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Abstract

We identified divergent modes of initial axon growth that prefigure disrupted differentiation of the trigeminal nerve (CN V),
a cranial nerve essential for suckling, feeding and swallowing (S/F/S), a key innate behavior compromised in multiple
genetic developmental disorders including DiGeorge/22q11.2 Deletion Syndrome (22q11.2 DS). We combined rapid in vivo
labeling of single CN V axons in LgDel+/− mouse embryos, a genomically accurate 22q11.2DS model, and 3D imaging to
identify and quantify phenotypes that could not be resolved using existing methods. We assessed these phenotypes in three
22q11.2-related genotypes to determine whether individual CN V motor and sensory axons wander, branch and sprout
aberrantly in register with altered anterior–posterior hindbrain patterning and gross morphological disruption of CN V seen
in LgDel+/−. In the additional 22q11.2-related genotypes: Tbx1+/−, Ranbp1−/−, Ranbp1+/− and LgDel+/−:Raldh2+/−; axon
phenotypes are seen when hindbrain patterning and CN V gross morphology is altered, but not when it is normal or
restored toward WT. This disordered growth of CN V sensory and motor axons, whose appropriate targeting is critical for
optimal S/F/S, may be an early, critical determinant of imprecise innervation leading to inefficient oropharyngeal function
associated with 22q11.2 deletion from birth onward.

Introduction
Many genetic disorders are thought to disrupt behavior by com-
promising early steps in neural circuit development (1,2). This
early divergence may be subtle, variable and most likely impos-
sible to define directly in humans. Indeed, resolving such par-
tially penetrant cellular changes in early neural development
has proven challenging in model organisms, including mice.
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First, defining behaviors, circuits and underlying developmental
mechanisms in mutant mouse models that meaningfully par-
allel clinically significant deficits in human genetic disorders
is difficult. Second, detecting changes in initial differentiation
of individual neurons remain elusive—especially in early to
mid-gestation embryos due to their small size and rapid rate
of growth. We addressed these challenges by identifying early
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divergence of axon growth in a key component—the trigeminal
nerve of the developing neural circuit for a well-defined innate
behavior, suckling, feeding and swallowing (3) in the genomically
accurate LgDel+/− mouse model of DiGeorge/22q11.2 Deletion
Syndrome (1,4), which in humans includes a high frequency
of clinically significant disruptions of S/F/S from birth onward
(3,5).

We showed previously that gross differentiation, gene
expression and cellular composition in the trigeminal nerve
(CN V) and ganglion (CNgV), which provides essential sensory
innervation to regulate S/F/S, are disrupted in mid-gestation
LgDel+/− embryos, prefiguring S/F/S difficulties at birth (6–8).
Altered expression levels and patterns of several retinoic acid
(RA) regulated genes in the hindbrain accompany these changes
(6,8,9), including two genes within the 22q11.2 deletion: Tbx1 and
Ranbp1. Tbx1+/− embryos have cardiovascular and craniofacial
dysmorphology; however, LgDel+/− hindbrain patterning and CN
V phenotypes are absent even though there are posterior cranial
nerve disruptions (6,10–12). Ranbp1 is regulated by RA in WT
embryos (9), and craniofacial development is disrupted in Ranbp1
mutants (13). Finally, CN V phenotypes are absent when LgDel+/−
RA-mediated hindbrain gene expression and patterning changes
are returned toward WT due to diminished RA signaling that
results from crossing LgDel+/− mice with those heterozygously
deleted for Raldh2, the rate limiting RA synthetic enzyme (6,9,14).
Using this series of 22q11.2-related genotypes, we assessed the
relationship between changes in growth of individual CN V
motor or sensory axons, altered hindbrain patterning and CN
V differentiation.

CN V dysmorphology as well as altered RA-mediated gene
expression is shared by two of these 22q11.2 genotypes: LgDel+/−
and Ranbp1−/−, but not the others. Accordingly, we asked
whether disrupted RA-related patterning critically influences
CN V axon growth in the context of 22q11.2 deletion. In
addition, we recently reported statistically significant stochastic
variation in gene expression levels across the entire LgDel+/−
CNgV transcriptome (7). Thus, the penetrance of individual
22q11.2 gene-related CN V axon phenotypes, at least for sensory
neurons, might vary substantially, perhaps due to cell-by-
cell transcriptional variation. The small size of mid-gestation
embryos and dynamism of cranial nerve morphogenesis raises
challenges of adequate labeling and sufficiently large samples of
individual axons to detect significant phenotypic change despite
potential variability. We overcame these obstacles to identify
disrupted individual CN V axon growth in register with CN V
morphogenetic changes and altered RA-dependent hindbrain
patterning in LgDel+/− and additional 22q11.2 mutants. This
initial divergence may represent a first step of aberrant
cranial nerve and hindbrain circuit development that results
in disrupted S/F/S or other orofacial sensory-motor disruptions
due to diminished 22q11.2 gene dosage.

Results
22q11.2 gene mutations differentially disrupt CN V
morphogenesis and axon fasciculation

We previously defined a partially penetrant gross CN V
phenotype in LgDel+/− E10.5 embryos that is apparently related
to an expansion of RA-dependent gene expression seen in the
anterior hindbrain at E9.5 (6,8). To improve the resolution of
these previous analyses, we used immunofluorescent anti-βIII-
tubulin labeling (3) as well as confocal microscopy in whole
E10.5 embryos to better resolve the organization and trajectories
of peripheral CN V axon fascicles. We note that the changes

we summarize here for each genotype are also seen, albeit
less clearly, in multiple additional samples of chromogenically
labeled, conventionally imaged whole embryo preparations
(3,6,8; Supplementary Material, Fig. S1). Many sensory and all
motor neurons that constitute CN V in WT (Fig. 1A1–5) are
derived from rhombomeres (r) 2–3, which do not express RA-
regulated posterior identity genes (Fig. 1A2). The remaining CN V
sensory neurons are derived from the trigeminal cranial placode
(see Fig. 3N). CN V has three distinct distal branches, ophthalmic
(op), maxillary (mx) and mandibular (md; Fig. 1A3). The proximal
portions of the mx and md branches are distinguished by parallel
axon fascicles (mx: arrows, Fig. 1A4; md: box, Fig. 1A5). Distal
mx fascicles terminate in orderly sprays of smaller fascicles
in the undifferentiated mesenchyme of branchial arch 1 A
(Ba1A). Distal md fascicles divide into progressively smaller
fascicles as this CN V branch extends ventrolaterally into Ba1B.
As shown previously (3,6,8) in LgDel+/− embryos (Fig. 1B1) with
a deletion of 28 contiguous 22q11.2 gene orthologues parallel
to the minimal critical 22q11.2 deletion in humans (4), RA-
regulated gene expression expands into r2–3 (Fig. 1B2, box).
LgDel+/− CNgV retains its basic shape; however, all 3 CN V
branches are less organized (Fig. 1B3). As shown previously (6,8),
subsets of fascicles in mx (arrows, Fig. 1B4) and md branches
(box, Fig. 1B3, and insets, Fig. 1B5) often appear misdirected and
diminished in size. In the mx branch, these fascicles intersect,
anastomose and terminate in a less ordered, comparatively
sparse array of terminal extensions (arrowheads, Fig. 1B4)
than the dense, ordered array of terminal fascicles of the
WT mx branch. The distal superficial md branch (primarily
CN V sensory axons, asterisk, Fig. 1B5) appears diminished,
and the deep branch (primarily CN V motor axons, arrow,
Fig. 1B5) is difficult to discern as a separate branch (compare
arrows in Fig. 1A5 and B5). There appear to be fewer distal
axon fascicles in the deep or superficial md branch and their
terminal extensions are not as extensive as those in the WT md
branch of CN V (arrows, arrowheads and asterisks, and insets,
Fig. 1B5).

