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Abstract

We compared apparent origins, cellular diversity and regulation of initial axon growth for
differentiating cranial sensory neurons. We assessed the molecular and cellular composition of the
developing olfactory and otic placodes, and cranial sensory ganglia to evaluate contributions of
ectodermal placode versus neural crest at each site. Special sensory neuron populations—the
olfactory and otic placodes—as well as those in vestibulo-acoustic ganglion are entirely populated
with cells expressing cranial placode-associated, rather than neural crest-associated markers. The
remaining cranial sensory ganglia are a mosaic of cells that express placode-associated as well as
neural crest-associated markers. We found two distinct populations of neural crest in the cranial
ganglia: the first, as expected, is labeled by WntZ:Cre mediated recombination. The second is not
labeled by Wnt1:Cre recombination, and expresses both Sox10 and FoxD3. These populations—
WhntI.Cre recombined, and Sox10/Foxd3-expressing— are proliferatively distinct from one
another. Together, the two neural crest-associated populations are substantially more proliferative
than their placode-associated counterparts. Nevertheless, the apparently placodal and crest-
associated populations are similarly sensitive to altered signaling that compromises cranial
morphogenesis and differentiation. Acute disruption of either Fibroblast growth factor (Fgf) or
Retinoic acid (RA) signaling alters axon growth and cell death, but does not preferentially target
any of the three distinct populations. Apparently, mosaic derivation and diversity of precursors and
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early differentiating neurons, modulated uniformly by local signals, supports early cranial sensory
neuron differentiation and growth.
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INTRODUCTION

There is substantial variation of vertebrate craniofacial morphologies (1, 2); however, cranial
sensory neuron position and identity is remarkably constant across most species: the
olfactory placode/epithelium (OE) is most anterior, followed by the trigeminal (ganglion of
Cranial Nerve V), geniculate (9QCN VII) and vestibulo-acoustic (gCN VIII) ganglia, otic
placode/vesicle (OV), the petrosal/superior (QCN I1X) and nodose/jugular complex (gCN X).
Despite this morphological stability it is still not known whether the anlagen of these cranial
sensory populations—all derived from either the ectodermal placodes or the neural crest (3,
4)—initially share uniform molecular and cellular identities or have variable identities based
upon their anterior-posterior (A-P) cranial positions. Thus, we asked whether there is
uniformity or diversity among sensory neurons or their precursors as cranial sensory
structures first become identifiable in the developing mouse head at mid-gestation.

Fate mapping studies over the last several decades have established that both the cranial
placodes and neural crest contribute to the cranial sensory ganglia (3-5). Nevertheless, the
quantitative contribution of each population to each sensory site remains unknown. Indeed,
there is evidence that cranial placode and neural crest cells share a common progenitor field
at early neural plate stages (5), making ultimate distinctions of derivation less certain.
Moreover, the OE and OV have been considered to be exclusively placodal in origin;
however, recent reports indicate that neural crest cells also contribute to varying degrees
(6-8). Quantitatively distinct contributions of placode and crest may prefigure distinct
sensory neuron differentiation along the A-P axis. Alternately, the early cellular constituents
may be fairly uniform, and subsequent differentiation may rely upon local signals that yield
divergent fates. Accordingly, we used established molecular markers and genetic approaches
(9, 10) to classify and quantify placode-associated and neural crest-associated cells at each
site of initial cranial sensory neuron differentiation.

A key aspect of early sensory neuron differentiation is the stereotyped trajectories of the
earliest axons that extend from post-mitotic neurons at each cranial sensory site. These early
axons define the primary branches of what will become a much more complicated plexus for
each cranial nerve. It is well established that local signals, often produced by either placodal
or cranial mesenchymal cells adjacent to each sensory site influence early cranial nerve
development. In particular, Fgfs, often from placodal sites (11), and RA, primarily
associated with neural crest-derived mesenchyme (12), modulate multiple aspects of sensory
neuron differentiation including cranial sensory neuron survival, neurogenesis and cranial
nerve differentiation. Most of the studies of the effects of these signals have focused on
phenotypes in constitutively mutated mice where ligands, receptors or co-factors are non-
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functional from conception onward (13-17). In contrast, there are no observations, to our
knowledge, that characterize the effects of these signals for sensory neuron differentiation
once cranial sensory sites are established and axon outgrowth begins. Accordingly, we used
acute pharmacological disruption of Fgf signal transduction or RA synthesis to assess
whether these signals preferentially target distinct cell classes and whether they selectively
alter axon growth.

Our data show that the OP, gCN VIII, and OV have molecular signatures consistent with
primarily placodal origins, while the remaining ganglia have remarkably consistent
proportions of cells with placodal and neural crest-associated molecular signatures. There
are two distinct populations of neural crest-associated cells in all of the ganglia: those
identified via WntZ:Cre recombination, and those that express additional neural crest
markers Sox10 and Foxd3, but are not WntZ:Cre recombined. Disrupting Fgf or RA
signaling has substantial and distinct effects on gene expression, axon outgrowth, and cell
survival after the initial coalescence of sensory structures. These effects, however, are not
selective for placode- versus crest-associated populations of sensory precursors or neurons.
Thus, we found a molecular and cellular mosaic that defines cranial sensory precursors and
neurons at midgestation—there is quantitative uniformity of placodal and neural crest-
associated cells, with diversity in the responses of these cells to local signals that influence
further differentiation.

MATERIALS AND METHODS

Animals

The George Washington (GW) University Animal Research Facility maintained breeding
colonies of C57/BL6 (Charles River) mice carrying Wnt1.Cre and nuclear eGFP reporter
alleles (Jackson). We used CD1 mice (Charles River) for microdissection for quantitative
PCR (gPCR) and whole mount immuno-labeling in WT and pharmacological treatments.
For proliferation analysis, BrdU (50mg/kg body weight) was injected into timed pregnant
mice at E10.5. Embryos were harvested 2 hours after labeling. Standard BrdU
immunolabeling techniques were used after acid treatment for antigen retrieval. Timed-
pregnant females (vaginal plug =E0.5) were sacrificed at E9.0 or E10.5 by rapid cervical
dislocation and embryos collected for analysis. The GW Institutional Animal Care and Use
Committee approved all procedures.

Pharmacological Treatments

Timed pregnant dams (WntZ:Cre::eGFP) were injected intraperitoneally at E9.5 with 50
mg/kg PD173074 (FgfR-1; Selleckchem), an Fgf receptor 1 and related Fgf receptors
inhibitor or 100 mg/kg Di-ethyl amino benzadine (DEAB; Sigma), an RA synthesis inhibitor
as described previously (18). 24 hours later, embryos were harvested for histology, gPCR
whole mount immuno-labeling or acute BrdU labeling (injection 2 hours prior to collection).

