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E

longation of the efferent fibers of
dorsal root ganglion (DRG) neurons
toward their peripheral targets occurs
during development. Attractive or permissive systems may be involved in this
elongation. However, the molecular
mechanisms that control it are largely
unknown. Here we show that class 5
semaphorin Sema5A had attractive/permissive effects on DRG axons. In mouse
embryos, Sema5A was expressed in and
around the path of DRG efferent fibers,
and cell aggregates secreting Sema5A
attracted DRG axons in vitro. We also
found that ectopic Sema5A expression in
the spinal cord attracted DRG axons.
Together, these findings suggest that
Sema5A functions as an attractant to
elongate DRG fibers and contributes to
the formation of the early sensory
network.
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Growing axons navigate along specific
appropriate pathways to reach their targets. During their elongation, axons are
guided by attractive and repulsive cues.1
At the initial stages of dorsal root ganglion
(DRG) axonal growth, both their afferent
and efferent fibers respond to the same
combination of repulsive and attractive
cues that orient them toward their targets.
Thus, DRG afferent fibers project to a
restricted region of the dorsal spinal cord
called the “dorsal root entry zone
(DREZ)” by unknown chemoattractive
cues.2 Whereas DRG efferent fibers grow
peripherally to the musculature and skin,
guided in part by the repulsive activity of
semaphorin 3A (Sema3A).3-5 However,
the molecular mechanism that helps DRG
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neurons elongate their efferent fibers to
reach their peripheral targets is not
known.
In vertebrates, 2 class 5 semaphorins
(Sema5A and Sema5B) have been
described. They are known to be membrane-bound semaphorins, although a
recent report revealed that Sema5A also
has a secreted form.6 A previous study
showed that Sema5A acts as an attractant
and repellent for midbrain axons by interacting heparan sulfate proteoglycans and
chondroitin
sulfate
proteoglycans
(CSPGs), respectively.7 More recently,
another group revealed that Sema5B is a
repellent of DRG axons innervating the
spinal cord.8 On the other hand, the effect
of Sema5A on DRG axonal guidance is
not clear.
In order to study the involvement of
Sema5A in DRG axonal projections, we
first examined DRG axonal trajectories in
mouse embryos by immunohistochemistry with anti-class III b-tubulin antibody
(Tuj1, Promega Corp.) and the mRNA
expression of Sema5A by using a digoxygenin-labeled cRNA probe. At embryonic
day (E) 10.5, DRG neurons extended
their afferent fibers toward the DREZ
(Fig. 1A). At E12.5, these fibers entered
the spinal cord and elongated rostrocaudally to form the dorsal horn (Fig. 1B).
DRG efferent fibers divided into dorsal
and ventral rami, and then projected
toward their peripheral targets together
with motor fibers (Fig. 1B). At E10.5,
Sema5A expression was detected in the
mesenchymal tissue around the DRG neurons including that along the efferent
pathway of DRG fibers, but not in the
mesenchyme along the afferent one
603

Figure 1. The expression pattern of Sema5A and Sema5B in the mouse embryo. (A and B) DRG axonal trajectories were visualized by Tuj1 staining.
Transverse sections at the thoracic level of the mouse embryo at E10.5 (A) and E12.5 (B), visualizing the neural network of DRG afferent ﬁbers (a), efferent
ﬁbers (e), and motor ﬁbers (m). White arrowheads indicate the DREZ. (C and D) At E10.5 and E12.5, Sema5A was expressed in the mesenchymal tissues
around DRG neurons (blue) where DRG efferent ﬁbers extended. (E and F) In situ hybridization sections adjacent to C and D were labeled with anti-Islet1/2 antibody (brown). Islet-1/2 immunohistochemistry was conducted to show DRG cells and cells adjacent to the DREZ (black arrowheads). (G) At E10.5,
Sema5B was expressed broadly in the spinal cord. Sema5B signals were also detected in the dermamyotome (DM). (H) At E12.5, Sema5B was expressed
in the lateral edges of the ventricular zone. The dotted lines indicate the border of the spinal cord (SC). DH, dorsal horn; dr, dorsal ramus; MN, spinal
motor neurons; NC, notochord; vr, ventral ramus. (Scale bars, 200 mm).

