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of the intercellular channel. Definition of the 
specific molecular boundary will require at 
least an unambiguous assignment of the trans
membrane a helices to the four hydrophobic 
domains in the amino acid sequence. Neverthe
less, these three models emphasized that con-
nexon docking involves multivalent interac
tions of subunits between connexons, which 
would confer stability in the formation of the 
intercellular channel and may in part be re
quired for achieving selectivity in the docking 
process. 
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These trophic factors mainly signal through 
the Trk family of receptor tyrosine kinases 
that are found on neuronal cell bodies and 
projections. Gene-targeting experiments have 
shown that neurotrophins and Trk receptors 
are required for survival of specific neuronal 
populations within the peripheral nervous 
system (7). NT-3 is essential for the survival 
of most sensory neurons early in develop
ment before they reach their final target, at 
which point they may gain access to target-

Regulation of Neurotrophin-3 
Expression by Epithelial-

Mesenchymal Interactions: 
The Role of Wnt Factors 

Ardem Patapoutian,1* Carey Backus,2 Andreas Kispert,3 

Louis F. Reichardt1 '2 

Neurotrophins regulate survival, axonal growth, and target innervation of sen
sory and other neurons. Neurotrophin-3 (NT-3) is expressed specifically in cells 
adjacent to extending axons of dorsal root ganglia neurons, and its absence 
results in loss of most of these neurons before their axons reach their targets. 
However, axons are not required for NT-3 expression in limbs; instead, local 
signals from ectoderm induce NT-3 expression in adjacent mesenchyme. Wnt 
factors expressed in limb ectoderm induce NT-3 in the underlying mesenchyme. 
Thus, epithelial-mesenchymal interactions mediated by Wnt factors control 
NT-3 expression and may regulate axonal growth and guidance. 
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derived trophic factors (2, 3) .  Expression of essary to establish the pattern ofNT-3 expres- apart from being targets of axons, are also 
NT-3 in early embryos correlates with ex- sion. To identify the signals that regulate sites of epithelial-mesenchymal boundaries. 
tending tips of sensory axons en route to their NT-3 expression, we characterized lacZ ex- These domains of expression include limbs, 
final targets (Fig. 1A) (2). Here, we investi- pression in NT-3'acZ mice during embryogen- whiskers, hair follicles, kidneys, the digestive 
gate mechanisms responsible for controlling esis. Many of the tissues expressing NT-3, system, and arteries (Fig. 2) (2, 11, 12). In 
NT-3 ex~ression. NT-3 ex~ression may be 
induced by axonal tips passing nearby (4), or 
may be induced through local interactions, 
independent of neurons and their axonal pro- 
jections. In this latter model, NT-3 may have 
an instructive role in sensory neuron differ- 
entiation and pathfinding in vivo (5). 

We examined whether sensory neurons 
are required for NT-3 expression in one of the 
main targets of dorsal root ganglia (DRGs), 
the limb. We developed a whole limb organ 
culture system using mice heterozygous for 
the NT-3'acZ allele ( 6 ) .  In such mice, the 
NT-3 coding region is replaced by the lacZ 
marker gene (7), and X-Gal staining of these 
mice accurately reflects the endogenous ex- 
pression of NT-3 (2). In hindlimb mesen- 
chyme, expression of the lacZ marker in NT- 
3laCz mice begins at embryonic day 11.5 
(El 1.5), which corresponds to the time when 
sensory and motor axons invade the limb 
(Fig. 1, B and C) (2). In hindlimbs of E10.5 
mice, X-Gal (Fig. 1 B) or neurofilament stain- 
ing (Fig. 1D) could not be detected. In the 
absence of neurons, isolated E10.5 hindlimbs 
cultured for 1 day expressed lacZ in a pattern 
that was spatially indistinguishable from ex- 
pression in an El  1.5 hindlimb (Fig. 1, C and 
E). Limbs were routinely cultured in 10% 
fetal bovine serum, but induction of lacZ was 
also observed in the complete absence of 
serum (8). These results suggest that motor 
and DRG axons are not required for proper 
NT-3 induction in vitro. 

To more stringently test the role of senso- 
ry neurons in inducing NT-3, we crossed the 
NT-3IoCz allele to splotch mice (6), which 
cany a mutation in the Pax3  transcription 
factor (9). