifurcation.  Imaging the growth cone behaviors during 

bifurcation in vivo would provide additional information of the guidance decision as shown by 

recent studies in zebrafish and spinal cord explants [39, 42, 43].  Altogether, our new study 

demonstrates that formation of a simple bifurcation structure requires multiple molecular 

mechanisms to ensure not only the formation of the second branches but also the correct 

orientation of both branches. 

 

New insights of guidance regulation at the DREZ 

 The guidance function of Ntn1 and Slit has been well studied in midline guidance [44], 

but guidance regulation of DRG axons at the DREZ is less well understood.  It is worth noting 

that midline crossing is defined by the floor plate, a structure that is formed during early spinal 

cord development and which serves as an intermediate target [44].  However, in our view, the 

DREZ is an evolving structure that is not defined by any preexisting cell types.  Rather, the 

DREZ is constructed at the location where DRG sensory axons first bifurcate, a process that 

involves the interaction of the DRG central axons with the cells in the dorsal spinal cord.  This is 

best illustrated by the recent time-lapse imaging in the live zebrafish spinal cord, where the 
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growth cone of pioneer DRG sensory neurons uses actin-rich filopodia and invadopodia to 

interact with the glial environment and brake axon growth at the future DREZ [39, 43].  

Interestingly, DCC signaling was shown to control invadopodia stabilization during this precise 

guidance event, pointing to a critical role of the interaction between DRG axons and the local 

environment when entering into the spinal cord [39].  Although our phenotype is consistent with 

this critical role, future live cell imaging is needed to examine how growth cones of rodent DRG 

axons are regulated to coordinate growth, guidance, and bifurcation during DREZ development.  

Nonetheless, our identification of the role of extracellular cues like Slit, Ntn1, and CNP [13, 17] 

supports the hypothesis that both formation of the second branch and guidance of both bifurcated 

branches are critical to establishing the DREZ.   

In addition to these extracellular cues, it has been suggested that sensory axon ingrowth 

and DREZ formation could be influenced by glial cells, especially boundary cap cells [45-47].  

Since boundary cap cells are derived from late-born neural crest cells and associated with the 

dorsal root entry site starting at E12 in rat [45], they could potentially shape the DREZ during 

initial DRG axon ingrowth and bifurcation.  Although boundary cap cells do not seem to 

correlate with growth of pioneer DRG axons to the DREZ in the developing zebrafish spinal 

cord [43], it would be interesting to examine their roles in rodent DRG axons by combining our 

single cell analysis with boundary cap cell-specific ablation [46]. Besides boundary cap cells, 

dorsal interneurons, which migrate ventrally at the time of DRG axon bifurcation, might also 

play a role here, as migration defects have been reported in both Ntn1 and DCC mutant embryos 

[36, 48].  These cells could produce extracellular factors to control DRG axon guidance.  In fact, 

loss of TAG-1/Axonin-1 from these cells cause similar but not identical afferent defects at the 

DREZ [49].  To determine whether Ntn1 acts directly on DRG axons or indirectly to influence 

DRG bifurcation via interneurons, cell-specific deletion (instead of global knockouts used in this 

study) is needed to distinguish cell autonomous vs non-cell autonomous roles of DCC in guiding 

DRG axons [50].  Regardless of the mechanistic details, our in vivo analysis in various knockout 

mice provides the first step toward understanding the complex regulation of axonal development 

at the DREZ, the PNS-CNS interface that is critical to spinal cord function but is disrupted in 

genetic disorders or after injuries [10, 11]. 
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Materials and Methods  

 

Mouse strains 

All animal procedures followed the Guidelines for the Care and Use of Laboratory Animals of 

the National Institutes of Health and the approved IACUC protocols of the Thomas Jefferson 

University (#01558 and #01559). Mice were maintained in a CD-1 background.  Timed 

pregnancies were determined based on vaginal plugs and the first date was designated as E0.5. 