(Fig. 1C). Based on the fact that both
DRG neurons and cells adjacent to the
DREZ are Islet-1/2-positive,9 we further
examined whether Sema5A was expressed
in DRG neurons and the DREZ by staining with an anti-Islet-1/2 antibody
(39.4D5; Developmental Studies Hybridoma Bank). In double-stained sections,
the expression patterns of Islet-1/2 and
Sema5A did not overlap each other in
DRG neurons or in cells around the
DREZ (Fig. 1E). The same expression
pattern was observed in the E12.5 mouse
embryo. Sema5A expression continued
where DRG efferent fibers proceeded to
elongate (Fig. 1D, F). In addition, we
examined the expression pattern of
Sema5A mRNA in the chick embryo by
using a cRNA probe for chick Sema5A.
We used stage 22 and 29 chick thoracic
segments because the developmental
stages of E10.5 and E12.5 mouse embryos
correspond to those of stage 22 and 29
chick embryos, respectively.4,5,10 We confirmed the same expression pattern of
Sema5A in the chick embryo (Fig. S1).
Based on the fact that Sema5B, another
member of the Sema5 family in
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vertebrates, can repel DRG axons at early
stages,8 we further examined the expression pattern of Sema5B mRNA in order
to compare it with that of Sema5A. Consistent with that previous report,8 Sema5B
was observed to be broadly distributed in
the spinal cord at E10.5 (Fig. 1G). At
E12.5, Sema5B expression was restricted
in the lateral edges of the ventricular zone
in the spinal cord (Fig. 1H). The finding
that Sema5A and Sema5B showed complementary expression patterns in and
around the developing spinal cord suggested the possibility that Sema5A and
Sema5B might function differently with
respect to DRG axonal guidance.
To investigate whether Sema5A acts as
an attractant or repellent for DRG axons,
we performed tissue culture experiments
using chick DRG explants. We used stage
25 chick DRG explants whose stage corresponds to E11.5 of the mouse embryo.10
Human embryonic kidney (HEK) 293-T
cell aggregates were transfected with
Sema5A-pSecTag2 (the pSecTag2 expression vector was designed for secretion;
Invitrogen) and were co-cultured with
stage 25 chick DRG explants for 24 h in a
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collagen gel (Fig. 2A). For visualization,
cultures were incubated with the Tuj1
antibody, followed by Alexa Fluor 488
anti-mouse IgG (Invitrogen Corp.). For
quantitative analysis, we used a scale to
score the degree of axon chemoattraction
or chemorepulsion.4 This value is a measure of axon guidance activity, with C and
– value indicating attraction and repulsion, respectively. Sema5A-transfected cell
aggregates attracted DRG axons (mean
value: 1.03, n D 17). In addition, we
observed that Sema5A-transfected cells
also attracted a subset of cells in the DRG
explant (Fig. 2A).
To further define the role of Sema5A
in DRG axonal guidance, we tested the in
vivo behavior of DRG axons by gain-offunction experiments using chick
embryos. We introduced a chick Sema5A
expression vector into chick spinal cords
by electroporation. A mixture of the
Sema5A-expressing vector (Sema5A-pSecTag2) and green fluorescent protein (GFP)
vector
(GFP-pAPtag-5;
GenHunter
Corp.) or GFP-pAPtag-5 alone was electroporated into stage 14 chick spinal cords
(this stage corresponds to E8 in the mouse
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Figure 2. Sema5A exhibited chemoattractive activities toward DRG axons. (A) Sema5A-transfected cell aggregates (HEK-Sema5A) attracted stage 25
chick DRG axons in a collagen gel. The dotted lines indicate the borders of the DRG explant and cell aggregates. The arrowhead shows cell migrating
from the DRG explant. (B) The ectopic expression of Sema5A in the spinal cord (SC) caused aberrant projections of DRG axons. Transverse sections of a
stage 25 chick embryo electroporated with GFP-pAPtag-5 (green) and Sema5A-pSecTag2 were labeled with the Tuj1 antibody (magenta). The inset
shows the ectopically expressed Sema5A (arrows) in an adjacent section as visualized by in situ hybridization. The dotted line indicates the border of the
spinal cord. (C) High magniﬁcation of the boxed area shown in B. Arrowheads indicate misrouted DRG axons. (Scale bars, 100 mm).

