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ABSTRACT

Peripheral sensory axons innervate the epidermis early
in embryogenesis to detect touch stimuli. To character-
ize the time course of cutaneous innervation and the
nature of interactions between sensory axons and skin
cells at early developmental stages, we conducted a
detailed analysis of cutaneous innervation in the head,
trunk, and tail of zebrafish embryos and larvae from 18
to 78 hours postfertilization. This analysis combined
live imaging of fish expressing transgenes that highlight
sensory neurons and skin cells, transmission electron
microscopy (TEM), and serial scanning electron micros-
copy (SSEM). In zebrafish, the skin initially consists of

two epithelial layers, and all of the axons in the first
wave of innervation are free endings. Maturation of the
epithelium coincides with, but does not depend on, its
innervation by peripheral sensory axons. We found that
peripheral axons initially arborize between the two epithe-
lial skin layers, but not within the basal lamina, as occurs
in other organisms. Strikingly, as development proceeds,
axons become tightly enveloped within basal keratino-
cytes, an arrangement suggesting that keratinocytes may
serve structural or functional roles, akin to Schwann cells,
in somatosensation mediated by these sensory neurons.
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Our ability to sense mechanical, thermal, and chemical
touch stimuli relies on the growth and development not
only of the neurons that form somatosensory circuits but
also of the skin, the site at which stimuli are detected. In
all vertebrates, somatosensation is accomplished by
trigeminal neurons, which innervate the head, and dorsal
root ganglia (DRG) neurons, which innervate the body. In
fish and amphibians, an additional population, Rohon-
Beard (RB) neurons, innervates the trunk and tail during
embryonic and early larval stages, before dying and being
replaced by DRG neurons (see, e.g., Kimmel and Wester-
field, 1990; Reyes et al., 2004). The cell bodies of trigemi-
nal and DRG neurons cluster in ganglia outside the central
nervous system (CNS), whereas RB neurons are located in
the dorsal spinal cord (Fig. 1A). All three populations of
somatosensory neurons share a common bipolar or pseu-
dounipolar structure, projecting a central axon into the
CNS that synapses onto downstream interneurons and a
peripheral axon that terminates in the skin (Fig. 1B,C).

Adult animals possess many different types of somato-
sensory neurons, each specialized to sense distinct kinds
of stimuli. Subtypes of sensory neurons can be distin-
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guished molecularly by the expression of transcription
factors that specify them, neurotrophin receptors that
make them sensitive to specific growth factors, and ion
channels that detect and transduce sensory stimuli
(Lumpkin and Caterina, 2007; Marmigére and Ernfors,
2007). Morphologically, they can be distinguished by
where their central axons project in the CNS, their associ-
ation with glial cells (myelinating or unmyelinating), the
distribution of vesicles and organelles that they contain
(Kruger et al., 2003), and the morphology and localization
of their peripheral terminals in the skin (Lumpkin and
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Skin Innervation in Zebrafish

400 pm

Figure 1. Live transgenic imaging allows visualization of peripheral sensory neurons and skin. A: Cartoon of ~30 hpf zebrafish showing
locations of trigeminal (magenta) and RB (green) cell bodies and axons. B,C: Images of single 54-hpf trigeminal (B) and RB (C) neurons in
transient transgenics reveal the structure of peripheral sensory neurons. Arrowheads indicate central axons and arrows indicate the pe-
ripheral axon that innervates the skin. D-F: Transgenic animals expressing sensory:GFP to highlight peripheral sensory neurons and kera-
tin4:dsRED to highlight skin at 18 hpf (D), 36 hpf (E), and 54 hpf (F). Arrows point to trigeminal ganglia and arrowheads point to RB
neurons. Image to the right of the 18 hpf embryo is an optical cross-section; note that the skin and neuronal staining do not overlap, indi-
cating that it has yet to be innervated by sensory axons. G,H: Closeups of the trigeminal ganglion (G) and a region of the trunk above the
yolk extension (H). Optical cross-sections to the right of each image reveal green sensory axons colocalizing with the skin (arrowheads).

Scale bars = 100 um in B,C,G,H; 400 um in D-F.

Caterina, 2007). In adult vertebrates, including mammals
and fish, mechanosensory peripheral axons are associ-
ated with a variety of specialized structures below the
epidermis, such as Merkel cells, Pacinian corpuscles, hair
follicles, and solitary chemosensory cells (Kotrschal et al.,
1997; Kruger et al., 2003; Lumpkin and Caterina, 2007).
Some peripheral axons are not associated with any par-
ticular structures; these axons emerge from myelin
sheaths at the dermal/epidermal interface and branch
extensively as “free endings” within the epidermis. Most
of these free endings are thermosensory or nociceptive
and have diverse morphologies and functions (Dubin and
Patapoutian, 2010).

Peripheral sensory axons begin innervating the skin at
early developmental stages, when it consists of just a few
epithelial layers, suggesting that somatosensation is
functional in embryos. For example, human DRG axons
have reached the epidermis by 7 weeks of development
(Moore and Munger, 1989), mouse trigeminal axons