Microdissection

Embryos were harvested at E10.5, and stage confirmed based upon olfactory placode
differentiation, which at E10.5 is laterally placed on the head and not deeply invaginated.
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Embryos were collected in ice-cold RNAase-free Dulbecco's phosphate buffered saline
(DPBS). Some cranial sensory ganglia (QCN VII/VIII and gCN IX/X) are not easily
separable at this age, thus we dissected “ganglion complexes”. Embryos were bisected and
each half trans-illuminated to visualize ganglia beneath the translucent cranial epidermis.
Each structure was isolated using a micro-scalpel, and when possible the epidermis was
removed. These dissected ganglia were transferred to fresh DPBS and pooled (four to six
ganglia from at least 3 embryos/litter) for RNA extraction and gPCR analysis. The OE and
OV were dissected from separate litters. The olfactory placodes were cut from the side of the
head, and the cranial region that includes the OV was isolated. Samples were transferred to
cold 1.25% pancreatin (Sigma) and 1.25 % trypsin (GIBCO) in high Ca** medium (L15) for
30 minutes as described previously (12). Enzymatic digestion was stopped with 10% heat
inactivated horse serum in L15. The OE and OV were separated from adjacent mesenchyme
and epidermis using fine tungsten needles, and samples were pooled as above.

RNA isolation, cDNA synthesis and gPCR

RNA was prepared as described previously (19). qPCR was performed using a Bio-Rad
CFX384 Real-Time PCR detection system. Gene-specific primers, when possible, spanned
genomic intron-exon boundaries, generated amplicons between 250 and 350 bp, and were
validated by melt-curve analysis (QPCR primers, Table S1). Each gPCR sample for analysis
of cranial sensory neuron transcription factor expression levels consists of RNA made from a
pool of 4-6 individual ganglia or ectodermal samples (OE and OV). For each transcription
factor, 3-8 such pools were analyzed for each condition (WT, FgfR-1 or DEAB-treated).

Quantitative and statistical analysis of expression levels

To assess relative levels of gene expression, we determined the average expression (deltaCT)
across all structures and then subtracted that average from expression values in each. For
comparisons of gCN V, gCN VII/VIII and gCN IX/X from WT, FgfR-I or DEAB-treated
embryos, the average of WT gCN V, gCN VII/VIII and gCN 1X/X mean values are
subtracted from mean values of FGFRi- and DEAB-treated gCN V, gCN VII/VIII and gCN
IX/X. For WT and FGFRi- or DEAB-treated OE and OV, the mean expression values of the
22 genes from E10.5 whole embryo cDNA was subtracted from each mean value of WT,
FGFRi- or DEAB-treated OE or OV samples. These values were analyzed based upon
highest to lowest relative expression. Student's t-tests were used to assess differences
between dCT expression values in WT and treated samples.

Immunohistochemistry and microscopy

E10.5 embryos were prepared for cryomicrotmy and antibody labeling as described
previously (30). Primary antibodies include mouse anti-pl11 Tubulin (TuJ1; Covance,
1:1000), rabbit anti-Six1 (Proteintech, 1:1500), chicken anti-GFP (Abcam1:1000), mouse
anti-NeuN (Merck Millipore, 1:1000), mouse anti-HuC/D (16A11, Life Technologies,
1:1000), Mouse anti-BrdU (BD Biosciences, 1:100),goat anti-Sox10 (Santa Cruz
Biotechnology, 1:50), mouse anti-Foxd3 (Thermo Scientific, 1:400), rabbit anti-Six4
(Proteintech Group, 1:100), mouse anti-Six1 (Atlas Antibodies, 1:200), mouse anti-Brn3a
(Millipore, 1:100), mouse anti-p75 (Chemicon, 1:1000), rabbit anti-TrkA (Santa Cruz
Biotechnology, 1:100), rabbit anti-TrkB (Santa Cruz Biotechnology, 1:100) and rabbit anti-
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cleaved Caspase 3 (Cell Signalling, 1:200). Primary antibody labeling was visualized with
Alexafluor 488-, 546-, or 647- conjugated secondary antibodies (Molecular Probes, 1:2000
for 546 and 647, and 1:4000 for 488). Images were collected using a Leica Tiling
microscope, or a Zeiss 710 confocal microscope.

Cell counting and analysis

Images of each ganglion or ganglion complex were collected at 20X objective
magnification. Higher magnification images of dual labeled cells were collected at 40X
objective magnification. The red (Six1), green (Wntl:Cre::eGFP), blue (DAPI) channels
were visualized separately and superimposed as composite images. Labeled cells were
counted using video-overlay and point counting (Adobe Photoshop). Double-labeled cells
were counted based on clear overlap when dual channels were analyzed. Single labeled
DAPI cells were counted by visualizing all channels. We determined Six1 and eGFP “only”
numbers by subtracting the number of double-labeled cells from single labeled cells of the
related cell classes. Mean values between WT and treated ganglia were compared
statistically using Mann-Whitney tests, and multiple comparison errors were adjusted using
the Bonferoni correction. To determine proportions of proliferative or differentiated cells of
each category, total number of cells positive for BrdU or NeuN were counted, then checked
for overlap with Six1, GFP, Six1+GFP or DAPI and the percentages of each were
determined.

Whole-mount immunohistochemistry

E10.5 embryos were prepared for whole-mount immunolabeling as described previously
(20). They were incubated in anti-B111 Tubulin antibody at 4°C for 3 days, then washed in
PBST repeatedly and incubated overnight in HRP-conjugated goat anti-mouse antibody (GE
Healthcare Life Sciences; 1:500). Following DAB/NICI, visualization, embryos were
dehydrated, cleared with benzyl alcohol: benzyl benzoate (BABB) and imaged using a Leica
Wild M420 photomacroscope.

Quantitative assessment of altered gangliogenesis and axon growth

Pairs of images of whole-mount labeled CNs and gCNs were evaluated, blind to treatment,
by five independent observers. The identity of these pairs was randomized so that no
observer compared the same pairing of WT and treated structures. Images were randomized
in three ways: treated images and WT images were paired randomly; left or right position
was randomized, and the order of the pairs was randomized for each observer. Scoring
criteria were as follows: for CN V, a score of “0” was assigned if the ganglion appeared to
match WT examples, and “1” if the ganglion appeared changed from the WT state. The
scores from all 5 independent observers were then collated and mean phenotypic scores
determined. A mean score of 0.8 or above identified an individual nerve/ganglion as altered.
Fisher's exact test was used to identify statistically significant changes in treated and
untreated groups.
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RESULTS

Diverse molecular identities of cranial sensory neurons and precursors

Sensory neurons in the OE, gCN V, gCN VII, gCN VIII, OV, gCN IX, and gCN X emerge at
sites where cranial placodal ectoderm is directly adjacent (OE, OV) or intermixed (cranial
sensory ganglia) with neural crest derived cells (3, 4, 12, 21, 22). In the mouse, the sensory
epithelia or ganglia have coalesced, and substantial initial neuronal differentiation and axon
outgrowth is seen at all sites by E10.5 (Figure 1, left). Labeling of cells and axons in each
cranial sensory structure by the early neuronal marker gI11 Tubulin suggests extensive initial
differentiation of neurons at this stage. The processes of these neurons extend into the
periphery as well as into the hindbrain (Figure 1, left). We used immunolabeling for the
transcription factor Six1 to identify putative placode—associated cells (23, 24), and WntZ:Cre
dependent recombination (9) of a floxed nuclear eGFP reporter to identify putative neural
crest associated cells (Figure 1, middle). At E10.5, Six1-expressing, presumed placode-
associated cells fully populate the OE, OV and gCN VIII, whereas a combination of
placode- and neural crest-associated cells constitutes the remaining cranial sensory ganglia.
Differentiating neurons, recognized by expression of HUC/D (labels at all sites) and/or NeuN
(only labels gCN V and VI1), are found at this time (Figure 1, right). We identified neurons
in both the Six1 and WntI:Cre labeled populations in all cranial sensory structures, although
Six1-expressing cells appeared to be labeled more frequently for these neuronal markers (see
below).

We next asked whether there was a consistent quantitative relationship between the
contribution of putative placode- and neural crest-associated cells to early differentiating
cranial sensory neuron populations. With few exceptions—single cells in a few sections in a
minority of embryos—we saw only Six1-labeled cells in the OE and OV as well as gCN
VIII at E10.5 (Figure 1, middle, Figure 2, left); therefore, we did not quantify proportions of
placode- versus neural crest-associated cells in these structures. In the remaining cranial
sensory ganglia, there are robust proportions of Six1-expressing and WhtZ:Cre recombined
cells: 23 + 2.8% (SEM; n=8) of gCN V cells express Six1, 37 + 1.6% are WntI.Cre
recombined, and 7 + 0.8% are labeled for both markers (Figure 2, left and middle).
Surprisingly, 33% + 2.8% of gCN V cells are labeled neither by Six1 or Wnt1:Cre
recombination. These cells, recognized using the nuclear DNA marker DAPI (Figure 2,
right), are distributed throughout each ganglion, intermixed with both Six1 and WntI:Cre
labeled populations. In gCN VII, similar proportions of Six1, Wnt1:Cre, and “DAPI-only”
cells are seen: 43 + 2.1% (SEM, n=7) are Six1-labeled, 34 + 2.1% are WntI:.Cre
recombined, 1 + 0.2% of the Six1 and WntI:Cre populations are dual-labeled, and 22

+ 2.2% of gCN VI cells are not labeled by either marker. The proportions of the distinct cell
classes in the gCN 1X/X complex are similar to gCN V: 18 + 2.8% (SEM; n=8) Six1 labeled,
43 + 3.8% WhntI:Cre labeled, 4 £ 1.2% dual-labeled, and 35 + 5.1% not labeled by either
marker. Statistical analysis (p> 0.05; Mann Whitney; Bonferoni correction) confirms that
there are no significant differences in the proportion of these cells in each of the cranial
ganglia. Thus, A-P position does not influence the placode versus neural crest constituency
of cranial ganglia with dual origins.
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To evaluate the possibility that the quantitatively consistent “DAPI-only” population
represents cells that at an earlier time express Six1 and then down-regulate the protein—
suggesting a placode-association for the unlabeled cells at E10.5—we analyzed proportions
of the three populations in the coalescing gCN V at E9.0, the earliest stage in mouse when
gCN V is identifiable as a coherent ganglion (Figure 2, bottom row). We found
approximately similar proportions of the three cell classes at E9.0 and E10.5: At E9.0, 34%
+ 1% (SEM, n=6) are Six1-labeled, 30%+1% are WntI:Cre recombined, and 31%+1% are
DAPI-only. The proportions of Six1, WntZ:Cre recombined and DAPI only cells at E9.0 are
statistically indistinguishable (p> 0.05; Mann-Whitney) from those in gCN V at E10.5. Our
results, therefore, define a consistent, quantitatively robust population of cells labeled by
neither Six1 nor WntI:Cre recombination that constitute a substantial fraction of cranial
sensory ganglion cells.

Placode versus neural crest signatures of distinct cranial sensory cell classes

We next asked whether the three quantitatively stable populations in the cranial ganglia:
Six1-labeled cells, WntI.Cre-recombined cells, and the previously undetected “DAPI-only”
population, have additional distinct molecular signatures that distinguish their likely origin
and identity. We assessed expression of an additional placode-associated marker, Six4 (25),
and found nearly complete overlap between Six1 and Six4-labeled populations (Figure 3,
top left). Previous work suggests that placode-derived cranial sensory neurons express Brn3a
earlier than neural crest-derived cells (26, 27). We found that nearly all Six1 labeled cells in
gCN V express Brn3A at E10.5 (Figure 3, middle left). Of these cells, a large proportion
(48%= 2%) also expresses NeuN (Figure 3, lower left). In contrast, very few Wnt1:Cre
recombined or DAPI-only cells in gCN V express Brn3a at E10.5, and the proportion
expressing NeuN is similarly low (Figure 3, graph at left). These distinctions were also seen
in gCN VIl and gCN IX/X (not shown) indicating that the patterns are not unique to specific
ganglia. Thus, based upon multiple molecular and cellular characteristics, the vast majority
of Six1 expressing cells appear to be placode-associated, and are distinct from the WntZ:Cre
recombined and “DAPI-only” populations.

We next asked whether the WntZ:Cre recombined and DAPI-only populations had molecular
and cellular identities that distinguish them as related or separate cell classes associated with
the neural crest. We found that the DAPI-only cells also express Sox10 and Foxd3 (Figure 3,
right), both of which are selectively associated with the neural crest (28-30). As expected
(28-31), a substantial proportion of WntZ.Cre recombined cells were also labeled for Sox10
(60%+3%, SEM, n=5). A slightly lower proportion of the DAPI-only cells also express
Sox10 (47%x2%), while a very small subset of Six1 expressing cells express Sox10 (8%
+1%). Each of these values is statistically distinct from the others (p<0.5; Mann-Whitney).
Finally, we determined whether the neural crest-associated populations are more
proliferative, based upon comparison with their Six1 counterparts that generate neurons by
this time. Cells expressing all neural crest-associated markers in gCN V are significantly
more frequently labeled acutely by BrdU (74%=2% of the total BrdU population; SEM,
n=5) than those expressing neither marker (26%%+2% SEM; Figure 3, graph at right).
Within the neural crest-associated populations, however, there are distinctions in
proliferative activity. The frequency of BrdU/Sox10-only expressing cells (38% + 3%; SEM,
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n=5) is nearly twice that of BrdU/WntI:Cre recombined-only cells (17%z 2%; Figure 3,
graph at right), a statistically significant difference (p < 0.009; Mann Whitney). Finally, the
highest frequency of BrdU labeling is seen in WntI:Cre recombined cells that also express
Sox10 (47% = 4%), which is both significantly greater than the WntZ:Cre-only/BrdU
population (p<0.01) and the Sox10-only/BrdU population (p< 0.05). Thus, based upon our
proliferation analysis, there are at least four classes of cells in the ganglion at E10.5:
modestly proliferating placode-associated cells, and three subsets of highly, but
differentially, proliferative neural crest-associated cells.

Signaling pathways that influence cranial sensory neuron differentiation

Cranial placode-and neural crest-associated cells—including sensory neurons and their
progenitors as well as non-neural craniofacial structures—are well known targets of
morphogenetic signals in the developing head (32-40). Two of these signals, Fgf and RA,
can modify cranial placode (41) and neural crest (42, 43) cells. Most studies addressing
cranial Fgf or RA signaling in the mouse have relied upon use of constitutive genetic
mutants, which have concatenated phenotypes from initial early embryogenesis onward.
These include extreme craniofacial disruptions that make clear interpretation of sensory
neuron changes nearly impossible (44). To avoid this complication, we asked whether acute
pharmacological disruption of signaling via Fgfs (45-48) or RA (32, 49-51) between E9.5
and E10.5, have differential influences on the Six1-presumed placode-associated, WntZ:Cre
recombined or “DAPI-only”/Sox10/Foxd3 neural crest-associated populations.

In response to acute Fgf inhibition (FgfR-I) at E9.5, all five cranial sensory neuron sites are
noticeably smaller by E10.5 (Figure 4, left; compare with Figures 1, 3). The OE and QV are
dysmorphic; nevertheless, both are still composed nearly entirely of Six1-labeled cells
(Figure 4). The consequences of acute RA inhibition (DEAB) are less dramatic. The OE is
slightly less invaginated and the QV slightly smaller; however, both still express Six1
exclusively (Figure 4). To determine whether disrupted Fgf or RA signaling had selective
effects, we assessed proportions of Six1, WntZ:.Cre recombined and DAPI-only cells that
remain in the apparently smaller cranial sensory ganglia after FgfR-1 (Figure 4, left) or
DEAB treatment (Figure 4, right). We found no statistically significant differences in the
proportions of any of these cell classes in response to diminished Fgf or RA signaling,
compared to WT values (Mann-Whitney; Bonferoni correction for multiple comparisons).
Apparently, although FgfR-1 and DEAB disrupts Fgf and RA signaling at each site where
sensory neuron precursors and neurons are found, this disruption does not selectively
compromise the proportions of any of the three distinct sub-populations that we have defined
in the cranial sensory ganglia.

Transcriptional changes in response to altered Fgf and RA signaling

Fgf and RA signaling are key regulators of transcription factor expression in neural
progenitors, as well as in differentiating and mature neurons. Accordingly, we asked whether
expression of key transcription factors in cranial sensory populations along the anterior-
posterior (A-P) axis was altered systematically at cranial sensory sites in response to FgfR-I
or DEAB. We selected 22 transcription factors whose activity has been associated with
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cranial sensory neuron genesis or differentiation based on expression as well as
consequences of loss or gain of function (27, 52-65).

We first asked whether any of these transcription factors are expressed in statistically
verifiable A-P gradients in non-treated OE, OV, and cranial sensory ganglia using micro-
dissected samples and qPCR. Since both Fgf and RA gradients are known to influence A-P
patterning in the hindbrain and neural crest (66, 67), it was surprising that none of the 22
transcription factor genes were expressed so that their A-P ranks were either in ascending or
descending order across all 5 structures, nor were any expressed at constant levels in all five
structures (Supplemental Figure 1). To insure that we had not overlooked subtle systematic
relationships, we performed regression analyses to assess statistically whether any of the
expression levels were distributed in an approximate A-P linear gradient across all five sites;
we found none. We also performed this analysis excluding the OV, because of low
expression levels of most of the 22 transcription factor genes we selected; nevertheless, we
found no linear gradients. The initial formation of placode and neural crest precursors of the
cranial sensory neurons are influenced by A-P morphogenetic gradients; nevertheless,
transcription factor expression patterns no longer reflect or predict A-P position by the time
that these cells have started to differentiate into neurons.

We next asked whether FgfR-1 and DEAB treatment alters gene expression levels at any of
the five cranial sensory neuron sites. We found that inhibiting Fgf signaling caused
extensive, statistically significant changes of transcription factor expression levels (Figure
5). Only one gene, however, D//1, changes with a consistent magnitude across all five sites.
There is substantial diversity in magnitude and direction of changes for the remaining genes,
and no systematic relationships between these changes and A-P position were found. Thus,
although acute pharmacological inhibition of Fgf signaling has substantial effects on
transcription factor expression at sites of cranial sensory neuron differentiation, there are few
consistent changes across all five cranial sensory sites. DEAB treatment has more modest
effects on expression levels for these 22 transcription factor genes at these sites (Figure 5).
There are five genes for which acute RA inhibition has an opposite effect on expression
compared to acute Fgf inhibition, consistent with the Fgf/RA antagonism reported for many
non-neural regions of the developing embryo (68-72). Thus, for 22 cranial sensory precursor
or neuron-associated transcription factors, in response to acute inhibition of RA synthesis
and signaling, there is no consistent, gradient-based change in expression of RA-sensitive
genes in developing cranial sensory neurons at E10.5.

Fgf and RA Signaling Influences Cranial Sensory Axon Outgrowth

Previous reports show that craniofacial morphogenesis as well as cranial nerve
differentiation can be compromised by disruption of Fgf or RA signaling (71, 72). The
morphological and transcriptional changes we have seen could result in altered outgrowth
and targeting of cranial nerve axons, due to dysmorphic peripheral targets or direct effects
on differentiating neurons. Alternately, they could be confined to diminished cell
proliferation or enhanced cell death—making structures smaller, with little change in the
basic trajectories or targets of cranial nerve axons. To distinguish these possibilities, we
visualized cranial nerves in whole E10.5 WT, FgfR-I and DEAB treated embryos.
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E9.5 FgfR-1 treatment results in in craniofacial dysmorphogenesis at E10.5. These changes
are consistent with, but less severe than, those caused by constitutive mutations in Fgf
signaling genes (14, 15). The medial and lateral frontonasal processes are not identifiable,
and the branchial arches are substantially smaller (Figure 6). In parallel, the position,
growth, and targeting of cranial nerves is disrupted. The most dramatic disruptions in
response to FgfR-I are seen in CNs | and V. CN VII/VIII are less compromised, and there
are only modest changes in CN IX/X (Figure 6, 7). CN | axons do not make a characteristic
medial turn as they approach the forebrain, nor do they enter (Figure 6, lower middle). gCN
V is small and dysmorphic; it lacks an identifiable maxillary division and the ophthalmic
and mandibular branches are diminished. The distance between gCN V and gCN VII, which
are immediately adjacent in WT embryos (Figure 6, left), is substantially increased. gCN
V11 and gCN VIII are smaller; however, CN VII retains a rudimentary branching pattern
similar to WT (Figure 6, middle). gCN IX and X are in approximately normal positions, and
their axons are oriented appropriately. Modest changes in gCN IX/X primarily reflect
anomalous axon fascicles between the two ganglia or diminished size. Thus, acute disruption
of Fgf signaling modifies the trajectories of cranial nerve axons particularly in the most
anterior cranial nerves (CN I, CN V).