CN V gross differentiation, axon fasciculation, local trajecto-
ries and termination resembles either the WT or LgDel+/− pat-
tern in 4 additional genotypes. In Tbx1+/− embryos (Fig. 1C1–5),
previous studies have established that posterior branchial arches
and cranial nerves are altered (6,10–12); however, hindbrain A–
P patterning is unchanged and CN V is indistinguishable from
WT (see also 6). In Ranbp1−/− mutants (Fig. 1D1), a 22q11.2 gene
expressed in cranial neural crest whose loss of function disrupts
branchial arch morphogenesis (13,15) and hindbrain patterning,
replicates that in LgDel+/− (Fig. 1D2), as does CN V dysmorphol-
ogy (Fig. 1D3). Based upon blind scoring (6,8) of each ganglion
in a series of 10 Ranbp1−/−, 20 Ranbp1+/− and 9 WT littermate
embryos, we found that op, mx and md axon fascicles are
shorter and appear less coherent than WT or Ranbp1+/− coun-
terparts (n = 12/20 60% Ranbp1−/−, 13/40 = 32% Ranbp1+/− and
2/18 = 11% WT ganglia; P = 0.002, WT versus Ranbp1−/−, P = 0.1,
WT versus Ranbp1+/− (Supplementary Material, Fig. S1). Higher
resolution confocal images of fluorescently labeled Ranbp1−/−
CN V shows that the similar Ranbp1−/− and LgDel+/− gross CN
V phenotypes are paralleled by comparable changes in fascic-
ulation, anastomosis and termination of the mx (Fig. 1D4) and
md (Fig. 1D5) branches. These changes in hindbrain pattern-
ing, CN V gross morphology, axon trajectory and fasciculation
are not seen in Ranbp1+/− mutants (Fig. 1E1–5; Supplementary
Material, Fig. S1). Finally, as shown previously (6), in LgDel+/−
embryos carrying a single Raldh2 null allele to reduce RA signal-
ing (Fig. 1F; (14)), hindbrain patterning and CN V differentiation
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Figure 1. An overview of trigeminal nerve (CN V) dysmorphology and RA-dependent hindbrain patterning in a series of 22q11.2-related mutations. A total of 14

whole E10.5 embryos were imaged confocally. Eight: 1 WT, 4 Tbx1+/−, 2 Ranbp1+/− : and 1 LgDel+/−:Raldh2+/− had CN V gross morphology that resembled that in WT

identified previously in more extensive conventionally imaged samples (6–8; Supplementary Material, Fig. S1), and six: 3 LgDel+/− and 3 Ranbp1−/− had CN V gross

morphology similar to that previously identified for LgDel+/− (6–8; Supplementary Material, Fig. S1). (A1) WT E10.5 embryo. CN V (box) and the trigeminal ganglion

(CNgV; oval) are anterior in this lateral view. (A2) In the E9.5 WT hindbrain, Cyp26b1, detected by in situ hybridization, is seen in r5 and r6, but not r2, r3 or r4. (A3) A higher

magnification confocal image of WT CNgV/CN V and its peripheral branches: ophthalmic (op), maxillary (mx) and mandibular (md); brackets indicate the regions of

the mx and md branches shown in (4) and (5). (A4) The WT mx branch. Arrows (a) indicate parallel proximal axon fascicles; arrowheads (b) indicate limited terminal
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resembles that in WT more than that LgDel+/−. Accordingly,
Tbx1+/−, Ranpb1−/−, Ranbp1+/− and LgDel+/−:Raldh2+/− define a
22q11.2 mutant series in which several aspects of gross CN V
differentiation, RA-dependent hindbrain patterning and CN V
axon growth resemble either that in WT or LgDel+/− CN V.

Rapid, quantifiable assessment of individual axon
trajectories and targets

Previous analyses of cranial nerve axon growth, including exten-
sive assessment of the CN V, have been carried out in dis-
sected or histologically sectioned tissue after labeling the entire
nerve. Many of these studies, done mostly at older embryonic
stages, focused on the organization of sensory projections to
the whisker pad via the mx branch of CN V (16,17). To assess
divergent LgDel+/− and WT CN V sensory and motor axon growth
phenotypes at earlier ages, prior to target differentiation, with
single neuron/axon resolution, we needed a novel approach to
sample randomly and characterize trajectories and targets of
individual early embryonic CN V axons across each genotype
that would: (i) result from targeted injections in live embryos
with limited survival times; (ii) require minimal histological
processing; (iii) label cells and axons in 3D; (iv) demonstrate
the basic topographic organization of CN V sensory and motor
neurons and axonal projections; (v) visualize individual axons
from cell body to termini and (vi) permit reliable scoring and
quantitative analysis.

We met these criteria using limited focal injections of
fluorophore-conjugated biocytins in E11.5 living embryos at
locations where relevant CN V axons are likely to project or
CN V sensory neurons as well as motor axons are found (Fig. 2A).
We pursued three injection strategies: one of three distinct
fluorophore-conjugated biocytins was injected into the three
primary target territories of CN V—ophthalmic (op), maxillary
(mx) and mandibular (md)—to assess initial topography; these
data are presented in Figure 3. Two different fluorophore-
conjugated biocytins were injected into the mx and md region
of CNgV to assess the initial projections of small numbers of
axons as they extend toward mx or md targets; these data are
presented in Figure 4. Finally, a single fluorophore-conjugated
biocytin was injected into Ba1B only (md target) to retrogradely
label subsets of individual CN V sensory and motor axons (CN
V motor neurons innervate only md targets) as well as their
cell bodies of origin; these data are presented and analyzed
statistically in Figures 5 and 6. After a 1.5 h survival ex vivo,
fixation and minimal histological processing (Fig. 2B), cell bodies
of origin were identified, labeled axon fascicles resolved, and
individual CN V axons that extend considerable distances
to central and peripheral targets reconstructed through 3D
confocal image stacks (Fig. 2B). Each labeled axon was recorded
as a 3D dataset. We used unbiased computational methods to
reliably trace individual labeled axons from peripheral or central
terminations to their parent cell bodies. Thus, we defined a

novel approach that visualizes CN V axon growth with sufficient
resolution to permit the analysis of CN V topography, projections
and individual axon trajectories.