begin innervating the skin at approximately E10.5 (Davies
and Lumsden, 1984), and trigeminal and RB axons in
zebrafish contact the skin between 16 and 18 hours post-
fertilization (hpf) and become functional by 21 hpf (Kim-
mel and Westerfield, 1990; Saint-Amant and Drapeau,
1998; Sagasti et al., 2005). The ultrastructure of these
earliest peripheral sensory axons is less well character-
ized than that of adult peripheral axons, and many ques-
tions about their development have yet to be completely
answered. For example, how diverse are the morpholo-
gies of these earliest terminals? What is the structure of
the skin at early stages of innervation? Does innervation
by sensory terminals influence the maturation of the skin,
as was suggested by a descriptive study of embryonic
human skin (Moore and Munger, 1989)? Of particular in-
terest to us is the nature of the association between sen-
sory axons and skin cells: Where in the embryonic skin do
peripheral axons arborize? Studies of RB innervation at
early stages of Xenopus development found that RB
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peripheral neurites form a plexus in the basal lamina,
below the basal layer of keratinocytes (Roberts and Tay-
lor, 1982; Taylor and Roberts, 1983). Endings of these
axons pierce through small openings between basal skin
cells (Taylor and Roberts, 1983), where they terminate
between skin cells (Roberts and Hayes, 1977). In con-
trast, in the Xenopus head, two physiological distinct
types of trigeminal mechanosensors project different
types of terminals into the skin: type 1 neurites project
branches between the skin layers and the lateral mem-
branes of superficial cells; type 2 neurites branch both
below and within the skin, but rarely between the superfi-
cial cells (Hayes and Roberts, 1983).

One intriguing possibility is that sensory axons in the
skin course not only below or between skin cells but also
within them, in much the same way that primary periph-
eral axons are sometimes enveloped by Schwann cells.
Such associations between peripheral axons and skin
cells have been described for adult fish and human skin
(Cauna, 1973; Whitear and Moate, 1998) as well as for
Caenorhabditis elegans (Chalfie and Sulston, 1981), but
how common these structures are, whether they form in
embryos, or what function they may serve have not been
extensively explored.

MATERIALS AND METHODS

Animal care, transgenic zebrafish embryos,
and morpholino injections

Zebrafish were maintained in 28.5°C, pH 7.5, water on
a 14-hour/ 10-hour light/dark cycle. Animal care and ex-
perimental procedures were approved by the UCLA Chan-
cellor’s Animal Research Committee (ARC). ARC commit-
tee members and veterinary staff regularly inspected the
zebrafish facility to ensure maintenance of animal care
standards.

To image sensory neurons, we used the previously
described Tg(sensory:GFP) and Tg(IsI2b:GFP) lines; to
image keratinocytes, we created the Tg(keratin4:dsRED)
line. Construction of the Tg(sensory:GFP) has been
described by Sagasti et al. (2005). Briefly, this transgene
includes a ~4.2-kb genomic EcoR1 fragment isolated
from a BAC containing the islet1 gene (isl[ss]) by Higashi-
jima et al. (2000). This genomic fragment is downstream
of the islet1 gene and drives expression in a portion of
the endogenous islet1 expression pattern. In the Tg(sen-
sory:GFP) transgene, the isl[ss] region is used to drive
expression of Gal4-VP16, which in turn binds to a stretch
of 14 copies of the Gal4 UAS to drive expression of GFP.
The use of Gal4-VP16 amplifies GFP expression, allowing
GFP to fill comprehensively the entire axonal arbor, as
evidenced by the fact that growth cone filopodia are
clearly visible during development, arbors of dye-filled

axons expressing membrane-localized GFP are of compa-
rable complexity (not shown), and the fact that anti-GFP
and anti-alpha-tubulin staining colocalizes (see, e.g., Fig.
2C). The Tg(isl2b:GFP) line was created by Pittman et al.
(2008). Briefly, this transgene uses a 17.6-kb fragment
from directly upstream of the islet2zb gene to drive
expression of the GFP variant mmGFP5 in a variety of sen-
sory neurons. To create Tg(keratin4:dsRED), we used a
2.2-kb enhancer region (amplified with the primers 5'-
GAATTCCTACAGTAAAGCTTCTCCACAATGTCCC-3' and 5'-
GGATCCCTCTGCGTGTCTCTCAGCAGCTGGCTG-3')  from
directly upstream of the keratin 4 gene (previously known
as keratin 8; Gong et al.,, 2002) to drive expression of
dsRED directly. All of these transgenes segregate in a
straightforward Mendelian fashion, indicating that they
have integrated at a single genomic locus, although that
locus has not been mapped. Observations of transgenic
embryos were made in dozens of individual embryos from
several clutches obtained on different days.

To prevent the development of peripheral sensory neu-
rons, embryos were injected with 3-5 nl of 0.7 mM neuro-
genin-1 (ngn-1) morpholino (5’-ACGATCTCCATTGTTGATA
ACCTGG-3’; Andermann et al., 2002; Cornell and Eisen,
2002) at the one-cell stage. Loss of sensory neuron
expression in the Tg(IsI2b:GFP) line was monitored to
confirm the efficacy of the morpholino.

Confocal imaging

Live zebrafish embryos were mounted for imaging by
anesthetizing them in 0.02% tricaine and were immobilized
in 1% low melt agarose. Mounted embryos were imaged
with a Zeiss LSM 510 confocal microscope as previously
described (O’Brien et al., 2009).