Craniofacial dysmorphogenesis in response to disrupted RA signaling is less severe, but still
discernible, consistent with previous reports of mutations in RA signaling genes as well as
teratogenic manipulations (73). The E10.5 embryos are slightly smaller, the eye is reduced
in size, and the maxillary process is not as prominent as in WT embryos (Figure 6, right).
The medial and lateral frontonasal processes are distinct; however, the degree of OE
invagination is not as advanced as in the WT (Figures 4, 6, 7). In DEAB treated embryos,
CN I axons make a medial turn as they exit into the mesenchyme; however, they continue
medially and ventrally, rather than turning dorsally to enter the forebrain as in WT. Although
smaller, gCN V has all three divisions, and its position immediately adjacent to gCN VIl is
not different from that in the WT. CN V axons seem to be sparse and less tightly fasiculated.
gCN VII and gCN VIII are smaller than WT, and CN V11 axons appear diminished,
nevertheless, their branching pattern is not disrupted (Figure 6). The most substantial
changes are seen for CN 1X/X. gCN IX is displaced, hypotrophic, either fused with gCN X
or completely separated, and it does not extend axons into the peripheral or central nervous
system. Thus, acute disruption of RA signaling substantially changes cranial nerve axon
growth at several sites, with the most dramatic changes seen posteriorly (CN IX and X).

To quantify the consistency and robustness of these changes across multiple embryos and
litters, we imaged each cranial nerve in at least 10 and as many as 35 embryos from multiple
litters of WT, Fgfr-l and DEAB treated embryos. Thus, we assessed between 20 and 70
individual cranial nerves at each site for each treatment, using a multi-observer, randomized
“forced choice” approach (see Methods). We found remarkably consistent, statistically
significant changes (Fisher's Exact, p < 3 x10719) across all of the CNs and ganglia in FgfR-
| and DEAB treated embryos compared to WT (Figure 7). These changes do not
approximate normal variation in WT embryos at this stage (20). Indeed, only one WT CN |
and two WT CNs VII/VIII were scored as altered, similar to changes seen in DEAB-treated
embryos. In contrast, after FgfR-I treatment, 95% of CN 1, 95% of CN V, 98% of CN VII/
V111, and 83% of CN IX/X, are altered as described above. In response to acute RA
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inhibition, 90% of CN I, 57% of CN V, 72% of CN VII/VIII and 84% of CN IX/X are
altered. Thus the “penetrance” of morphogenetic changes for each cranial nerve was robust
and consistent, with FgfR-1 most severely compromising anterior CNs, and DEAB altering
posterior CNs.

Cellular correlates of altered cranial nerve differentiation

Changes in the sizes of cranial sensory neuron structures, levels of gene expression and
extent of axon outgrowth in response to FgfR-1 or DEAB treatments could all be the result
of having fewer neurons differentiate at these sites. Both decreased cell proliferation, by
diminishing cell and axon numbers, and increased cell death, by eliminating cells and
thereby axons, could account for CN axon changes. Accordingly, we assessed the integrity
of both of these processes at each cranial sensory site after acute inhibition of either Fgf or
RA signaling.

We assessed proliferative activity in WT, FgfR-I treated and DEAB treated gCN V following
BrdU labeling on E10.5, 2 hours prior to collecting the embryos for analysis. We found that
this metric of cell proliferation was unchanged by either acute reduction of Fgf or RA
signaling. Thus, For WT embryos, the proportion of BrdU labeled cells was 40% + 2%
(SEM, n=6), for FgfR-1, 40% + 3% (n=5), and for DEAB, 43% + 1% (n=6). These values
are statistically indistinguishable (p> 0.05; Mann-Whitney). Based upon the proportion of S-
phase labeled cells in gCN V, which is nevertheless compromised by both FgfR-1 and DEAB
treatment, it seems unlikely that there are major alterations in cell proliferation at sites of
sensory neuron differentiation in response to acutely altered Fgf or RA signaling.

We next examined the extent of cell death based upon activated Caspase 3 labeling. In
response to acutely diminished Fgf signaling, there is substantial enhancement of cell death
(Figure 8, left). Enhanced frequency of activated caspase-labeled cells is seen in the
frontonasal mesenchyme adjacent to the OE, in the lateral portion of gCN V, in the
mesenchyme adjacent to the OV, but not in gCN IX/X. In contrast, acute disruption of RA
signaling elicits a distinctly different pattern of cell death (Figure 8, left). No Caspase 3
labeled cells can be seen in the OE or frontonasal mesenchyme. Their presence, compared to
controls, also appears diminished in gCN V as well as gCN VII/VIII, and adjacent
mesenchyme. In contrast, there is a substantial enhancement of Caspase 3 labeled cells in
gCN IX/X. These data indicate that acute disruption of Fgf and RA signaling modulates
apoptotic cell death at sites of cranial sensory neuron differentiation. Diminished Fgf
signaling enhances cell death more noticeably in anterior structures, whereas disrupted RA
signaling enhances cell death more noticeably in posterior ganglia.

Finally, we asked whether expression levels of a key set of regulators of cranial sensory
neuron differentiation, growth, and survival, the neurotrophin receptors p75, TrkA, B, and C,
were altered by acute disruption of Fgf or RA signaling. We first assessed expression at the
mRNA level in dissected OE, OV, and ganglia at E10.5. We found that levels of most of the
Trks are increased in the three cranial sensory ganglion complexes in response to both FgfR-
| and DEAB (Figure 8, middle). The magnitude of these increases varies between 1 and 3
fold. Only 7rkA declines, and these change are limited to the OE and OV. To further assess
these apparent changes, we evaluated p75 and Trk protein expression
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immunohistochemically. Comparison of protein expression in gCN V is consistent with the
gPCR data showing increased expression of p75, TrkA, B and C, are increased in
expression. The location of increased expression appears to differ for each protein: p75 is
enriched at the margins of the ganglion, TrkA in a posterior region, and TrkB and C in the
outer part of the ganglion, where Six1 and NeuN cells are also concentrated (see Figures 2
and 3). Thus, acute disruption of Fgf and RA signaling elicits substantial changes in cell
death, and compensatory changes in neurotrophin signaling. The predominantly up-
regulation of neurotrophin receptors may be a compensatory mechanism to maintain survival
or growth in the context of diminished trophic support caused by disrupted Fgf or RA
signaling.