Identity and distribution of early CN V projection
neurons in WT and LgDel+/−

We first asked whether nascent CN V sensory or motor neu-
ron identities and positions in CNgV or the anterior hindbrain,
respectively, are comparable in LgDel+/− versus WT embryos at
E11.5. By E11.5 CNgV has coalesced into a coherent ganglion
(6,18), much of hindbrain motor neurogenesis is complete (19),
and the three major CN V branches are distinct. We made limited
injections of three spectral variants of biocytin into the peri-
ocular (op; blue), maxillary (mx, red) and mandibular (md, green)
mesenchyme of living ex vivo WT and LgDel+/− embryos and
assessed the locations of retrogradely labeled cells in CNgV
(Fig. 3). CN V sensory neurons can be labeled selectively from
the territories all three CN V branches in LgDel+/− and WT
embryos (Fig. 3A–F, H–L). Within CNgV, sensory neurons segre-
gate in an A–P manner corresponding, respectively, to peri-ocular
(op), Ba1A (mx) and Ba1B (md) targets. We detected no gross
differences in the distribution of retrogradely labeled cells in WT
versus LgDel+/− E11.5 CNgV (n = 6 WT, n = 8 LgDel+/− embryos).
Similarly, retrogradely labeled motor neurons—only from Ba1B
(md) injection, as expected—in LgDel+/− and WT embryos do
not differ in their position or distribution in the region of the
anterior hindbrain where the trigeminal motor nucleus will
form (Fig. 3G and M). Finally, we assessed cranial placode versus
neural crest derivation of early projecting CN V neurons. Most,
if not all, CN V sensory neurons that project into Ba1B at E11.5
express the transcription factor Six1 (18,20,21) and are therefore
likely derived from the trigeminal cranial placode (Fig. 3N–P).
Thus, based upon similar segregation of CN V sensory neurons
projecting to op, mx and md territories, and similar hindbrain
position of md projecting CN V motor neurons, it appears that
initial positions of CN V sensory and motor neurons do not differ
substantially in LgDel+/− and WT E11.5 embryos.

Precision of sensory and motor axon Growth in
WT and LgDel+/− embryos

We next asked whether smaller subsets of individual axons
fasciculate and extend from CNgV or hindbrain motor neurons
with equivalent fidelity to Ba1A (mx) or Ba1B (md) targets.
We made injections of two distinct fluorophore conjugated
biocytins into the mid-anterior or posterior portion of E11.5
CNgV (Fig. 4), to visualize axons projecting into either Ba1A
(mx) or Ba1B (md). Axons labeled by this approach fasciculate
tightly as they extend into Ba1A (anterior) or Ba1B (posterior)
in WT (n = 10) and LgDel+/− embryos (n = 13; Fig. 4A and C).
Once sensory axons enter the hindbrain, they issue anterior
branches toward the presumptive principle trigeminal sensory

defasciculation. (a) digitally enlarged images of region indicated by arrows showing segregated parallel fascicles, and (b) the region indicated by the arrowheads

showing WT axon terminations. (A5) Axons of a deep branch of the md division of CN V (arrow) enter Ba1B mesenchyme. A superficial branch terminates in an array of

smaller fascicles (asterisk). Upper inset: terminal defasciculation of the superficial branch. Lower inset: fasciculation in the proximal md branch. (B1) An E10.5 LgDel+/−
embryo. (B2) LgDel+/− Cyp26b1 in situ hybridization at E9.5 (B3) CNgV and peripheral branches of CN V. (B4) Digitally enlarged views of mx (4) and md (5) branches.

Arrows in (4) indicate smaller fascicles that appear less uniform than WT parallel arrays (A4, a). Arrowheads indicate LgDel+/− terminal fascicles, which appear less

dense and organized than WT (A4, b). (B5) The md branch is diminished, terminal defasciculation is impoverished (asterisk, upper inset) and proximal fascicles are

disordered (lower inset). (C1–5) Tbx1+/− E10.5 CN V, E9.5 hindbrain patterning, mx and md axon organization does not differ noticeably from WT. (D1) Ranbp1−/− E10.5

embryo. (D2) E9.5 Ranbp1−/− hindbrain patterning. (D3) Ranbp1−/− CNgV and CN V branches. (D4) Ranbp1−/− mx fasciculation and termination appears similar or

potentially more severe than that in LgDel+/− (A4, a, b). (D5) Ranbp1−/− md fasciculation and termination appears similarly compromised as that in LgDel+/−. (E1–5;

F1–5) Ranbp1+/− and LgDel+/−:Raldh2+/− E10.5 CN V, E9.5 hindbrain patterning, mx and md axon organization does not differ noticeably from WT.
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Figure 2. Key aspects of initial CN V differentiation can be resolved with a new rapid ex vivo direct fluorophore-conjugated biocytin injection/tracing method combined

with high-resolution laser confocal microscopic imaging in mid-gestation mouse embryos. (A) Injection strategies to resolve initial topographic segregation (left), precise

versus exuberant axon growth (middle) and single axon trajectories (right) in E11.5 embryos. (B) Summary of post-injection incubation/survival (1.5 h at 37◦ in Leibovitz

L-15 medium; left) with histological processing limited to whole embryo clearing after fixation (middle) prior to confocal imaging of the whole embryo (right). A complete

sagittal optical section from a 3D image set of a whole embryo that received a single fluorochrome-conjugated biocytin injection into distal Ba1B (md) is shown. (C)

Z-stacks of images of single labeled axons can be analyzed to assess the trajectory and branching of the axon in 3D (left). These images are then further digitally

analyzed to track individual axons through the optical sections of the Z-stack (middle) and then display each axon in 3D space to assess CN V organization with single

axon resolution (right).
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Figure 3. The initial segregation of sensory and motor cells of origin into ophthalmic, maxillary and mandibular projecting populations is not substantially disrupted

by 22q11.2 gene deletion during the initial differentiation of CN V. (A) Broad field image of injections of 3 distinct fluorophore-conjugated biocytins into the target

territories of the op (blue), mx (red) and md (green) branches of CN V in a WT E11.5 embryo. The region of CNgV is indicated by a dotted circle, and the adjacent

hindbrain (HB), the site of md-projecting CN V motor neurons, is outlined by dotted lines. (B, C) Two examples of WT CNgV showing segregation of op (blue), mx (red)

and md (green) projecting CN V sensory neurons. (D–F) Digitally enlarged images of individual retrogradely labeled CN V sensory neurons that project to op, mx and

md territories. (G) Localized labeling of CN V motor neurons projecting via the md branch, in the WT hindbrain. (H, I) Retrogradely labeled op (blue), mx (red) and

md (green) CN V sensory neurons are segregated in LgDel+/− E11.5 embryos, similar to that in WT, following biocytin injection into respective target territories. (J–L)

Digitally enlarged images of individual retrogradely labeled op (blue), mx (red) and md (green) LgDel+/− CN V sensory neurons. (M) Similar location and segregation of

md-projecting CN V motor neurons in the hindbrain adjacent to CNgV in LgDel+/− embryos. (N–P) Combined retrograde labeling of CN V sensory neurons following

Ba1B (md) injection (green, left) with immunohistochemical labeling for markers associated with differentiating sensory neurons that extend axons (Brn3A, red, middle,

N); cranial placode derived CN V sensory neurons (Six1, red, middle, O) or rhombomere 2/3 neural crest derived sensory neurons/precursors (Sox10, red, middle, P). The

retrogradely labeled CN V neurons express Brn3A and Six1 (yellow label, right, N, O), but not Sox10 (almost no registration between red and green label, right, P).