Antibody characterization

To visualize basement membranes, we used a rabbit
polyclonal antibody against laminin purified from the
basement membrane of a mouse sarcoma (Table 1),
which has previously been used in zebrafish (Costa et al.,
2008). We recapitulated an expression pattern similar to
that previously reported. Specifically, this antibody
stained basement membranes (a thin, continuous band
below epithelia) throughout the embryo. To verify the
specificity of this antibody further, we stained embryos
injected with 4.5 ng of a morpholino (5-TGTGCCTTT
TGCTATTGCGACCTC-3') targeting the laminin ¢1 (lamc1)
gene (Parsons et al., 2002). In severely affected embryos
injected with this morpholino (as judged by having a
severely shortened body axis), antilaminin staining in
basement membranes was absent, and, in mildly affected
embryos (less severely shortened body axis), it was
reduced or patchy (not shown).
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Figure 2. Peripheral sensory axons arborize within the skin. A: Diagram of the embryonic zebrafish skin. The skin consists of two layers,
the periderm (P) and basal cell layer (B). The basement membrane (BM) is located below the basal cell layer. B: Antibody stain for GFP
(green) and laminin (magenta) in a vibratome section of a tg(sensory:GFP) fish at 54 hpf. GFP-expressing peripheral axons (arrowheads)
localized exterior to the band of laminin staining. C: Antibody stain for GFP (green) and tubulin (magenta) in a 70-nm microtome section of
a 78 hpf sensory:GFP transgenic fish. Cell nuclei labeled with DAPI (blue; P, periderm nucleus; B, basal cell nucleus). Peripheral sensory
axons (arrowheads) are exclusively located between the nuclei of the two epidermal cell layers. D: By using transient transgenesis to
achieve mosaic expression of both transgenes, a single sensory axon (magenta) was imaged extending its primary axon through a skin cell
(green) and arborizing above it. Maximum projection of a confocal image stack taken of the head of a live embryo at 54 hpf. Right, green
channel only, showing an opening in the skin cell through which the axon enters (arrow). E: Three confocal optical sections showing a dor-
sal view of the top of the head of an embryo harboring the sensory:GFP and keratin4:dsRED transgenes. All labeled axons arborized
between the two skin layers. In the top panel, two green dots are visible, which appear to be axonal varicosities that bulge up into the
optical plane of the outer layer of skin cells. Scale bars = 10 pm in B,C; 20 um in D (left),E; 5 um in D (right).

To visualize axons, we used a mouse monoclonal antiace-
tylated o-tubulin antibody (Table 1) that has been used in
zebrafish to visualize axons (Olsson et al., 2008). We reca-
pitulated an expression pattern similar to that previously
reported for tubulin staining. As expected for an axonal
marker, tubulin staining was visible in the stereotyped pat-
tern of the major axon tracts of the zebrafish embryo as well
as the fine arbors of peripheral axons in the skin. Array to-

mography further verified the specificity of this antibody by
confirming that tubulin staining colocalized with staining for
GFP in Tg(sensory:GFP) embryos (see Fig. 2C).

Antibody staining

Embryos were fixed in 4% paraformaldehyde for 10
minutes at room temperature, then overnight at 4°C, fol-
lowed by permeabilization in acetone for 8 minutes at
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TABLE 1.
Primary Antibodies

Antigen Immunogen Antibody details Dilution used
Laminin Laminin purified from basement Sigma; rabbit polyclonal; 1:100
membrane of EHS mouse sarcoma No. L9393
Acetylated alpha-tubulin Acetylated alpha-tubulin from the outer Sigma; mouse monoclonal; 1:200
arm of sea urchin sperm axonemes No. T6793
GFP (for costaining with GFP isolated from Aequorea victoria Invitrogen (Molecular Probes); 1:500
antilaminin) mouse monoclonal; No. A11120
GFP (for costaining with GFP isolated from Aequorea victoria Invitrogen; rabbit polyclonal; 1:100
antitubulin) No. A11122

—20°C and whole mount antibody staining. Embryos
were incubated in primary antibodies rabbit o-laminin
(1:100) and mouse a-GFP (1:500) overnight at 4°C (Table
1). On the following day, embryos were incubated in sec-
ondary antibodies Cy5 a-rabbit (1:500) and Cy2 a-mouse
(1:200) for 4 hours at room temperature. Embryos were
embedded in agarose and cut into 200-um sections with
a vibratome, mounted on coverslips, and imaged with a
Zeiss LSM 510 confocal microscope. At least 10 embryos
were stained and imaged for this experiment.

Array tomography

For antibody staining of ultrathin sections (see Fig. 2C),
fixed embryos were embedded in LR white resin, cut on a
Reichert ultramicrotome into a ribbon of 70-nm sections,
and mounted on a coverslip (Micheva et al., 2010). Sec-
tions were stained with mouse antitubulin (1:200) and
rabbit anti-GFP primary antibodies (1:100; Table 1), fol-
lowed by Alexa 594 anti-mouse and Alexa 488 anti-rabbit
secondary antibodies (1:50). See Micheva et al. (2010)
for details on sectioning and staining protocol. After stain-
ing, sections were treated with ProLong Antifade with
DAPI (Invitrogen, Carlsbad, CA) and imaged using a Zeiss
Axio Imager with a x 63 oil objective. At least 10 embryos
were stained and imaged for this experiment.

Transmission electron microscopy

Embryos were anesthetized for 10 minutes in 0.02% tri-
caine before fixation in 4% paraformaldehyde, 2% glutaral-
dehyde in 1x PBS (pH 7.4); placed on a rotator for 2
hours at room temperature; and incubated at 4°C over-
night. Fixed embryos were washed for 3 x 10 minutes
with PBS, treated with 1% osmium for 1 hour, and washed
for 3 x 5 minutes with ddH,0. Embryos were then dehy-
drated with an ethanol series, switched into propylene
oxide (PO) for 2 x 10 minutes, and infiltrated with epoxy
resin through a series of steps (1:1 PO:epoxy for 30
minutes, 1:2 PO:epoxy for 2 hours, 100% epoxy over-
night). On the next day, embryos were transferred into
coffin molds with freshly made epoxy resin and oriented
head first. Molds were maintained under vacuum (12 in.

Hg) for >2 hours to remove air bubbles and were hardened
at 60°C for 48 hours. Blocks were trimmed into a trapezoid
shape with a Leica EM trimmer. Ultrathin 70-nm sections
were cut on a Reichert Ultracut microtome using a diamond
knife. Sections were collected on formvar-coated slot grids
(two to four sections per grid) and allowed to dry, as
described by Harris et al. (2006) and poststained using ura-
nyl acetate and lead citrate. Imaging was done on several
TEM microscopes, including a Zeiss 10CA (Marine Biological
Laboratory, Woods Hole, MA), a JEOL 100CX (UC Berkeley,
Berkeley, CA), and an FEI Technai (UCLA, Los Angeles, CA).
At least two embryos were examined by TEM analysis at
each time point.