DISCUSSION

The initial establishment of cranial sensory sites depends upon relatively stable contributions
from placode-associated and distinct classes of neural crest-associated cells early in mid-
gestation, accompanied by local signaling that likely modifies gene expression and
differentiation in each distinct population. Our analysis of placode- and neural crest-
associated populations in the OE, OV, and coalescing cranial ganglia identified a novel
population of neural crest-associated cells. Neural crest-associated cells in g CN V, g CN VI
and g CN IX/X can be divided into those that are WntZ:Cre recombined, and those that are
not, but express other neural crest markers including Sox10 and Foxd3, and are significantly
more proliferative. The proportions of these cells that constitute g CN V, g CN VIl and g CN
IX/X are consistent and do not seem to be preferentially altered by acute manipulation of
Fgf or RA signaling. Nevertheless, disrupting Fgf and RA signaling acutely at midgestation
results in diverse changes in gene expression, axon outgrowth, cell survival and death at
cranial sensory sites. Together, our results show that the initial derivations of cranial sensory
neurons are fairly uniform based upon contributions of placode-associated and neural crest-
associated cells. Once cranial sensory neurons have begun differentiating, local signaling
modifies axon growth and cell survival at each site.

Analyzing initial cranial sensory neuron development

We combined several approaches to evaluate likely derivation, transcriptional state, and
signaling in cranial sensory structures at midgestation in the mouse. To quantify likely
placode derivation, we used established molecular markers, Six1 and Six4, which are
selective for placode derivatives (23-25). To assess neural crest derivation we used an
established genetic fate mapping method, via Wnt1.Cre recombination (9). Nevertheless,
Six1 and WntI:Cre alone do not completely account for all of the cells in several nascent
ganglia including gCN V, gCN VI, and g CN IX/X. Moreover, we found differences in
WhntI.Cre labeling based upon the reporter allele used—the nuclear GFP reporter shows
little recombination in the OE and OV, while a cytoplasmic reporter detects some cells
descended from Wnt1 expressing precursors in the OE and OV (7, 8). To define the likely
identity of the non- WnitZ:Cre recombined cells, we used additional neural crest associated
markers, Sox10 and Foxd3. The non-Six1/Six4 and non- WntI:Cre recombined express both
markers at high frequency. Finally, we used assessment of proliferation based upon BrdU
labeling to determine whether the WntZ:Cre and non- WntZ:Cre populations were distinct.
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We found that there are substantial, significant differences between each population, thus
reinforcing the impression that each subset is a distinct contributor to the cranial ganglia. It
is also clear that single markers of cranial sensory neuron or precursor identity are
insufficient to definitively identify cell classes during midgestation in the mouse.

To assess how diversity is modulated in apparently fairly uniform populations of placodal
and neural crest-associated cells in the cranial ganglia, we manipulated two local signals,
Fgf and RA, known to influence cranial development, including cranial ganglion and nerve
development. We acutely diminished signaling via Fgfs and RA pharmacologically rather
than genetically. Our data are therefore not complicated by concatenation of earlier
developmental disruptions, as in constitutive mutants, or incompleteness of recombination to
inactivate Fgf or RA-associated genes. It would be impossible using current murine genetic
approaches to diminish Fgf or RA signaling in all cranial sensory neuron sites at mid-
gestation without dramatically compromising the entire developing head (16, 74). Thus, our
pharmacological manipulations provide a temporally precise, reliable means of evaluating
local signaling via Fgf and RA in the developing head between E9.5 and E10.5.

Two populations of neural crest-associated cells in the cranial ganglia

Previous studies have used WntI:Cre recombination to genetically identify dorsal/alar cells
in the neural tube as neural crest that migrates peripherally, thus enabling the mapping of
these cells from their point of origin in the CNS to their targets (9, 10, 75). We used this
genetic approach expecting that all, or nearly all, of the neural crest cells that contribute to
cranial sensory structures would be labeled by WntI.Cre, as suggested in the literature,
while remaining cells would likely be labeled by markers associated with the cranial
placodes. Our goal was to establish a clear quantitative accounting of the proportions of
placode and neural crest-associated cells in the mouse embryo as cranial ganglia form,
which to our knowledge had not been done previously. We confirmed a contribution of
Wht1.Cre recombined cells in gCN V, VII, IX/X (which in the mouse forms a complex, thus
making further distinctions difficult) at consistent proportions at each site. We assumed that
placode-associated markers would label the additional cells, thus indicating that, as argued
previously by several investigators, placode contributions are dominant in the cranial sensory
ganglia. Instead, the placode contribution, based upon labeling with Six1 and Six4, to gCN
V, gCN VII and gCN IX/X was statistically indistinguishable from that of the WntZ:Cre
recombined presumed neural crest, leaving unaccounted for a substantial population of cells.
These cells could have been either placode-associated or neural crest-associated cells not
labeled by WntI:Cre recombination. They are indeed neural crest-associated based upon
multiple markers and distinctions in proliferative activity. Thus, we have defined a
previously unreported distinction in cranial neural crest that contributes to sensory ganglia:
those associated with Wnt1 expression in the dorsal neural tube and those that are not.

We do not know the ultimate origin of the second population of neural crest, beyond its
likely location outside of the zone of Wnt1 expression in the dorsal neural tube. Alternately,
this novel population may be generated earlier than WntZ is expressed in the neural tube
(76), distinguishing the two populations temporally, or it may arise from more laterally
placed neural tube cells, consistent with arguments that the zone of neural crest generation is
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broader than previously thought (77). Moreover, we do not know if this novel population of
neural crest cells has distinct fates. It is possible that these cells are biased toward generating
glial constituents of the ganglia, based upon some of their molecular and cellular properties
(29, 55). It also remains possible that they are not distinct in their potentials and fates, but
represent a transient state that is primarily developmental in its significance. Resolving these
questions will require additional embryological as well as genetic fate mapping studies. The
consistency of proportions of each class of neural crest in the cranial ganglia indicates that
there is likely to be fairly robust regulation of the epithelial/mesenchymal transitions for
each population at the neural tube, and for the migration of each population in the
developing head.

Morphogenetic signals and cranial sensory differentiation

It is fairly well established that during the earliest stages of vertebrate cranial patterning and
morphogenesis, Fgf and RA signaling act in a graded and antagonistic manner to establish
A-P organization (5, 78). Accordingly, we assumed that there would likely be evidence of
continued A-P distinctions in cellular composition, transcription factor expression and
differentiation in cranial sensory populations at mid-gestation that reflects the earlier
patterning, especially that via Fgf and RA. Nevertheless, we found very little evidence of
robust A-P relationships in cellular composition, quantitative levels of transcription factor
expression, or graded A-P sensitivity to acutely altered Fgf or RA signaling for cranial
sensory sites across the A-P axis at E10.5. Instead, by E10.5 each site has a distinct
signature of expression and differentiation responses to altered Fgf and RA signaling,
indicating that the early gradient while clearly essential for initial establishment of the A-P
axis, is not maintained. Our results show that each site at mid-gestation responds uniquely to
changes in Fgf and RA signaling, and that the changes include local alterations in
transcription factor expression levels, ganglion morphogenesis, axon growth and cell death.