Figure 4. Projections of CN V sensory and hindbrain motor neurons into presumptive mx and md targets are precise in WT and LgDel+/− embryos; however, there is an

apparent increase in terminal branching and defasciculation in LgDel+/−. (A) Focal injections of two distinct fluorophore-conjugated biocytins into the presumed mx

(green) and md (red) portions of E11.5 WT CNgV label single axon fascicles that project linearly and precisely into Ba1A (mx; green) and Ba1B (md; red). In addition, the

proximal (hindbrain) projections from these sensory neurons (inset) bifurcate, with one branch directed anteriorly (a, arrow), and the other posteriorly (p, arrow). The

Ba1A hindbrain sensory axon branches (green) are more medial, and the Ba1B branches are more lateral. (B1–3) The terminations of individual distal fascicles tend to

be coherent and unbranched; however, some examples of terminal branching (B4) are seen in WT. (C) Focal injection of two distinct fluorophore-conjugated biocytins

into presumed mx (green) and md (red) portions of E11.5 LgDel+/− CNgV labels axon fascicles that project to their respective targets, Ba1A and Ba1B. There is, however,

terminal defasciculation (box 1, arrows, inset). In addition, in both LgDel+/− and WT, we see aberrant fascicles seen in inappropriate territories (box 2, arrows, inset) at

fairly low, but equivalent penetrance in both genotypes. (D1–4) The termini of labeled axon fascicles are more branched (arrowheads) and extend in multiple directions

than those in WT.

nucleus, and posterior branches toward the presumptive spinal
trigeminal nucleus. These Ba1A(mx) and Ba1B (md) central
projections remain segregated (Fig. 4A, box and inset). There
are occasional single axons labeled by anterior or posterior
injection that project to the opposite target territory in WT
(4/10 = 40%) and LgDel+/− (5/13 = 38%; Fig. 4C, insets). There
was, however, one potential distinction between WT and
LgDel+/−. In all WT embryos analyzed, CN V axons extend
directly toward mx and md targets, with limited branch-
ing near their terminations (Fig. 4B1–4; 10/10 embryos). In
contrast, in a small subset of LgDel+/− embryos, individual

axons apparently branch before reaching peripheral targets
(3/13 = 23%, Fig. 4C, insets). In addition, in LgDel+/−, at their
terminations in Ba1A and Ba1B, small axon fascicles or
individual axons are arrayed more broadly in more diverse
directions (Fig. 4D1–4; 4/13 or 31% LgDel+/− versus 1/10 or
10% WT embryos). Thus, WT CN V sensory and motor axons
extend selectively into Ba1A or Ba1B and fasciculate according
to CNgV or anterior hindbrain position. LgDel+/− CN V axon
growth, however, may be less consistent, mirroring diminished
coherence that defines the partially penetrant LgDel+/− gross CN
V phenotype.
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Figure 5. Diminished 22q11.2 gene dosage in LgDel+/− embryos destabilizes CN V sensory and motor axon growth. (A) 2D renderings of 3D reconstructions of WT

proximal (left) and distal (right) segments of CN V md sensory axons labeled after distal Ba1B injection identified by direct continuity with CNgV cell bodies of origin.

Arrows: similar directions of growth for WT distal and proximal axons. Arrowheads: bifurcation of CN V sensory axon proximal/central branches. Inset: 2D renderings

of a confocal image stack of CN V sensory neurons and their distal/proximal axons. (A′) 2D rendering of two WT CN V md sensory neurons showing relatively linear

extension of distal and proximal axons (e.g. axon segment indicated between the two arrowheads) (B) 2D renderings of LgDel+/− CN V md sensory axons and CNgV

parent cell bodies; distal and proximal LgDel+/− segments have more diverse directions of growth (arrows) than WT counterparts. Inset: 2D image of a CN V sensory

axon and parent cell body. (B′) Apparently increased tortuosity (e.g. axon segment between arrowheads) of LgDel+/− CN V distal and proximal sensory axons. (C) 2D

renderings of WT CN V motor axons from motor neurons. After an ∼90◦ turn upon exiting the hindbrain (arrowheads), the axons extend directly toward Ba1B. Insets:

Representative images of WT CN V motor neurons. (D) 2D renderings of LgDel CN V motor axons. Some CN V motor neuron axons (asterisks) diverge substantially from

the WT pattern of hindbrain exit and direct extension toward Ba1B. Inset: Representative images of LgDel+/− motor neurons with varying degrees of axon misrouting.

(E, E′) Digital enlargement and Imaris-generated reconstruction showing local branching of a LgDel+/− CN V axon. (F, F′) Digital enlargement and Imaris-generated

reconstruction showing terminal sprouting of a LgDel+/− CN V axon. (G) Quantitative summaries of phenotypic frequencies (branching: br; misrouting: m; sprouting:

sp; left,∗P = 0.02, no phenotype: np;) and tortuosity (right, ∗∗P = 0.003) for all individual WT (n = 56 axons) and LgDel+/− (n = 84 axons/18 embryos) CN V axons (sensory

and motor). (H) Phenotypic frequencies (left) and tortuosity (right) for WT (n = 30 axons) and LgDel+/− (n = 43 axons) CN V sensory axons. (I) Phenotypic frequencies (left)

and tortuosity (right) for WT (n = 26 axons) and LgDel+/− (n = 41 axons) CN V motor axons. (J, K) Schematic of major features of early WT and LgDel+/− CN V sensory

and motor axon growth.

Divergent growth of individual WT versus LgDel+/− CN
V sensory and motor axons

The apparent disorganization of CN V axon fascicles in LgDel+/−
embryos suggests that disordered growth of subsets of indi-
vidual sensory or motor axons may contribute to divergent
CN V differentiation due to diminished 22q11.2 gene dosage.
Nevertheless, limited labeling of multiple axon in single fas-
cicles cannot securely resolve these differences. Accordingly,
we adapted our ex vivo injection strategy to label substantial
portions of individual distal (peripheral) and proximal (central)
CN V sensory and motor axons using small biocytin injections
into distal Ba1B (Table 1 and Fig. 5). These labeled axons can
be imaged and traced digitally in 3D to their sensory or motor
neuron sources as well as apparent terminations (Fig. 5A–D)
using unbiased computational axon tracking. This approach,
which randomly labels very few axons in each embryo, does not
address gross CN V phenotypes in each embryo and thus has not
been analyzed statistically on a per embryo basis (see Table 1).
Nevertheless, the proportions of embryos of each genotype with
at least one ‘phenotypic’ axon (see below) are in register with
the frequency of gross CN V phenotypes identified based upon
whole embryo labeling in the same genotypes (Table 1; Supple-
mentary Material, Fig. S1; (6)).