Serial scanning electron microscopy

Conventionally prepared resin blocks were cut with a
jumbo Histo diamond knife (Diatome; EMS, Fort Washing-
ton, PA). Ribbons of ultrathin 70-nm sections were col-
lected on carbon-coated glass coverslips and allowed to
dry. Sections were stained with a copper/lead solution
directly on the coverslips for 30 minutes in a closed plastic
petri dish containing NaOH pellets (Thiéry et al., 1995). Rib-
bons were washed three times with filtered ddH,0 and
allowed to dry overnight in a dust-free environment. Cover-
slips were attached to the stage using conductive copper
tape (Ted Pella, Redding, CA). Serial sections were imaged
with a Zeiss Gemini Sigma SEM at 7 kV using a 60-um aper-
ture in the backscatter mode. Images were recorded using
a scan speed of 8-10 and dwell time of 1 psec/pixel. Pixel
size ranged from 3 to 100 nm per pixel. Images were recon-
structed in Reconstruct (http://synapses.cim.utexas.edu/
tools/reconstruct/reconstruct.stm). Series of adjacent
sections were collected in six different regions from the
heads of three animals. Three of these were reconstructed
and are shown in Figure 8.

RESULTS

Zebrafish peripheral sensory axons initially
arborize between two epithelial layers

To investigate how the peripheral axons of the earliest-
born vertebrate somatosensory neurons establish their
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cutaneous territories, we imaged zebrafish peripheral
axons with a stable reporter line harboring a transgene
that drives GFP expression specifically in trigeminal and
RB neurons (sensory:GFP; Fig. 1; Sagasti et al., 2005). At
embryonic and early larval stages, the zebrafish skin con-
sists of two epithelial cell layers, the outer periderm and
inner basal cell layer; the basal cell layer is separated
from underlying tissues by a laminin-rich basement mem-
brane (Fig. 2A; Le Guellec et al., 2004). To assess sensory
axon localization relative to the basement membrane in
zebrafish, we first stained 54 hpf sensory:GFP transgenic
embryos with antilaminin and anti-GFP antibodies, gener-
ated vibratome cross-sections, and imaged them via con-
focal microscopy. Confocal imaging of GFP-labeled tri-
geminal sensory axons showed that they were always
located outside of the laminin layer (Fig. 2B), except close
to the cell bodies from which primary axons project. Simi-
larly, array tomography (AR) of sensory:GFP embryos with
anti-GFP, antitubulin, and DAPI, suggested that sensory
axons are located between the two outermost cell layers
of the embryo (Fig. 2C). These observations indicated
that sensory axons arborize within the skin, rather than
within the basement membrane.

To determine more precisely where peripheral axons
arborize within the skin, we created a transgenic line in
which dsRED expression is driven exclusively in skin cells
(keratin4:dsRED), crossed this line to sensory:GFP, and
imaged live animals via confocal microscopy between 18
and 78 hpf (Fig. 1D-H). Consistently with antibody stain-
ing results, primary branches of both trigeminal and RB
peripheral axons projected directly to the skin, pene-
trated the basal cell layer, and branched between the two
layers of skin (Fig. 2D,E). The primary branch of each tri-
geminal peripheral axon extended from the soma for an
average distance of 84 um before entering the skin
(range 38-140 um). Most primary branches of trigeminal
neurons extended as individual axons, except for one
group of axons that appeared to form a bundle over the
eye before branching in the rostral portion of the head,
which may be analogous to the ophthalmic branch of the
trigeminal in other organisms. RB peripheral axons
extended as solitary axons dorsolaterally away from the
spinal cord for an average of 26.65 um (range 13-35 pm)
before entering the skin.

Once between the two skin layers, peripheral axons of
trigeminal and RB neurons branched extensively (Figs. 1,
2D,E). Because they were sandwiched between the two
epithelial layers, arbors were confined to a two-dimen-
sional plane. The primary axon extended from the cell
body to the skin, but GFP-expressing axons and dsRED-
expressing skin cells colocalized throughout the
branched portion of the arbor (Fig. 1G,H). Often, the pri-
mary branch abruptly changed trajectory at the point

Skin Innervation in Zebrafish

where it entered the skin. We imaged isolated skin cells
and axons using transient transgenesis to visualize more
clearly the area where axons penetrated the skin. In
some instances, axons appeared to have distorted the
edge of a basal cell to create an omega-shaped channel
through which the axon entered the skin (Fig. 2D).

To characterize the ultrastructure of skin and periph-
eral sensory axons at early stages, zebrafish embryos
were fixed at 54 hpf and prepared for TEM. Neurite-like
profiles were detected between skin cell layers in the
head but were detected neither below the skin nor
between the lateral membranes of skin cells, as predicted
from confocal microscopy (asterisks in Fig. 3A and Fig
4E-F). These profiles had many of the hallmarks of axons,
including the presence of mitochondria, microtubules
(best seen in a longitudinal slice, e.g., Fig. 7C), and polyri-
bosomes (e.g., Fig. 6C). The diameter of these neurite-
like profiles ranged from approximately 0.1 to 2 pm, sug-
gesting that individual axons may vary substantially in di-
ameter. To determine whether trigeminal and RB neurons
display similar arborization patterns, we performed TEM
analysis on the trunk and tail fin at similar stages (Fig. 5).
As in the head, similar neurite-like profiles were located
between the two epithelial layers throughout the body.