Mutant alleles for Ntn1, Slit1 and Slit2 were described previously (Fazeli et al., 1997)(Ma and 

Tessier-Lavigne, 2007).  The transgenic allele Neurog1:CreERT2 (JAX stock #008529) that 

express CreERT2 recombinase from the Neurogenin-1 promoter was described [34] and the Cre-

reporter, tdTomato (JAX stock #007914), that expresses the red fluorescent protein from a CAG 

promoter was described [51]. Homozygous Ntn1β/β mutants were generated from heterozygous 

sires and dams.  To obtain Slit1-/-;Slit2-/-;Ntn1β/β triple mutants, mice carrying a single copy of 

Slit2 and Ntn1 mutant allele in the Slit1-/- background were first generated and then used to obtain 

triple mutants. Genotyping of Slit1and Slit2 was done by PCR as previously described [17, 52, 

53]; genotyping of tdTomato and Neurog1:CreERT2 was done by PCR using primers described 

by JAX. For Ntn1 genotyping, the intensity and kinetics of lacZ staining of embryonic tails were 

used to determine the copy number of the mutant allele and the resulting Ntn1β/β mutant 

exhibited consistent midline crossing phenotype described previously [18].  For tdTomato 

labeling of DRG axons, pregnant dams at E9.5 were administered via oral gavage a 0.5 mg / 50 

ul dose of tamoxifen solution diluted in peanut oil that was warmed at 37°C. Following 

dissection, tdTomato fluorescent expression was screened using an epifluorescent microscope.   

 

Immunohistochemistry, tissue clearing, and imaging 

Embryos (E10.5-E11.5) were fixed overnight in 4% paraformaldehyde (PFA) in phosphate 

buffered saline (PBS).  For wholemount immunostaining, embryo samples were pretreated with 

methanol dehydration, bleached in 10% hydrogen peroxide o/n at 4°C, then subject to the reverse 

MeOH gradient re-rehydration treatment followed by staining based on either iDISCO or CUBIC 

protocols [27-29].  

For iDISCO based clearing and staining, re-hydrated samples were washed in 5% 

DMSO/0.3M Glycine/PTxwH (1X PBS, 0.01% Triton X-100, 0.05% Tween-20, 0.02% NaN3) 
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sequentially for 1 and 2 hours; then washed in PTxwH x3 for 30 min each; and blocked in 3% 

Donkey Serum (DS)/PTxwH with shaking at 37°C, o/n. Samples were then incubated with 

primary antibody diluted in blocking solution for 3 days at 37°C; washes done in PTxwH  for 1 

hour x2, 2 hours x2, then o/n and 1 day; followed by incubation of secondary antibody diluted in 

blocking solution o/n at 37°C. Washes were done the next day in PTxwH  for 1 hour x2, 2 hours 

x2, then o/n and 1 day. Next, embryos were washed in PBS shaking at RT, 1 hour x2, 2 hours x2, 

then o/n. For clearing, samples were dehydrated in the MeOH gradient, then washed 3x in 100% 

MeOH for 15 min each, transferred to 100% dicholoromethane (DCM, Sigma-Aldrich 270997-

1L), and finally incubated in DiBenzyl Ether (DBE, Sigma-Aldrich 108014-1KG) until clear 

[29].  

For CUBIC based clearing and staining, embryos were washed after rehydration in 0.1% 

Triton X-100 for 10-15 min x3, and then transferred to blocking buffer (5% heat-inactivated 

normal goat serum, 20% DMSO in PBS), at 37°C o/n. Samples were incubated with primary 

antibodies diluted in blocking buffer for 3 days at 37°C, then washed in 20%DMSO in PBS for 1 

hour x6. Secondary antibodies in blocking solution were incubated o/n at 37°C. Embryos were 

washed 1 hour x6 and then transferred to CUBIC1 solution (25 wt% N,N,N’,N’-tetrakis(2-

hydroxypropyl)ethylenediamine (Sigma 122262), 25 wt% urea and 15 wt% Triton X-100) for 

clearing. Following successful clearing, samples were equilibrated in CUBIC2 solution (50 wt% 

sucrose, 25 wt% urea, 10 wt% triethanolamine (Sigma T58300), and 0.1 % (v/v) Triton X-100) 

for imaging [27, 28] 

Imaging of cleared embryos was done on a Leica SP8 laser scanning confocal 

microscope using a 10X objective (NA=1.05).  Inverted fluorescent images are 2D projections of 

confocal sections of the entire stack or the sections surrounding the region of interest.   

For immunostaining on tissue sections, PFA-fixed embryos were equilibrated with 30% 

sucrose in PBS and frozen in the Tissue-Tek OCT embedding medium.  Thin sections (16 µm) 

were cut on a cryostat (Leica) and processed for antibody staining [17].  Cryosections were 

permeabilized and blocked in blocking buffer (0.1% Triton X-100 and 10% goat serum in PBS) 

for 1 h at room temperature and overlaid with primary antibodies diluted in blocking buffer 

overnight at 4°C. Sections were then washed with PBS and 0.1% Triton X-100  x3, blocked 

again for 2 hours at room temperature and then incubated with secondary antibodies diluted in 

blocking buffer overnight at 4°C. Sections were then washed with PBS x3 and sealed with cover 
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glass before imaging.  Fluorescently labeled tissue sections were imaged on a wide field 

fluorescence microscope (Zeiss, Inc) or laser confocal systems (Leica SP8 system). 