In an initial assessment of axon growth and trajectory in a
limited sample of individually labeled WT and LgDel+/− axons,
blind to genotype, we noticed variations in individual axon
differentiation that we categorized as potential phenotypes
(Fig. 5A–F). There was a noticeable subset of bifurcated or
more extensively branched distal axons among more common
unbranched axons that grow directly into the periphery. In
addition, there were misrouted axons growing in directions
inconsistent with known targets. We also identified one axon in
which multiple small branches emerged at the axon terminus.
Based upon this initial survey, these variations were defined
as phenotypic categories for blind scoring of a larger sample of
WT and LgDel+/− axons. Finally, we noticed local undulations
in some axons, rather than the straight extension seen in
others. To determine whether these apparent aberrations
within the initial sample of individual LgDel+/− versus WT
axons represent statistically distinct CN V axon phenotypes,
we compared the frequency of each across a larger sample of
axons for each genotype (Table 1). We imaged and reconstructed
in 3D from apparent terminations to cell bodies of origin 314
individual axons from 62 embryos of 6 different genotypes
(including WT), all blind to genotype, to complete this analysis
(Table 1).

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa199#supplementary-data
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Figure 6. Frequency of destabilized individual axon growth varies in register with changes in RA-mediated patterning in a series of 22q11.2 gene-related mutant

axons. (A) 2D renderings of individual CN V sensory neurons and their distal and proximal axons (top), and CN V motor neurons and their distal axons (bottom) from

Tbx1+/− mutant. (B) Frequency of branching, misrouting and sprouting CN V axon phenotypes in Tbx1+/− compared with WT. (C) CN V axon tortuosity in Tbx1+/− . (D)

Comparison of number of phenotypes/axon in Tbx1+/− versus WT embryos. Numbers of axons analyzed in each category are given to the right of the graphic record.

(E) Individual CN axon growth in Tbx1+/− embryos resembles that in WT, as does hindbrain A–P patterning. (F) 2D renderings of Ranbp1−/− CN V sensory neurons and

their proximal and distal axons (top) and confocal image of Ranbp1−/− CN V motor neurons and their distal axons (bottom). (G) Frequency of branching, misrouting and

sprouting CN V axon phenotypes in Ranbp1−/− and Ranbp1+/− compared with WT controls. (H) CN V axon tortuosity in Ranbp1−/− compared with WT. (I) Comparison of

number of phenotypes/axon in Ranbp1−/− , Ranbp1+/− and WT. (J) Growth and trajectories of individual Ranbp1−/− axons are similar, but apparently more frequent and

severe than those in LgDel+/−, in register with similar but more substantial changes in A–P hindbrain patterning. (K) Growth and trajectory of individual Ranbp1+/−
axons is similar to WT, as is hindbrain A–P patterning. (L) 2D renderings of CN V motor neurons (circles) and sensory neurons (arrows) in LgDel+/−:Raldh2+/− . (M)

Frequency of branching, misrouting and sprouting in LgDel+/−:Raldh2+/− versus WT CN V axons. (N) CN V axon tortuosity in LgDel+/−:Raldh2+/− . (O) Comparison of

number of phenotypes/axon in LgDel+/−:Raldh2+/− versus WT. (P) Growth and trajectory of individual LgDel+/−: Raldh2+/− axons is similar to WT, in parallel with the

rescue of hindbrain A–P patterning toward WT.

Table 1. Summary of genotypes, litters embryos, percentages of embryos with at least one phenotypic axon (% pheno.), the ranks of phenotypic
frequency, total numbers of axons, % axons with at least one phenotype (% pheno. axons), and ranks

Genotype Litters Embryos (ganglia) % Pheno. Rank n axons % Pheno. axons Rank % Gross pheno Rank

WT 9 13 30% (4/13) 5 56 7% (4/56) 5 17%∗ 5
LgDel+/− 10 18 55% (10/18) 2 84 23% (19/84) 2 42%∗ 2
Tbx1+/− 5 8 25% (2/8) 6 40 5% (2/40) 6 27%∗ 4
Ranpb1+/− 4 6 50% (3/6) 3 39 18% (7/39) 3 32% 3
Ranbp1−/− 4 6 80% (4/6) 1 29 38% (11/29) 1 60% 1
LgDel +/:Raldh2+/− 6 11 36% (4/11) 4 66 8% (5/66) 4 0%∗ 6

In addition, in the two columns at far right, the frequency of CN V gross phenotypes (% gross pheno.) and ranks for based upon data from previous studies (∗Karpinski
et al. 6) or the present study (Ranbp1+/− ; Ranbp1−/−)

Individual WT sensory (Fig. 5A) and motor axons (Fig. 5C)
extended toward the periphery in a fairly consistent direction. In
contrast, there was more departure from direct peripheral exten-
sion for individual LgDel+/− sensory (Fig. 5B) and motor axons
(Fig. 5D). To determine whether the frequency or degree of the
four potential phenotypes: branching (Fig. 5E and E′), misrouting
(see Fig. 5D, asterisks), sprouting (Fig. 5F and F′) and degree of
tortuosity (see Fig. 5B′, arrowheads) differs in the two genotypes,
we scored or measured these divergent features of axon growth
in a total of 142 individual axons (56 WT, 86 LgDel+/−) labeled and
reconstructed from 31 embryos (13 WT, 18 LgDel+/−) collected
from 19 litters (9 WT, 10 LgDel+/−; Table 1). In the entire sample
of axons in each genotype, we found that the three scored
phenotypes, based upon descriptive characteristics of axon vari-
ation, were significantly more frequent in LgDel+/− than WT

embryos (Fig. 5G; n = 56 axons WT, 84 axons LgDel+/−; P = 0.02;
Fisher Exact/Chi Square). Tortuosity, measured as the ratio of the
distance of a straight line from the point of axon initiation at
the parent cell body to its distal termination in the periphery
divided by the actual length of the axon, was significantly lower
in LgDel+/−, which indicates increased tortuosity (P = 0.003, t-
test). Altogether, these data demonstrate that there is increased
variation in distinct aspects of individual LgDel+/− versus WT
CN V axon growth based upon the four potential phenotypes we
identified prior to comparing the two genotypes.