To test whether these neurite-like structures were
somatosensory peripheral axons, embryos were injected
with neurogenin-1 morpholino antisense oligonucleotide
(ngn-1 MO) at the one-cell stage, which prevents the
development of peripheral sensory neurons (Andermann
et al., 2002; Cornell and Eisen, 2002), and fixed at 54 and
78 hpf for TEM. No neurite-like profiles were observed
between skin cells in these ngn-7 morphants. In the
absence of sensory axons, the membranes of peridermal
cells and basal keratinocytes were closely apposed and
held together by many cell junctions (Fig. 3B,D). To verify
further the identity of the neurite-like profiles, embryos
were fixed 1.5 hours after two-photon ablation of an entire
trigeminal ganglion, which caused rapid fragmentation and
degeneration of all the axons innervating half the head
(O’Brien et al., 2009; Martin et al., 2010). In TEM images of
these ablated animals, swollen and fragmented mem-
branes appeared in place of the neurite-like profiles typi-
cally seen in uninjured embryos (Fig. 3E,F). Together, these
observations demonstrate that, at early stages of innerva-
tion, the peripheral sensory axons of all somatosensory
neurons in zebrafish arborize exclusively between the two
epithelial layers that make up the larval skin.

Skin cells mature as sensory axons arborize
Peripheral axons begin extending from trigeminal and
RB neurons between 16 and 18 hpf (Kimmel and Wester-
field, 1990). To characterize the time course of skin and
peripheral sensory axon development, zebrafish embryos
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wildtype it e ngn-1 morphant

78 hpf

78 hpf ablation

Figure 3. Putative neurite profiles in the wild-type zebrafish skin are absent in neurogenin-1 morphants and degenerate after sensory neu-
ron ablation. A-D: TEM images of the zebrafish epidermis at 54 hpf (A,B) and 78 hpf (C,D). P, peridermal cell; B, basal cell; arrowheads
point to basement membrane. Orientation for all EM images is periderm upward. A,C: Wild-type embryos at 54 (A) and 78 (C) hpf. Aster-
isks indicate neurite-like profiles. B,D: neurogenin-1 Morphant embryos at 54 (B) and 78 (D) hpf. No neurite-like profiles were observed.
E,F: TEM images of the zebrafish epidermis at 79.5 hpf. All the cell bodies of one trigeminal ganglion were laser ablated at 78 hpf. Images
were acquired >200 pum from the site of ablation. Red arrows point to degenerating axon membranes and organelles. Yellow asterisks
indicate skin cell protrusions toward the degenerating axon. The red asterisk in E indicates a seemingly intact axon. Such degenerating
axon profiles were not seen on the contralateral side of the head, where trigeminal innervation remained intact. Scale bars = 1 um.
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were fixed at 18, 24, 30, 54, and 78 hpf and imaged via
TEM. At 18 hpf, when peripheral sensory axons are first
extending, peridermal cells and basal keratinocytes were
present, but the basal cell layer appeared relatively immature
(Fig. 4A,B). There was no discernible basement membrane
below basal cells. The periderm had microridges along its
outer edge and apical tight junctions connected peridermal
cells to one another (arrowhead in Fig. 4B), but no electron-
dense junctions connected periderm to basal cells or basal
cells to one another. Putative neurite-like profiles that could
be the primary branches of growing peripheral sensory axons
were found below the basal cell layer (asterisks in Fig. 4A,B)
but not between epidermal cell layers.

By 30 hpf, neurite-like profiles were detectable between
the two skin layers (arrows in Fig. 4C,D) and were often
surrounded by large pockets of extracellular matrix (ECM).
A faintly electron-dense, discontinuous basement mem-
brane was present beneath the basal cell layer, and des-
mosomes or adherens junctions connected basal cells to
one another as well as to overlying peridermal cells (e.g.,
red arrowhead Fig. 4C). At 54 hpf, many more junctions
were visible between skin cells (red arrowheads in Fig. 4E),
and the basement membrane formed a continuous and
clearly defined, electron-dense band running beneath the
basal cell layer. More neurite-like profiles were observed
between skin cell layers at this stage (asterisks in Fig.
4E,F), often containing mitochondria (m in Fig. 4F). Most of
the ECM surrounding axons at early stages had disap-
peared, and axon membranes were closely apposed to
neighboring skin cell membranes (arrow in Fig. 4F).

Basal keratinocytes envelop peripheral
Sensory axons

In addition to the axon profiles between skin cell layers
at 54 hpf, we sometimes observed neurite-like profiles
enveloped within basal skin cells (double arrowhead in Fig.
4E). At 78 hpf, these enveloped neurite-like structures
were more common (Figs. 6-8) and were also sometimes
found between the lateral membranes of two basal cells.
To verify the identity of these structures, we again exam-
ined ngn-1 morphants via TEM. As expected, these envel-
oped neurite-like structures were largely absent in ngn-1
morphants (Fig. 3C,D). We further confirmed the identity of
these profiles by laser ablating trigeminal neuron cell
bodies at 78 hpf and imaging the heads of these larvae via
TEM 1.5 hours after ablation. The neurite-like structures
between and within skin cells exhibited signs of degenera-
tion in these ablated animals, confirming that they were
peripheral sensory axons (Fig. 3E,F).

Enveloped axons were tightly surrounded by basal skin
cell membrane, which invaginated to form convoluted
channels in the basal cell, with enveloped axons contained
at the bottom of these channels (Fig. 6). These channels

Skin Innervation in Zebrafish

were usually sealed with desmosomes or adherens junc-
tions, securing the enveloped axon in a tight pocket (e.g.,
Figs. 6B,C, 7A). In some cases, enveloped axons sectioned
along their longitudinal axis were observed to extend
lengthwise through the basal cell (Figs. 6D, 7C).