The axon trajectory changes we identified are in some cases similar to those reported
previously for RA signaling pathway mutations (71). For the most part, however, they
represent novel and robust alterations in differentiation due to acutely, rather than
constitutively, disrupted signaling via each pathway. These changes are not only distinct for
Fgf versus RA disruption, they also vary over the A-P array of cranial sensory sites so that
anterior sites are more compromised by disrupted Fgf signaling, and posterior sites are more
compromised by altered RA signaling. Moreover, the preferential changes in CN I, the
maxillary branch of CN V CN IX in response to acute disruption of Fgf versus RA signaling
indicate that there is selectivity for altering cranial nerve developmental response to these
two signals. The targets for this selectivity remain to be identified: there may be direct,
differential actions on specific populations of sensory neurons that constitute distinct nerve
branches or nerves, or there may be distinct influences on target structures, leading
secondarily to changes in axon growth and ganglion integrity. Our evidence indicating
extensive changes in expression of neurotrophin receptors, which are established as key
regulators of cranial sensory neuron development and axon growth (79), is consistent with
changes in axon growth we report. The causes of these changes—either direct effects on
sensory neurons or axons, or indirect responses of altered neurotrophin ligand expression in
target structures—are not yet known. Together, the consequences of acute disruption of
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morphogenetic signaling on axon growth indicate that once a fairly uniform population of
placode and/or neural crest derived cells has been established at each cranial sensory site,
diversity in developmental programs may be executed locally based upon local activity of
distinct signaling molecules.

Craniofacial and Cranial Sensory Development: Beyond A-P Patterning

One of the major challenges for understanding craniofacial developmental disruption is the
apparent selectivity for many morphogenetic anomalies (80-84). Cranial morphogenesis and
related cranial sensory neuron function can be independently altered at each of the sites we
characterized. The functional consequences of such disruptions include altered sense of
smell, reproductive difficulties due to lack of genesis or migration of GNRH neurons in the
nascent olfactory placode (85); eye movements, hearing, feeding and swallowing,
cardiovascular regulation, or gastric motility. Such changes can result in long term deficits in
sensory capacity, growth and nutritional status. Our results suggest that restricted
craniofacial dysfunction reflects local mechanisms that act upon relatively uniform
populations of placode-associated and neural crest-associated cells at each cranial sensory
site. The most severe consequences for sensory neuron development due to genetic or
environmental alterations of these local mechanisms may be confined to a particular region
or nerve, limiting deleterious effects in other critical cranial sensory neuron populations.
Thus, our data provides two novel insights into clinically significant cranial sensory
dysfunction. First, it likely reflects local rather than global disruption of cranial
development, resulting in anosmia in some, eye movement disorders in others, hearing
disruption in an additional subset, feeding and swallowing difficulties in many, and
cardiovascular, respiratory or gastro-intestinal difficulties in additional individuals. Second,
there may be mechanisms that preserve most local cranial sensory neuron differentiation
across the A-P axis of the head in the context of selective mutational or environmental
compromise of a specific cranial sensory neuron population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Cranial sensory neuron lineage or transcription factors do not follow A-
P gradient

Disrupting Fgfs or RA signaling does alter these in an A-P gradient

Diminished Fgf enhances anterior cell death; diminished RA enhances
it posteriorly

Diminished Fgf disrupts anterior nerves; diminished RA affects
posterior ones
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Figure 1.
Identity and differentiation in placode and neural crest associated cranial sensory structures.

Left: Sites of cranial sensory neurons along the anterior-posterior (A-P) axis of the E10.5
mouse embryo head. This section, transverse to the A-P distribution of cranial sensory
neuron sites shows that each region: the olfactory epithelium (OE), trigeminal ganglion
(9CN V), geniculate ganglion (gCN V1), acoustic ganglion and otic vesicle (gCN VIII and
OV), and petrosal and nodose ganglia (gCN IX and X) is a site of early neuronal
differentiation and process outgrowth, based upon labeling with 111 Tubulin (cyan). Center:
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Immunolabeling with antisera against Six1 and for eGFP expressed based upon Wnt1:Cre
recombination. The OE is completely labeled by Six1 (red), with no eGFP labeled cells
(green) detected. There are many recombined eGFP labeled cells in the frontonasal
mesenchyme (fnm). The medial fnm has both Six1 and eGFP labeled cells, while the lateral
fnm has primarily eGFP labeled cells. gCN V, gCN VII, gCN IX and gCN X are all
composed of randomly intermixed Six1 and eGFP labeled cells. In contrast, g CN VIII and
the otic vesicle (OV), which gives rise to auditory/vestibular hair cells, consist primarily of
Six1 labeled cells. Right: Labeling for diagnostic markers of further neuronal
differentiation, HuC-D and NeuN. identity shows that both Six1 (red) and WntZ:Cre
recombined eGFP (green) expressing cells differentiate as neurons. We used the neuronal
marker Hu-C/D (blue)(an RNA binding protein; REF) to label neuronal nuclei in the OE and
gCN IX/X, and NeuN (blue) to label neuronal nuclei in gCN V, VII, and VIII. There are
double- or triple-labeled Hu-C/D or NeuN cells for Six1 and in each structure (panels at far
right, adjacent to lower magnification images of g CN V, g CN VII/VIII, g CN IX/X). In
each example we present the multiple labeled cell or cells at the top, and then color
separations for Hu C-D or NeuN labeling (blue), Wnt1:Cre recombination (green), or Six1
expression (red).
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Six1 Wnt1:Cre DAPI