We next asked whether this apparent phenotypic variation
was distinct for CN V sensory versus motor axons. It seemed
possible that there might be differences based upon the distinct
placodal (sensory) versus neural tube neuroepithelium (motor)
origins of the two populations at this stage of differentiation (see
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Fig. 3N–P). The scored phenotypes, branching and misrouting,
were slightly elevated in LgDel+/− CN V sensory (n = 43) ver-
sus WT sensory (n = 30) axons; however, this increase did not
reach statistical significance (P = 0.88; Fisher Exact/Chi Square;
Fig. 5H, left). Nevertheless, LgDel+/− sensory axons were signif-
icantly more tortuous than their WT counterparts (P = 0009; t-
test; Fig. 5H, right). In contrast, scored phenotypes were sig-
nificantly more frequent in LgDel+/− motor (n = 41) versus WT
motor (n = 26) axons (P = 0.0083; Fig. 5I, left), whereas tortuos-
ity, though somewhat elevated in LgDel+/− motor axons, did
not differ significantly for between the two genotypes (P = 0.08;
Fig. 5I, right). Apparently, there is an increase in the frequency
of several phenotypes, defined a priori, in LgDel+/− versus WT
CN V axons (Fig. 5J and K). The frequency of these phenotypes
increases for sensory and motor axons in LgDel+/−; however, the
scored phenotypes are statistically distinct only for motor axons,
whereas tortuosity is statistically distinct only for sensory axons.
Thus, as sensory and motor axons intermingle and grow to their
peripheral Ba1B targets, they growth as a group is significantly
more likely disordered and misdirected.

Divergent individual CN V axon growth in a series of
22q11.2-related mutants

These changes in axon growth may contribute to altered CN V
differentiation that accompanies altered hindbrain patterning
due to 22q11.2 deletion. If this is the case, they should be seen at
lower frequency or absent in 22q11.2-related genotypes in which
patterning and CN V gross phenotypes parallel WT (see Fig. 1 and
Table 1), and at higher frequency in those in which the LgDel+/−
hindbrain patterning change is recapitulated or enhanced. To
assess whether the single axon phenotypes might contribute to
anomalous CN V gross differentiation, we analyzed CN sensory
and motor axons in four 22q11.2-related genotypes without or
with hindbrain patterning changes and accompanying CN V
dysmorphology (see Fig. 1): Tbx1+/−, Ranbp1−/−, Ranbp1+/− and
LgDel+/−:Raldh2+/− compound mutants.

Heterozygous Tbx1 deletion does not alter A–P hindbrain pat-
terning or CN V gross morphology [see Fig. 1C; (6)]. In parallel, we
found no evidence of significantly altered individual CN V axon
growth across the Tbx1+/− genotype (Fig. 6A), based upon either
the scored phenotypes or tortuosity (n = 40 axons; 22 sensory
axons, 18 motor axons; Fig. 6B and C). The number of pheno-
types/axon in Tbx1+/− is not significantly different from WT
(P > 0.99; one-way ANOVA with Bonferroni correction, Fig. 6D).
Thus, in the absence of an RA-mediated A–P patterning shift or
gross CN V dysmorphology, but in the context of heterozygous
deletion of Tbx1, a single 22q11.2 gene associated with additional
22q11 deletion-related pharyngeal and cardiovascular pheno-
types, individual CN V growth is not compromised as it is in
individual LgDel+/− CN V axons (Fig. 6E).

In the Ranbp1−/−, disrupted craniofacial and CN V differenti-
ation is similar or perhaps even more severe than in LgDel+/− (13;
see Fig. 1 and Supplementary Material, Fig. S1), and individual
sensory and motor axon trajectories also appear compromised
(Fig. 6F). The scored phenotypes that are more frequent among
individual LgDel+/− axons are also more frequent for individual
Ranpb1−/− axons (29 axons; 14 sensory, 15 motor; P = 0.0009;
Fisher Exact/Chi Square, Fig. 6G) and these axons are also more
tortuous (P = 0.05, Fig. 6H). The number of phenotypes/axon
in Ranbp1−/− is significantly higher than WT (P = 0.0017; one-
way ANOVA with Bonferroni correction, Fig. 6I). In contrast,
Ranbp1+/− axon growth or targeting, based on our scored or
measured phenotypes, is neither significantly different from

WT (Fig. 6G and H; n = 39 axons; 20 sensory, 19 motor) nor
do numbers of phenotypes/axon differ significantly (Fig. 6I).
Thus, disrupted growth of individual CN V axons is enhanced
in Ranbp1−/− where hindbrain patterning changes and CN V
dysmorphology parallel or surpass those in LgDel+/− (Fig. 6J).
The lack of phenotypic change in Ranbp1+/− CN V axons (Fig. 6K)
indicates that Ranbp1 heterozygous deletion alone cannot
explain CN V dysmorphology due to full 22q11.2 gene deletion.

We finally asked whether a genetic rescue of the RA-
dependent A–P hindbrain patterning (see Fig. 1; 6), accomplished
by crossing LgDel+/− with Raldh2+/−, which lowers RA signaling
by at least 35% (9) also modifies trajectories and targeting
of individual CN V sensory and motor axons toward WT
frequencies (Fig. 6L). In these LgDel+/−:Raldh2+/− embryos, the
frequency of CN V axon phenotypes is indistinguishable from
WT (n = 66 axons; 35 sensory, 31 motor; P = 0.89; Fig. 6M), as is
tortuosity (P = 0.47; Fig. 6N). The number of phenotypes/axons
for LgDel+/−:Raldh2+/− axons also approximates WT (P > 0.99)
and is significantly less than in LgDel+/− (P = 0.03; Fig. 6O). Thus,
the growth and trajectories of individual LgDel+/−:Raldh2+/−
axons is similar to that in WT (Fig. 6P). Apparently, disrupted
RA-dependent A–P hindbrain patterning in LgDel+/− is a key
determinant of the capacity of individual CN V sensory and
motor axons to grow efficiently and directly to their targets.

Discussion
We have shown that disordered growth of individual trigeminal
(CN V) sensory and motor axons increases in correlation with
disrupted RA-mediated A–P hindbrain patterning and gross dis-
ruption of CN V differentiation caused by heterozygous deletion
of multiple 22q11.2 genes or full loss of function or single 22q11.2
gene Ranbp1. These partially penetrant axon anomalies do not
prevent the initial segregation of CN V into three recognizable
branches that will innervate op, mx and md targets. Instead,
these changes in axon growth may contribute to local defascic-
ulation and disorganization within each CN V branch, especially
the mx and md branches. Of the six genotypes analyzed here,
these axon anomalies are only detected in the two genotypes
in which A–P hindbrain patterning is altered, so RA-dependent
gene expression expands into anterior rhombomeres that give
rise to subsets of CN V sensory and all CN V motor neurons.
Apparently, sequential disruption of the earliest steps of pattern-
ing, in part mediated by Ranbp1 as well as altered RA signaling in
the hindbrain, significantly increases the frequency of aberrant
growth for subsets of individual CN V axons. This increased
probability of altered axon growth is in register with increased
probability of disrupted initial differentiation of CN V and may
contribute to oropharyngeal dysfunction in newborn LgDel+/−
mice (5,6), including suckling, feeding and swallowing difficulties
that resemble those in infants and toddlers with 22q11DS.