In addition to TEM analysis, we also imaged serial sec-
tions of 78 hpf larvae by SEM. Because of the different
post stains used, SEM analysis revealed different features
of sensory axon innervation. For example, although in
TEM images the membranes of enveloped axons seemed
to abut directly the membrane of the basal keratinocyte,
in SEM images an electron-dense material, similar in
appearance to the basement membrane below the basal
cells, was often visible, apparently between the two mem-
branes (Fig. 7). This may suggest that a specialized ECM,
perhaps akin to the “mantle” that surrounds mechano-
sensory neurons in C. elegans (Goodman, 2006), sur-
rounds enveloped zebrafish peripheral sensory axons.

Sensory axons project through long tunnels
within basal skin cells

To describe the 3-D ultrastructure of enveloped sensory
axon branches, we reconstructed serial sections of scanning
electron micrographs in three-dimensions using Reconstruct
software (Harris et al., 2006). The durability of serial sections
on coverslips for serial scanning electron microscopy (SSEM)
makes them much easier to use than TEM sections for
reconstructing 3-D structures from many adjacent sections.
Using sSEM analysis, we were able to follow axons through
significant portions of their trajectories and created 3-D
reconstructions of several micrometers in three different
areas of the head (Fig. 8). Reconstructed axons often tun-
neled for at least several micrometers within furrows in basal
keratinocytes, and individual enveloped axons coursed from
one basal cell to another (Fig. 8E). In some cases axons were
partially enveloped by a basal cell and partially between the
two epithelial layers (purple axon in Fig. 8E). Skin cell mem-
branes formed a convoluted channel that sealed the axon
away from the outside environment (e.g., Fig. 8H). In 3-D
reconstructions, the diameter of individual axons varied
extensively (from 0.1 to 2 um). Large varicosities filled with
mitochondria were occasionally seen (Fig. 8A-C), corre-
sponding to the larger axon diameter profiles that we had
noted in TEM sections, and an electron-dense material was
often found at the terminal tip of axon branches.

DISCUSSION

Peripheral axons initially arborize between
two epithelial layers

We have described the first wave of somatosensory pe-
ripheral axon endings to innervate the skin of the head,
trunk, and tail fin in zebrafish, using live transgenic imaging
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Figure 4. Ultrastructure of zebrafish skin and trigeminal sensory axons at several development stages. TEM images of the wild-type zebrafish
epidermis at 18, 30, and 54 hpf. P, peridermal cell; B, basal cell; BM, basement membrane; m, mitochondrion. A,B: The skin consisted of two
layers at 18 hpf. Although tight junctions joined the apical ends of peridermal cells (arrowhead), no adherens junctions or desmosomes
appeared to hold skin cells together. Asterisks indicate potential neurite profiles located below the immature basal cell layer. C,D: At 30 hpf,
adherens junctions or desmosomes appeared at relatively low frequency between skin cells (red arrowhead); an immature basement membrane
(BM) was present. The arrow in C indicates the axon shown at higher magnification in D. E: At 54 hpf, many more cell junctions were present
(red arrowheads), and an electron-dense, continuous BM was apparent. Yellow arrowhead indicates an apical tight junction. Asterisks indicate
the many axons observed in the skin by this time. Arrow indicates the axon shown at higher magnification in F. Double arrowhead indicates an
axon enveloped within a basal cell. F: Two axons are visible (asterisks), one containing a large mitochondrion and clearly defined axon mem-
brane (arrow) distinct from the two basal cell membranes that surround it. Scale bars = 1 um in A-C,E; 0.2 pm in D,F.
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Trunk

Figure 5. Innervation of the zebrafish skin in the trunk and tail. TEM images of the wild-type zebrafish epidermis in the trunk at 48 hpf
(A) and the tail fin at 72 hpf (B). P, peridermal cell; B, basal cell; arrowheads indicate basement membrane; arrows point to axon profiles
between the periderm and basal cell layers. Scale bars = 1 um in A; 0.5 pm in B.

and electron microscopy. The innervation patterns that we
describe are likely to be conserved among teleost fish and,
in at least some features, among all vertebrates. Similar neu-
rite profiles of free nerve endings have been described for
the epidermis of adult minnow, stickleback, sand goby, and
sapphirine gurnard fish (Whitear, 1971) as well as in devel-
oping Xenopus and human skin (see, e.g., Cauna, 1973;
Breathnach, 1977; Roberts and Hayes, 1977; Hayes and
Roberts, 1983; Kennedy and Wendelschafer-Crabb, 1993).
When zebrafish peripheral sensory axons first reach
the periphery, the skin consists of two epithelial layers:
the outer periderm, which derives from the early embry-
onic enveloping layer, and the inner layer of basal kerati-
nocytes, which derives from the ectodermal lineage (Le
Guellec et al.,, 2004). Confocal imaging of transgenic
zebrafish embryos revealed that the primary axons of tri-
geminal and RB neurons projected directly to the skin
and infiltrated between basal cells to reach the region
between the two cell layers. Most, if not all, axon branch-
ing occurred in the territory between the two skin layers.

The small conduits that we observed in the basal cell
layers through which axons traversed likely were created
by the axons (rather than pre-existing in the skin),
because we never saw an unoccupied conduit.