Primary antibodies used to detect tdTomato expression, rabbit anti Red Fluorescent 

Protein (RFP) polyclonal antibodies (Rockland Antibodies, 200-101-379, 1:1000).  For NF 

staining, a monoclonal mouse antibody (2H3; Developmental Studies Hybridoma Bank, 

AB_2314897, 1:200) was used.   Cy3 (Jackson ImmunoResearch, 711-165-152, 1:500)  or Cy5 

(Jackson ImmunoResearch, 715-175-150,1:500)-conjugated secondary antibodies were used.   

HRP staining in whole mount embryos followed previously described method [17].  

Embryos were bleached with hydrogen peroxide overnight, incubated with primary antibodies 

and then HRP-conjugated secondary antibodies.  After converting the 3,3'-diaminobenzidine 

(DAB) substrate to brownish deposit around labeled axons, the embryos were cleared in a 

BA/BB solution (benzylalcohol:benzylbenzonate, 2:1) [30], and imaged by the Spot II-RT 

camera mounted on a Stemi-6 stereoscope (Zeiss, Inc.) 

 

DiI labeling of DRG axons in the spinal cord 

For single neuron labeling by DiI, embryos were fixed and then cut open from the ventral 

side to expose the DRG.  A small dye crystal was delivered to the DRG from an ethanol solution 

of DiI (0.5%) in a glass pipette (1 µm opening) by iontophoresis with a current of ~5-20 mA as 

previously described [17].  The dye was allowed to diffuse at 25oC overnight.  The floorplate of 

the spinal cord was cut to create an open-book, which is then laid down in an imaging chamber 

with the lateral side down. The labeled axons were imaged on a Leica SP8 confocal microscope 

at 20X objective (NA=.4). Maximum projections were traced and skeletonized in ImageJ using 

the Neurotrace plugin. 

 

In situ hybridization 

 Cryosections (16 µm) of E10.5 and E11.5 mouse embryos were processed for in situ 

analysis following a published procedure [17].  35S-labeled probes were generated using the 

following published templates for Netrin-1 [18].  Dark field images were taken on a Zeiss 

compound microscope.   
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Experimental design and statistical analysis. 

Embryos with different genotypes were collected from the same litters and subjected to 

the immunohistochemical analysis described above.  Image comparison was done in the same 

spinal cord region of embryos with the same age and similar body size.  The number of animals 

analyzed is listed in the figure legends.  

To quantify misprojections in whole mount embryos, line scans of pixel intensity were 

taken from lateral side of whole mount embryos in ImageJ at three regions: proximal (right 

above the DREZ), medial (75 μm above the DREZ), and distal (150 μm above the DREZ and 

closest to the dorsal midline).  After background subtraction, the peaks representing the labeled 

axons were counted above each brachial DRG at different regions and used for comparison by 

one-way ANOVA.   

Quantification of misprojections in cross sections was done with the NeuronJ plugin in 

ImageJ.  To quantify horizontal misprojections, the total length of axons projecting centrally 

were traced and measured on each hemisection. To quantify dorsal misprojections, the distance 

from the midline to the tip of dorsally projecting axons was measured following the curve of the 

cross section.  Values for multiple hemisections per embryo were summed and then averaged for 

statistical comparison using one-way ANOVA with post-hoc Tukey’s test.  For each animal, 

lengths of horizontal misprojections and the distance between DREZ to midline were averaged 

from 2 to 4 sections. 

To quantify DiI labeled single axons, clearly visible axons were first divided into two 

groups, single or bifurcated.  For single axons, we used the neighboring axons as a reference to 

determine whether they turned into the DREZ.  Bifurcated axons that grow in the DREZ are 

considered normal and those projecting away from the DREZ were considered misguided. 

Normal and misguided axons were tallied from each spinal cord and used for comparison by t-

tests.  For quantification of the branching angle for DiI analysis a circle with the radius of 75 um 

from the branch junction was determined and the angle formed from the main axon shaft and the 

extending branch was measured. An ANOVA between the varying genotypes was done with 

Tukey post-hoc test for determining significance. 