Analyzing CN V axon growth in mid-gestation mouse
embryos

Previous studies of early CN V axon growth have focused on
the organization of ophthalmic projections to the cornea or
maxillary projections to the developing whisker pad at later
stages of fetal development or early post-natal life (16,22–27).
None of these studies, however, assess the initial outgrowth
of individual sensory versus motor axons in CN V nor have
individual axon trajectories been reconstructed from distinct
sensory or motor neurons of origin toward distal or central
targets. We recognized that to account for potentially subtle,

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa199#supplementary-data
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partially penetrant disruptions of initial differentiation of CN
V sensory and motor neurons due to 22q11.2 gene deletion, it
would be necessary to assess the growth of individual axons,
to distinguish their sensory versus motor identities and to
evaluate their trajectories and targeting in their native tissue
volumes. Single growing axons have been visualized in whole
invertebrates (28,29) and some vertebrates embryos (30–34) using
selective molecular markers (34–36) to label individual axons in
small, transparent embryos. Technical constraints of specificity
and size, however, complicate similar analyses of axon growth in
substantially larger mammalian embryos. Thus, we developed
an ex vivo approach to label small subsets of individual CN V
sensory or motor neuron and their axons in whole embryos. Our
ex vivo biocytin tracing method does not require single cell injec-
tion, genetic recombination, viral infection, long survivals or
histological processing. Our novel 3D confocal imaging approach
along with advanced digital morphometric analysis allows us
to unequivocally assess growth and targeting of individual CN
sensory and motor neuron axons in native tissue volumes.
This level of resolution was necessary to detect subtle, partially
penetrant but quantitatively consistent phenotypes that result
from early developmental consequences of diminished dosage
of 22q11.2 genes in the hindbrain and craniofacial periphery.

Patterning, signaling and cranial nerve development

Hindbrain A–P patterning establishes the identity of the central
hindbrain motor neurons and peripheral neural crest-derived
sensory neurons that comprise each nerve/ganglion, the loca-
tion of each cranial nerve, and matches the projections of each
cranial nerve to their targets (19,37–39). It has been difficult to
disentangle the direct influence of A–P patterning on CN motor
and sensory neuron differentiation versus additional modula-
tion by extrinsic factors that further define neuronal identity as
well as axon growth and guidance (40–44). Our results resolve
some of this ambiguity in the context of 22q11.2 gene deletion.
When hindbrain RA-dependent patterning and gene expression
levels (6) are altered toward WT in LgDel+/−:Raldh2+/− com-
pound embryos, independent of restoring diminished 22q11.2
gene dosage (9), CN V gross differentiation as well as individual
axon growth phenotypes return to WT. Apparently, RA signal-
ing, in an A–P sensitive manner, modulates growth capacities
of individual CN V sensory and motor axons downstream of
22q11.2 deletion. RA has long been implicated in motor (45,46)
and sensory axon growth (47–50). Previous observations sug-
gest that RA has both trophic (49) and axon trajectory/target-
ing influences (18,47,48) on cranial neurons. In these studies,
however, it was difficult to distinguish specific RA effects versus
broader morphogenetic consequences of mutations or exper-
imental manipulations used. Here, we show that in response
to local, altered RA-related hindbrain patterning, CN V motor
and sensory neurons selectively modify their axon growth pro-
grams. Our data do not allow us to fully resolve whether these
changes are exclusively due to the modulation of cranial motor
and sensory neuron identity or altered interactions with hind-
brain progenitors, neural crest or mesodermal cells the growing
axons encounter in the Ba1A/B mesenchyme, which is also
derived from anterior rhombomeres. Nevertheless, these RA-
mediated changes establish a selective sensitivity of CN V sen-
sory and motor neuron early axon outgrowth. The apparent
consequences of RA-mediated dysregulation include the desta-
bilization of branching and local growth that increase the prob-
ability of local defasciculation and misdirected growth in CN V
due to 22q11.2 deletion.

Destabilization of cranial sensory and motor axon
growth

We found several cellular disruptions of the initial growth of
single CN V sensory and motor axons. These changes are dis-
tinct from substantial anomalies of CN axon guidance associ-
ated with loss of function mutations of genes encoding adhe-
sion molecules, tropic/trophic factors or transcription factors in
which axon targeting is grossly incorrect, and axon growth or
branching is dramatically disrupted (51–53). Diminished 22q11.2
gene dosage via a mechanism that includes but is not lim-
ited to Ranbp1-related disruption of RA-mediated A–P hindbrain
patterning destabilizes the growth and guidance of individual
axons locally and stochastically without compromising the ini-
tial establishment of basic segregation of CNgV sensory and
motor neuron projections. These smaller discursions of individ-
ual axon growth, concatenated throughout the entire population
in developing LgDel+/− mice or 22q11.2 deleted humans, could
result in substantial variation in peripheral innervation and
central connections within generally appropriate gross targets,
leading to sub-optimal orofacial sensory-motor function. The
disordered fasciculation and terminal branching in the mx and
md branches of LgDel+/− as well as Ranbp1−/− CN V may be
the result of anomalously branching or sprouting of a subset of
early growing axons, identified here, whose aberrant trajecto-
ries subsequently misdirect additional later growing axons that
would otherwise extend directly in coherent fascicles to their
presumptive targets.

These phenotypes, like several others associated with het-
erozygous deletion of 22q11.2 genes (reviewed by 1,54), are sub-
tle and variable. This partial penetrance may reflect stochastic
variation in gene expression associated with aneuploidy (55,56),
including in the LgDel+/− CNgV (7). Thus, at each critical step of
CN V morphogenesis and differentiation: hindbrain and cranial
placode patterning, neurogenesis or migration and early axon
growth, 22q11.2 deletion in any individual embryo may yield
variable cell-by-cell gene expression levels—ranging from 2 to
1 N to null—and similarly variable phenotypes. Some cells may
retain transcriptional or differentiation states close to WT, while
others have mild to extreme anomalies due to varying dosage
or complete loss of function of one or several genes—either in
the 22q11.2 region or beyond. CN V sensory and motor axon
phenotypes in LgDel+/− and Ranbp1−/− embryos are similar, in
register with disrupted RA-dependent hindbrain patterning and
CN V gross dysmorphology. In LgDel+/− embryos, however, these
phenotypes are less frequent and severe than in Ranbp1−/−. In
LgDel+/−, 22q11.2 genes and additional genes that contribute to
these phenotypes may have a range of expression levels from
cell to cell in CN V sensory and motor neuron populations. In
contrast, in Ranbp1−/− embryos, full loss of Ranpb1 expression
is shared by all relevant CN V-associated cells, perhaps leading
to more consistent changes in gene expression and greater
penetrance of CN V axon growth phenotypes. Further analysis
of expression level variation in CN V sensory or motor neurons
from LgDel+/−, Ranpb1+/− and WT embryos would be neces-
sary to assess a potential contribution of cell-by-cell stochastic
gene expression to the individual axon phenotypes we have
identified.