Early somatosensory innervation of vertebrate skin has
been most comprehensively described for Xenopus
embryos (Roberts and Blight, 1975; Roberts and Hayes,
1977; Roberts and Taylor, 1982; Davies et al., 1982; Hayes
and Roberts, 1983; Kitson and Roberts, 1983; Taylor and
Roberts, 1983). These studies showed that the peripheral
neurites of somatosensory neurons also reached the skin
when it consisted of two epithelial layers. Two distinct
classes of trigeminal neurons in Xenopus displayed different
innervation patterns: “type 17 neurites arborized entirely
within the skin and often between superficial skin cells,
whereas “type 2” neurites arborized both below and within
the skin but only rarely within the superficial layers (Roberts
and Hayes, 1977; Hayes and Roberts, 1983). RB neurons in
Xenopus form an elaborate plexus beneath the skin and pro-
ject branches that terminate between skin cells (Roberts
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Figure 6. Basal skin cells frequently envelop axons at 78 hpf. TEM images of the wild-type zebrafish epidermis at 78 hpf. P, peridermal
cell; B, basal cell; BM, basement membrane; m, mitochondrion. A: Axons were found between epidermal cells (asterisks) and enveloped
within basal cells (arrow). B: Higher magnification of axon indicated by arrow in A. C: An enveloped axon. Many cell junctions join the skin
cell membranes (arrowheads). D: Possibly two branches of the same axon, one in cross-section and the other in longitudinal section. Note
that in axons in B-D a clearly defined axon membrane appears to be in contact with, but is distinct from, the epidermal cell membranes

surrounding it. Scale bars = 1 pm in A; 0.2 um in B-D.

and Hayes, 1977; Roberts and Taylor, 1982; Taylor and Rob-
erts, 1983). Unlike type 1 trigeminal neurons in Xenopus,
zebrafish trigeminal neurons were never located between
superficial skin cells, and, unlike type 2 trigeminal neurons
or RB neurons in Xenopus, they never arborized below the
skin. Our study has thus revealed both similarities and differ-
ences between the innervation strategies of somatosensory
peripheral axons in fish and amphibians. Whether these

structural differences reflect functional differences in soma-
tosensory neuron subtypes awaits a definitive physiological
study of early trigeminal and RB neurons in zebrafish.

Peripheral sensory axons and skin develop
together

We found that all zebrafish peripheral sensory axons in
the first wave of innervation were free endings and that
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Figure 7. SEM reveals that axons are enveloped by basal cells and surrounded by an electron-dense material at 78 hpf. SEM images of
the wild-type zebrafish epidermis at 78 hpf. P, peridermal cell; B, basal cell; BM, basement membrane; asterisks indicate axons. A: An
axon enveloped within a basal skin cell, with an electron-dense substance surrounding the axon membrane. B: An axon located between
two basal cells, with an electron-dense substance between the axon and skin cell membranes. C: Arrow points to a longitudinal section of
an axon. Note the microtubules, distinct axon membrane, and envelopment by basal cell membranes (arrowheads). D: An axon bundle
(arrow) located beneath the skin, just dorsal to the eye; this may be a mix of trigeminal and lateral line sensory axons. Two of the axons
are myelinated (arrowheads). Asterisk indicates a putative axon shown in longitudinal section, extending through the BM into the epider-

mis. Scale bars = 0.2 um in A-C; 1 um in D.

all skin cells at these stages were unspecialized epithelial
cells. Even at these early stages, zebrafish respond to
diverse mechanosensory, chemical, and thermal somato-
sensory stimuli (Saint-Amant and Drapeau, 1998; Prober
et al., 2008), suggesting either that these neurons are pol-
ymodal or that there are several distinct sensory neuron

types with similar morphologies. In Xenopus, for example,
the head is innervated by at least two physiologically dis-
tinct types of trigeminal neurons with similar morpholo-
gies (Roberts, 1980). Several genes are expressed in sub-
sets of zebrafish trigeminal and RB neurons at these
stages (Martin et al., 1995, 1998; Slatter et al.,, 2005;
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Kucenas et al., 2006), favoring the conclusion that, de- Our analyses revealed that innervation of the skin coin-
spite their uniform ultrastructure, there are at least a few cided with the maturation of the basal keratinocyte layer.
types of distinct sensory neuron subclasses. At 18 hpf, when trigeminal and RB peripheral axons first

Figure 8
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reached the skin, basal keratinocytes had not yet fully
acquired their compact cuboidal shapes, secreted a dis-
tinct basement membrane, or formed extensive adhesive
contacts with other keratinocytes. This less compact
organization may facilitate the penetration of axons
through the basal cell layer. Between 18 and 54 hpf, coin-
ciding with the most intense arborization phase of trigem-
inal and RB axons (Sagasti et al., 2005), the basal skin
layer became a well-organized epithelium with a promi-
nent basement membrane. The appearance of the base-
ment membrane was evident from our EM analysis and
from staining embryos at 18 and 54 hpf with antilaminin
(Fig. 2B) and antiheparin sulfate antibodies (not shown).
Moore and Munger (1989) noted that a similar transition
in the epithelial morphology of fetal human skin coincides
with its innervation, prompting them to suggest that
peripheral sensory axons might promote epithelial matu-
ration (Moore and Munger, 1989). We tested this possibil-
ity by examining the ultrastructure of the skin in ngn-1
morphant zebrafish, which lack primary somatosensory
neurons (Andermann et al., 2002; Cornell and Eisen,
2002). In the absence of somatosensory neurons, basal
cells matured normally, and a basement membrane
formed at the appropriate stage, demonstrating that
innervation is not required for this morphological transi-
tion to occur. In fact, in the absence of axons, more adhe-
sive contacts formed between basal keratinocytes and
peridermal cells, indicating that innervation loosened or
delayed epithelial adhesion.