embryo), and the afferent trajectories of
DRG axons were examined at stage 25
(Fig. 2B). For detection of DRG axons,
embryos were fixed and processed for
immunohistochemistry by using the Tuj1
antibody and Alexa Fluor 594 anti-mouse
IgG (Invitrogen Corp.). In the embryos
that ectopically expressed Sema5A in their
dorsal and intermediate spinal cord (n D
4), we observed that a subset of DRG
axons became oriented aberrantly toward
regions other than the DREZ (Fig. 2C).
Of the sections examined, 40% of them
showed aberrant projections toward the
spinal cord. In contrast, no aberrant projections toward the spinal cord were
observed in the control embryos that
received GFP alone (n D 3). These results
indicated a high possibility that Sema5A
could alter the direction of DRG axons
in vivo.
Both our in vivo and in vitro results
strongly suggest that Sema5A may be an
attractive cue for early DRG axons. So far
no molecule other than neurotrophins has
been reported to attract DRG axons.2
Therefore, this is a novel finding regarding
the mechanism underlying axonal guidance events. Because Sema5A is both
membrane associated and secreted, it is
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possible that Sema5A may not only constitute a permissive substrate for DRG
axons along their route, but also function
as a diffusible molecule to attract DRG
axons. Based on our result showing that
no Sema5A expression was detectable
along the path of DRG afferent fibers and
the DREZ (see Fig. 1C-F), Sema5A may
not function as DREZ-derived attractants
for DRG afferent fibers in vivo. Based on
our in-vivo result that ectopic Sema5A
could not decrease the DRG projection
toward the DREZ, we suppose that
unknown DREZ-derived cues may show
stronger activities to attract DRG fibers
than Sema5A. On the other hand,
Sema5A was distributed along the path of
DRG efferent fibers (dorsal and ventral
rami). It is thus possible that Sema5A may
attract DRG efferent fibers as substratebound and/or secreted forms in vivo.
A recent study revealed that Sema5induced inhibition of retinal axon growth
is mediated by PlexinA1 and PlexinA3
receptors.11 In higher vertebrates, PlexinA1 is expressed in DRG neurons during
development (data not shown).12 Contrary to our expectation, no counterpart
for PlexinA3 was found in chick databases.12 Further studies will determine
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whether PlexinA1 alone can mediate
Sem5A-induced attractive signaling.
Our findings raise an important question regarding the expression pattern of
Sema5A. Although it is well known that
DRG efferent fibers never orient toward
the perinotochordal mesenchyme, i.e., the
mesenchymal cells around the notochord,
our present study found that Sema5A was
distributed in the perinotochordal mesenchyme (see Fig. 1C-F). How can this discrepancy be explained? One possible
explanation is based on the evidence that
CSPGs were abundant in the perinotochordal mesenchyme (Fig. S2).13–16 The
study cited earlier showed that CSPGs can
switch Sema5A from being an attractant
to a repellent for midbrain axons.7 Along
the same line, we suppose that CSPGs
might switch Sema5A from being an
attractive cue to a repulsive one for DRG
axons in the perinotochordal mesenchyme. Thus, it is highly possible that
Sema5A along the path of DRG fibers
may function as a permissive/attractive
cue and that Sema5A around the notochord may inhibit DRG axonal growth by
its interaction with CSPGs there.
In conclusion, we have provided evidence that Sema5A plays a key role in
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sensory axonal guidance and contributes
to the formation of the early sensory
network.
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