Mid-gestation divergence and neo-natal dysfunction

The axon anomalies we report here may reflect the earliest
divergence in developmental programs for CN V sensory and
motor innervation that compromise orofacial sensory-motor
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function at birth—most notably S/F/S. We showed previously
that LgDel+/− pups have many features of dysphagia—S/F/S
disruptions—seen in infants and toddlers with 22q11DS (5,6).
The anatomical and behavioral changes are accompanied by
additional changes in CNgV and craniofacial differentiation
(3,57), as well as physiological and cellular changes in cranial
motor neurons (58). We have identified an extremely early
divergence in the developmental program that specifies optimal
CN V differentiation. Concatenated changes that follow this dis-
ruption may diminish fidelity of motor and sensory innervation
of oro-pharyngeal muscles or mechanoreceptive specializations
engaged for optimal suckling, feeding and swallowing, or
complicate subsequent activity and use-dependent refinement
of connectivity (59,60). The precise relationship between the
early divergence identified here, its relationship to initial
disruption of hindbrain patterning, and the structural and
functional integrity of trigeminal nerve innervation remain to
be determined.

Materials and Methods
Animals

The George Washington University (GWU) Animal Research
Facility maintained colonies of WT C57BL6/N (Charles River
Laboratories), LgDel+/− (4), Raldh2+/− (61), Tbx1+/− (62) and
Ranbp1+/− (13) mice. Timed pregnancies were generated using
the date of vaginal plug as E0.5. All procedures were reviewed
and approved by the GWU Institutional Animal Care Use
Committee. After collection, prior to histological processing,
all embryos were assessed for agreement between gestational
ages and stages as described below.

Biocytin injection and clearing

E11.5 embryos, in which Ba1A is the most prominent of the
anterior branchial arches (see also Fig. 2), were harvested in
PBS/0.5% heparin (H5515, Sigma, St. Louis, MO). These E11.5
embryos were then microinjected with 5% biocytin conjugated
to Alexa Fluor 594, 488 (A12922 or A12924; ThermoFisher Sci.,
Waltham, MA) or 640 (92 007; Biotium, Fremont, CA) in 0.05 M
K3PO4 buffer, pH 7.0 with 2% DMSO (63). About 20–40 nl bio-
cytin was injected into target sites with a glass micropipette
under microscopic observation using a pico-injector (PLI-100,
Harvard Apparatus). Embryos were then rinsed in Leibovitz L-15
medium (SH30525.01; HyClone, San Angelo, TX; GE Healthcare
Life Sci.), incubated in L-15/10% bovine calf serum (SH30073.02;
HyClone) for 1.5 h in a 37◦C humidified chamber, fixed with
4% paraformaldehyde [(PFA) in PBS, pH 7.4] and cleared using
BABB: 1:2 Benzyl Alcohol (A395, Fisher Sci.)/Benzyl Benzoate
(105 860 010, Fisher Sci.).

Confocal microscopy and image analysis

Injected embryos were imaged with a Leica TCS SP8 multi-
photon confocal microscope (Leica Microsystems, Buffalo Grove,
IL), with a white laser source and Leica HyD-SMD Hybrid detec-
tor. Images were recorded with a DFC365FX camera at a reso-
lution of 2048 × 2048 pixels using a 20× oil immersion objective
(NA 0.75), a 1.2 times software zoom and a z-step size of 1.2 μm.
Based on the excitation wavelength used, the optical resolution
was 291 nm in the XY-plane and 1.6 μm in the Z-plane. Images
were captured using the photon counting feature to detect both
bright and dim signals and stitched to overcome the limited field
of view of the high NA objective. Images were saved in the ‘Lif’

format and quantified on a Dell Intel Xeon E 5-2637V2 3.50 GHz
PC workstation with a 12 GB NVIDIA TITAN Xp graphic card and
128 GB RAM using Imaris 9.2 (Bitplane, Zurich, Switzerland). To
avoid image overlap, only sparsely labeled axons were selected
for analysis. Axon tracing, 3D reconstruction and scoring were
performed blind to genotype. ‘Lif’ files were flattened and con-
verted to the ‘Tif’ format for illustration. Regions of interest
were enlarged digitally for visual inspection and for ‘higher
magnification’ panels in the figures.

Immunolabeling and analysis

E10.5 embryos, in which Ba1A and Ba2 are of similar size and the
olfactory pits are lateral and separate rather than medial and
fused, were fixed, dehydrated and bleached to diminish back-
ground labeling as described previously (6) and then labeled with
mouse monoclonal α-βIII tubulin antibody (Biolegend, San Diego,
CA, 1:1000) for 3 days at 4◦C. After extensive PBS/0.1% Tween
washes, they were incubated overnight in 1:1000 goat α-mouse
IgG, Alexa Fluor 546 (ThermoFisher Sci.) or 1:500 goat α-mouse
IgG conjugated to HRP. After final PBS washes, fluorescent-
labeled embryos were dehydrated, cleared in BABB and imaged
confocally using 10× (NA 0.4) objective, a 1× software zoom
and z-step size of 2.4 μm. Following DAB/NiCl2 visualization
of HRP, the additional embryos were dehydrated, cleared with
BABB and imaged using a Leica Wild M420 photomacroscope. For
sections, E11.5 Alexa Fluor 488-biocytin injected embryos were
fixed, cryosectioned and then labeled with primary antibodies:
mouse α-Brn3A (Millipore, St. Louis, MO, 1:100), rabbit α-Six1
(Proteintech, Rosemont, IL, 1:1500) or goat α-Sox10 (Santa Cruz
Biotechnology, Dallas, TX, 1:50) followed by detection with Alexa
Fluor 546 secondary antibody.

In situ hybridization

Digoxigenin-labeled Cyp26b1 anti-sense and sense probes were
synthesized using T3 and T7 RNA polymerase, respectively.
In situ hybridization was performed on whole E9.5 embryos,
selected for consistent developmental stage based upon
branchial arch, otic vesicle and eye differentiation. The embryos
were imaged and analyzed as previously described (6). Briefly,
prior to imaging, some embryos were further dissected to isolate
the hindbrain; the surface ectoderm overlying the nascent fourth
ventricle was removed and preparations flattened slightly to
better visualize the rhombencephalon.

Quantitative and statistical analysis

Tortuosity was calculated as the ratio of axon length, measured
digitally in 2D dimensional TIF images created from the image
stacks based upon the distance between the axon origin at its
parent cell body to its distal termination. Chi-square tests (Fisher
Exact) compared frequencies of categorical variables (axon phe-
notypes: branching, misrouting and sprouting). Single continu-
ous variables (tortuosity) were compared using t-tests. Multiple
continuous variables (phenotypes/axons) were analyzed by one-
way ANOVA with Bonferroni correction using Prism 6 (GraphPad,
San Diego, CA). Statistical significance was accepted at P ≤ 0.05.
Gross CN V phenotypes in whole mount embryos labeled for βIII
tubulin (Ranbp1−/−, Ranbp1+/− and WT) were compared using the
Fisher Exact test. For all analyses, WT littermates were collected
along with mutant embryos in the same litter (Table 1). The WT
control sample (n = 56 axons/13 embryos/9 litters) for individual
axon phenotypes was a composite of single axons labeled in WT
littermates collected across litters with all mutant genotypes.
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