For all statistical analysis, a minimum of three mice were analyzed.  All data are 

expressed as Mean ± Standard Error of the Mean (SEM), and statistical values are included in 

figure legends. 
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Figure legends 

 

Fig. 1. NF immunostaining reveals DRG axon misprojections in Ntn1β/β mutants in cleared 

wholemount embryos and transverse sections. 

(A-D) Inverted fluorescent images of whole mount NF staining of CUBIC cleared E10.5 WT 

(A,C) or Ntn1β/β (B,D) embryos.  The projected images are viewed from the lateral side of the 

body at the forelimb (A-B) and hindlimb region (C-D).  The space above the dorsal funiculus 

(dotted-line box) is devoid of NF-fibers in the WT embryo (A, C), but filled with misprojecting 

axons (arrows) from DRGs (*) that grow dorsally in the mutant (B,D).  The compass indicates 

the dorsal (D)-ventral (V) axis and the rostral (R)-caudal (C) axis. 

(E) A model depicting DRG sensory axon projections in the spinal cord.  Bifurcation is shown in 

the DREZ (green area) that forms the eventual dorsal funiculus. 

(F) Quantification of the number of axonal fibers at proximal, medial, and distal locations from 

the dorsal funiculus (see purple lines in B and D) in the wholemount staining of WT and Ntn1β/β 

embryos (n=4). Two-way ANOVA F(1, 12)=199.5 with Tukey’s HSD Test for multiple 

comparisons found that the mean value was significantly different between WT and Ntn1β/β in 

proximal p<0.0001; medial p<0.0001; and distal, p=0.001 locations.  

(G-N) Inverted fluorescent images of NF-stained transverse sections of the brachial region of 

E10.5 (G-H, K-L) and E11.5 (I-J, M-N) embryos. Misprojections (arrows) extending from the 

DREZ (green box) are seen in Ntn1β/β (K-N) but not WT (G-J) animals.  Asterisks (*) label the 

DRG.  Images in H, J, L, N are zoomed-in views of the boxed regions around the DREZ in G, I, 

K, M, respectively.  The compass indicates the dorsal (D)-ventral (V) axis and the left (L)-right 

(R) axis.   

**** p<0.0001, *** p<0.001. Bars: 100 µm. 

 

Fig. 2.  Genetic labeling of DRG neurons confirms DRG sensory axon misprojections and 

reveals guidance defects during bifurcation in Ntn1β/β mutants.  

(A-C) Sensory axon specific genetic labeling based on tdTomato expression driven by 

tamoxifen-induced Neurog1:CreERT2 in E10.5 WT (A) or Ntn1β/β (B) embryos that were cleared 

by iDISCO. Fluorescent images of immunostaining using RFP antibodies (for tdTomato) (A-C) 

or 2H3 antibodies (for NF) (A’-C’) are taken from the lateral side of the spinal cord in the 
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brachial region of cleared wholemount embryos. Color-merged images are shown in A”-C”.  

Dorsal funiculi are inside the yellow dotted-line boxes and DRGs are marked by asterisks (*).  

Zoomed-in images (C) from the boxed regions in B (white box) highlights the co-staining of 

DRG specific tdTomato and NF in abnormal fibers (yellow arrows) that extend from the dorsal 

funiculus in Ntn1β/β mutants (n=3). White arrows indicate NF-labeled misprojections that do not 

co-stain for tdTomato. 

(D-H) Sparse sensory axon labeling in WT or Ntn1β/β animals based on the basal tdTomato 

fluorescence driven by Neurog1:CreERT2 without using tamoxifen.  Inverted fluorescent images 

(D,E,G,H,) are viewed along the DREZ from the lateral side of the spinal cord in cleared 

wholemount embryos.  The merged fluorescent image of tdTomato and NF labeling shows the 

DREZ (dotted-line box) in F.  Normal turning is found in WT animals (n =4) for bifurcated (D, 

n=11/12 axons) and non-bifurcated axons (E, n=14/14 axons).   In Ntn1β/β mutant embryos (n=3), 

tdTomato labeled axons (purple arrows) can be seen misprojecting from the DREZ in bifurcated 

(G,H, n=7/14 axons) and non-bifurcated axons (H, n=9/13 axons).  Green “V” indicates the 

location of bifurcation junctions or the turning point of single axons. 