As larval development progresses, additional cell
types appear in the zebrafish skin. For example, solitary
chemosensory cells and ionocytes are found throughout
the skin by 3 days postfertilization (Kotrschal et al.,
1997; Hsiao et al., 2007; Janicke et al., 2007). Additional
cell types, including Merkel cells and mucus-secreting
goblet cells, have been described in larval and adult
zebrafish skin (Merrilees, 1974; Lane and Whitear,

Skin Innervation in Zebrafish

1977; Kotrschal et al., 1993). By 78 hpf, our EM analy-
ses revealed a variety of specialized cells within the epi-
dermis, some of which appeared to be associated with
axons (data not shown). Neuromasts, mechanosensory
organs that are innervated by lateral line neurons, were
apparent in our TEM images starting at 78 hpf. Cells
likely to be solitary chemosensory cells were present
by 54 hpf. By 78 hpf, cells resembling Merkel cells
appeared between the periderm and the basal keratino-
cyte layers. Axons associated with these structures may
represent the first population of specialized endings to
innervate the skin. Perhaps the axons innervating these
nascent Merkel cells belong to the ngn-7-independent
population of mechanosensors that has been reported
to form after the initial wave of neurogenesis (Caron
etal.,, 2008).

Our observations raise questions about how the simple
larval innervation pattern is transformed into the more
complex adult arrangement. We did not detect significant
RB death by 96 hpf either with our EM analyses or by fol-
lowing neurons over time with transgenic reporter lines,
but it has been widely documented that zebrafish RB neu-
rons die during larval development and that their function
is taken over by DRG neurons (see, e.g., Reyes et al,
2004). Therefore, the mature larval and adult skin must
accommodate later waves of axonal innervation. Adult
skin innervation in teleost fish is more diverse than in lar-
vae, consisting of axons that innervate specialized der-
mal structures, such as Merkel cells (Lane and Whitear,
1977), as well as free endings similar to those we
observed in embryos and larvae (Whitear, 1971). Some
of these adult free endings have been observed in the
outer layers of the pseudostratified epidermis (Whitear,
1971), suggesting that newly innervating axons must
penetrate through the basement membrane and several
layers of tightly connected keratinocytes to reach these
outer layers.

Figure 8. Serial section SEM reconstructions reveal that axons tunnel for long distances within basal skin cells at 78 hpf. A: 3-D recon-
struction of 4.55 pum of serial ultrathin sections. The basal skin cell (blue) is only partially reconstructed to reveal axon structure. Two axons
are enveloped within the basal cell (red and orange). The orange axon was present in all sections and varied in diameter from 0.4 to 2 um
before terminating in the final section. B: Same as in A, shown from an apical view. C: A single SEM section, from the location indicated with
arrows in A. Red and orange arrows point to enveloped axon profiles of the red and orange axons reconstructed in A. D: Same orange axon
as in A, made transparent to reveal the presence of reticular mitochondria inside the axon. Arrows indicate the location of the single SEM
section shown in the inset. E: 3-D reconstruction of 1.68 um of serial ultrathin sections. Two basal skin cells (yellow and blue) engulf two
axons (purple and orange), which travel longitudinally through the basal cells. The orange axon crosses between the two basal skin cells
while remaining continuously enveloped. Arrow indicates the location of the single SEM section shown in the inset. F: 3-D reconstruction of
1.61 pum of serial ultrathin sections. A single basal skin cell (blue) envelops two axons (purple and orange), which travel longitudinally through
the basal cell. The orange axon has a large varicosity, shown in single SEM section in G. Orange and purple arrows point to membranes of
the orange and purple axons reconstructed in F. H: Two serial SEM sections of the purple axon (arrow in F) show that the convoluted skin
cell membrane channel that envelops the axon comes from different sides of the basal cell as the axon approaches the basal cell boundary.
To view the reconstructions presented in these figures from multiple angles, movies showing 360° rotations of each reconstruction can be
found at the website http://www.mcdb.ucla.edu/Research/Sagasti/3Drotations. Scale bars = 1 pm.
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Basal keratinocytes envelop peripheral
sensory axons

Our most surprising observation was that, by 78 hpf,
many peripheral axons were tightly enveloped by basal
skin cells. sSSEM reconstruction from sections on cover-
slips revealed that enveloped axons tunneled over consid-
erable distances through skin cells and crossed from one
keratinocyte to another, in much the same way that a
chain of Schwann cells envelops the primary axons of pe-
ripheral sensory neurons. These enveloped axons were
much less common at 54 hpf, so they could arise from a
later wave of differentiating neurons, perhaps the ngn-
7-independent population (Caron et al., 2008), or they
might be the same axons observed between the skin
layers at 54 hpf that have progressively become envel-
oped. We favor the latter possibility, because, as the
number of enveloped axons increased, correspondingly
fewer axons were observed between the two skin layers.

Though unexpected, the envelopment of somatosen-
sory axons by skin cells is not unique. For example, the
mechanosensory ALM axons in C. elegans initially project
between muscle cells and hypodermis but later become
enveloped by the hypodermis (Chalfie and Sulston,
1981). Similar structures have been observed in outer
layers of adult fish and human skin (Whitear, 1971;
Cauna, 1973; Whitear and Moate, 1998), suggesting that
this arrangement is a common feature of at least one
class of peripheral sensory axons. In all of these cases,
the membranes of the enveloped axon and keratinocyte
are very tightly apposed to one another, adhesive junc-
tions in the keratinocytes seal the channel between the
axon and the outside of the skin cell, and electron-dense
material in the skin cell surrounds the enveloped axons.
These features are similar to those of nonmyelinating
Schwann cells that ensheath the primary branches of pe-
ripheral axons (e.g., Cauna, 1973; Breathnach, 1977).
Thus, by analogy to the function of Schwann cells, kerati-
nocytes may provide mechanical support to axon free
endings or regulate their conductance. It has also been
suggested that keratinocytes might be primary sensors of
thermosensory stimuli and communicate chemically with
axonal free endings in the skin (Lee and Caterina, 2005).
The tight apposition of enveloped free endings with sur-
rounding keratinocytes would make these structures
ideal candidates for such keratinocyte-to-axon sensory
transmission.
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