30%

Figure 2.
Stable proportions of placodal, neural crest-derived and non-labeled cells in the cranial

sensory ganglia. Left: Six1 labeling in all structures at higher magnification. The OE is
populated entirely with Six1 labeled cells. There is a slight tendency for Six1 cells in gCN V
and VII to be seen in more lateral (left) regions of the ganglia, but this bias is not absolute.
Percentages of Six1 labeled cells (red bars), and double labeled cells (yellow bars, and
insets; yellow nuclei) as well as SEMs are given in the bar histogram beneath each panel.
Center: WhntI:Cre recombined cells, labeled with a nuclear-localized eGFP reporter are
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largely excluded from the OE, but are quite frequent in g CN V, VII, and IX/X. Wnt1:Cre
recombined cells are largely excluded from g CN VI1II and the OV. The green bars in the
histograms beneath each panel indicate the percentages of these cells (:SEM). Right: A
substantial population of cells in the cranial ganglia, but not the OE, gCN VIII, or OV, are
labeled neither by Six1 or WntI.Cre. These cells, recognized by nuclear labeling with the
DNA dye DAPI (blue), can be easily distinguished from violet cells (Six1 labeled), turquoise
cells (eGFP labeled), and cells whose nuclei appear white (Six1/eGFP double labeled). They
appear randomly distributed in each ganglion. The blue bars in the histograms indicate the
percentages of these cells (xSEM).
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Figure 3.
Placode versus neural crest signatures of distinct cranial sensory cell classes. The data

presented here focuses on the g CN V; however, similar observations were made in the
additional cranial ganglia. Left: The identity and early neuronal differentiation of cells
expressing placode-associated markers. At left, cells immunolabeled with Six1 antisera (left
panel, left column) to identify placode-associated cells were double-labeled with Six4
(middle column, top) or Brn3a (middle column, center), or the neuronal marker NeuN
(middle column, bottom). Both Six4 and Brn3a show nearly complete identity with the Six1-
lableled cells (right column, merged). Many of the NeuN labeled cells are co-labeled with
Six1 (right column, bottom). At bottom left, a quantitative summary of placode-associated
versus neural crest-associated labeling of g CN V cells. Right: distinct, neural crest-
associated molecular signatures of WntZ:Cre recombined and “DAPI-only” cells in g CN V.
There is some overlap in the WntZ:Cre recombined and Sox10-expressing cells (top row);
however it is far from complete. In addition to the Wnt1:Cre/Sox10 labeled cells (yellow)
there are several Sox10/DAPI-only cells (violet) as well as some cells that are labeled for
neither neural crest-associated marker (far right, top). There is even less overlap between the
Wht1.Cre population and the Foxd3 labeled cells (middle row). There are relatively few
Wht1.Cre recombined cells that are labeled by Foxd3 (yellow; far right); however, the
DAPI-only cells labeled by Foxd3 (are fairly frequent (violet; far right). BrdU is
incorporated in Sox10-expressing cells (bottom panels). The overlap is extensive (yellow
cells at far right); however, there also are non-labeled cells that are labeled by BrdU. At
bottom, a quantitative summary of BrdU labeling seen in cells that express neural crest
versus non-neural crest markers.
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Figure 4.
Consequences of FgfR-1 or DEAB treatment at E9.5 for cranial sensory neuron

differentiation and frequency of placode (Six1; red) and neural crest (WntZ:Cre recombined;
green) cells. The overall size of the ganglia is diminished by the treatments. The proportions
of each cell class, including unlabeled (DAPI cells) are shown in the histograms below each
panel. We find no disproportionate statistically significant changes for any cell class
compared to the WT distribution (see Figure 2) in response to either FgfR-1 or DEAB.
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Transcription Factor Expression Changes

OE, OV and Cranial Sensory Ganglia
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Figure 5.
Change in transcription factor expression in response to acutely diminished Fgf or RA

signaling. Quantitative changes of 22 cranial sensory neuron-associated transcription factors
at each of the enzymatically isolated/micro-dissected sensory neuron sites in response to
FgfR-I (left side of each gray box) or DEAB (right side of each gray box) treatment. Arrows
indicate direction of gPCR changes, and the sizes of the arrows are proportionate to the fold
change of each altered gene. Genes are presented in order of highest to lowest expression in
gCN V. The gray boxes without any arrows indicate the subset of genes whose expression
did not change in response to acutely diminished Fgf or RA signaling.
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All CNs
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Figure 6.
A-P distinctions in disrupted sensory ganglion differentiation and axon growth in response

to acutely diminished Fgf and RA signaling. Whole E10.5 normal (wild type “WT”), FgfR-I
and DEAB treated embryos labeled for l11 tubulin (see also Figure 1) to show cranial
ganglia and axons. Top panels: Lateral views of cranial nerves I11, V, VII, VIII, IX and X
are shown for WT (left), FgfR-1 treated (middle) and DEAB treated (right) E10.5 embryos.
The ophthalmic (op), maxillary (mx) and mandibular (md) branches of CN V are indicated.
The forebrain (fb) is labeled at the anterior of the embryo. The dual headed arrow in the
middle panel indicates increased distance between gCN V and gCN VII. Arrows at gCN V
in the FgfR-1 treated embryo, versus those at gCN 1X/X in the DEAB treated embryo
indicate the anterior bias of ganglion/axon disruption in response to FgfRI versus the
posterior bias in response to DEAB. Bottom panels: Anterior views of CN | (OE) in
dissected specimens. The lateral and medial frontonasal processes are indicated (Inp, mnp).
The arrows summarize WT and treated olfactory nerve trajectories.
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Figure 7.
Quantitative consistency of cranial nerve axon growth/ganglion morphogenesis changes in

response to acutely diminished Fgf and RA signaling. Left: Higher magnification views of
each cranial nerve/ganglion shown in Figure 7. Arrows indicate key changes scored by the 5
observers as described in Materials and Methods. Right: Histograms summarizing the
numbers and percentages of CNs scored as altered by FgfR-1 (left) or DEAB (right)
treatment. The red bars at right in each histogram indicate the frequency of identifiable
changes for each nerve for each set of treated embryos. The green bars indicate the small
number of normal nerves scored as altered in a way consistent with DEAB treatment.
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Figure 8.
A-P distinctions in apoptotic cellular responses, but not neurotrophin receptor expression

changes in response to acutely diminished Fgf and RA signaling. Left: Activated Caspase 3
immunolabeled cells at WT, FgfR-1 and DEAB treated cranial sensory neuron sites. There is
an apparently consistent low frequency of caspase labeled cells, some of which overlap with
Whnt1.Cre recombined cells and some that do not, in each of the structures. In response to
FgfR-1, Caspase 3-labelled cells increase in frequency in the mesenchyme adjacent to the
OE, in gCN V, and in the mesenchyme adjacent to the OV. There is little caspase 3 labeling
in gCN IX/X in response to FgfR-I. In contrast, the frequency of caspase labeled cells in
response to DEAB is little changed from the normal in the OE, gCN V, gCN VII/VI1II and
OV. There is noticeably increased frequency, however, in gCN IX/X. Center: gPCR analysis
of neurotrophin receptor expression, associated with distinct classes of cranial sensory
neurons in all five structures analyzed, in response to FgfR-1 and DEAB. Both treatments
cause increased expression of subsets of 7rk receptors and p75 across all of the cranial
sensory ganglia. Right: Immunolabeling for Trk receptor and p75 proteins in WT (left),
FgfRI-treated (center), and DEAB-treated (right) in gCN V. The increased protein
expression in treated samples compared to untreated samples is consistent with increased
expression seen in mMRNA levels by gPCR.
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