(I) Quantification of the defects in sparsely labeled axons above.  The percentage of fibers that 

correctly (black bar) or incorrectly (grey bar) turn at the DREZ is quantified in two groups: 

bifurcated (+) or non-bifurcated (-).  A student’s t-test shows that the mean value of percentage 

of fibers misprojecting was significantly different between WT and Ntn1β/β in non-bifurcated 

axons (t(4)=25, p<0.0001) and bifurcated axons (t(4)=4.533, p=0.0106). 

* p<0.05, and **** p<0.0001, Bars: 100 µm. 

 

Fig. 3.  Wholemount NF immunostaining reveals the loss of the dorsal funiculus in Slit1-

/-;Slit2-/-;Ntn1β/β triple mutants with distinct misprojections.   

(A-B) Inverted fluorescent images of NF staining in CUBIC-cleared E10.5 embryos in the 

forelimb region. The dorsal funiculus (between dotted-lines) is evident in the control Slit1-

/-;Slit2+/+;Ntn1+/+ embryo and the space above it has few labeled fibers (arrows, A), but in the 

Slit1-/-;Slit2-/-; Ntn1β/β mutant (B), extensive NF-labeled axons (arrows) wander into the 

dorsomedial region of the spinal cord while the dorsal funiculus (between dotted-lines) is 

reduced and diminished.  DRGs are marked by green asterisks (*). 
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(C-N) Inverted fluorescent images of NF staining in wholemount embryos of E10.5 embryos 

with various genotypes are viewed from the lateral side (D-G) or the dorsal surface (J-M).  

Arrows denote sensory misprojections found in Slit1-/-;Slit2+/+;Ntn1+/+ (D,J, n=5), Slit1-/-;Slit2-

/-;Ntn1+/+ (E,K, n=6), Slit1-/-;Slit2+/+; Ntn1β/β (F,L, n=8) and Slit1-/-;Slit2-/-;Ntn1β/β (G,M, n=3) 

animals.  In Slit1-/-;Slit2-/-;Ntn1β/β triple mutants (G,M), the dorsal funiculus is nearly absent with 

misprojecting fibers.  The number of axonal fibers at proximal, medial, and distal locations 

between the DREZ and the dorsal midline is quantified in the bar graphs from the lateral (H) or 

the top-down (N) view.  The orientation and measurement location are shown in the 

corresponding cartoons (C and I) and DRGs are marked by green asterisks (*). Statistics from 

two-way ANOVA analysis in H: for proximal misprojections: Slit1-/- vs. Slit1-/-;Slit2-/-  p=0.0122; 

Slit1-/- vs. Ntn1β/β p=0.0011; Slit1-/- vs. Slit1-/-;Slit2-/-;Ntn1β/β p<0.001; for medial misprojections: 

Slit1-/-vs. Ntn1β/β p=0.0122; Slit1-/- vs. Slit1-/-;Slit2-/-;Ntn1β/β p<0.0001; and for distal 

misprojections in Slit1-/- vs. Slit1-/-;Slit2-/-;Ntn1β/β p<0.0001.  Statistics from two-way ANOVA 

analysis in I: for proximal misprojections: Slit1-/- vs. Slit1-/-;Slit2-/-  p=0.0388; Slit1-/-vs. Ntn1β/β 

p=0.0002; Slit1-/- vs. Slit1-/-;Slit2-/-;Ntn1β/β p<0.0002; for medial misprojections: Slit1-/-vs. Ntn1β/β 

p=0.0388; Slit1-/- vs. Slit1-/-;Slit2-/-;Ntn1β/β p<0.0001; and for distal misprojections in Slit1-/-vs. 

Ntn1β/β p=0.0175; Slit1-/- vs. Slit1-/-;Slit2-/-;Ntn1β/β p=0.0004. 

(O-T) Inverted fluorescent images of NF staining in cross sections of E10.5 embryos with 

various genotypes (P-S, n=3, except n=4 for Ntn1β/β).  Orange arrows indicate axonal 

misprojections found in Slit1-/-;Slit2-/- mutants inside the spinal cord and blue arrows indicate 

misprojections associated with Ntn1β/β mutants at the pial surface.  Blue lines with arrow at both 

ends indicate the distance from dorsal projections to the midline.  Quantification of defects (T) is 

based on the distance of the dorsal fibers from the midline (blue bars) and the length of 

misprojection fibers inside the spinal cord (orange bars). The cartoon (O) illustrates the two 

types of misprojections (brown lines) and the quantification of dorsal distance (blue lines).  One-

way ANOVA: for horizontal, F= 18.34, df=3, and p=0.0006; for dorsal, F=44.16, df=3, and 

p<0.0001.   

* p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001, ns, not significant. Bars: 100 µm. 
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Fig. 4. Single axon DiI labeling of DRG central afferents shows altered turning of 

bifurcated axons in various Slit and Ntn1 mutants.   

(A-C) Single cell DiI labeling of DRG axons in open book preparations (A) of spinal cords 

isolated from E12.5 (B) WT and (C) Slit1-/-;Slit2-/-;Ntn1β/β mutants. Maximum z-projection are 

depth color coded (~45 µm represented by the color bar) with multiple bifurcating axons visible 

in field of view.  Arrows point to misprojecting fibers and green “V” indicates the location of 

bifurcation junctions. 

(D-G) Skeletonized tracings of DiI labeled axons from embryos with various genotypes. WT 

axons show stereotyped T-bifurcation along the DREZ (D, n=4 animals). Axons in Slit1-/-;Slit2-/- 

mutants overshoot the DREZ (E, n=3 animals). In Ntn1β/β mutant embryos, axons stray from the 

DREZ and have disrupted turns along the DREZ (F, n=5 animals). Axon in Slit1-/-;Slit2-/-;Ntn1β/β 

triple mutants are completely disorganized around the DREZ (G, n=2 animals).  Dashed lines in 

D show the angle (θ) measurement.    

(H-J) Quantification of the turning angle of bifurcated branches along the DREZ (H) from single 

axon labeling above showed the mean angles are similar for all genotypes (one way ANOVA 

[F(3,114) = 0.8229, p=n.s.). However, the deviation of the angle from the average was 

significantly different among different genotypes (I).  One way ANOVA with Tukey’s Post-hoc 

for multiple comparisons ([F(3,114) = 15.97, p<0.0001]): WT and Slit1-/-;Slit2-/-;Ntn1β/β, 

p<0.0001; Slit1-/-;Slit2-/-and Slit1-/-;Slit2-/-;Ntn1β/β,  p=0.0001; and Ntn1β/β and Slit1-/-;Slit2-

/-;Ntn1β/β, p<0.0001.  Additionally, the angle difference between the two branches showed 

significantly difference among genotypes (J).  One way ANOVA with Tukey’s Post-hoc for 

multiple comparisons ([F(3,114) = 12.99, p<0.0001]): WT and Slit1-/-;Slit2-/-;Ntn1β/β, p<0.0001; 

Slit1-/-;Slit2-/-and Slit1-/-;Slit2-/-;Ntn1β/β,  p=0.0004; and Ntn1β/β and Slit1-/-;Slit2-/-;Ntn1β/β, 

p=0.0001.  Only the comparison between the triple mutants and other genotypes are shown here. 

*** p<0.001, **** p<0.0001, ns: not significant.  Bars: 100 µm. 

 

Fig. 5. NF immunostaining reveals the loss of the dorsal funiculus in Robo1Robo2--/--;DCC-/- 

triple mutants.   

(A-D) Inverted fluorescent images of NF staining in CUBIC-cleared E10.5 embryos viewed 

from the lateral side in the forelimb region.  WT (A, n=3) have relatively few axons straying 

from the dorsal funiculus (boxed region).  Purple arrows denote sensory misprojections found in 
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Robo1Robo2++/--;DCC+/+ embryos (C, n=2) or DCC-/- (B, n=6). In Robo1Robo2--/--;DCC-/- 

mutants (D, n=3), the dorsal funiculus is completely lost and disorganized with axons wandering 

into the dorsomedial region of the spinal cord. 

(E-H) Inverted fluorescent images of NF staining in cross sections of E11.5 embryos with 

various genotypes (n=3, except n=4 for WT).  Orange arrows indicate horizontal misprojections 

inside the spinal cord found in Robo1Robo2--/-- mutants and blue arrows indicate dorsal 

misprojections along the pial surface associated with DCC-/- mutants.  Lines with arrow at both 

ends (blue) indicate the distance between dorsal misprojections to the midline.   

(I-J) Quantification of dorsal and horizontal misprojections based on the distance from the roof 

plate to the DREZ (I, blue bars) and the total length of horizontal fibers (J, orange bars). 

One-way ANOVA: for horizontal, F= 28.93, df=3, and p=0.0001; for dorsal, F=31.4, df=3, and 

p<0.0001.     

** p<0.01, *** p<0.001, **** p<0.0001, ns: not significant.   Bars: 100 µm. 
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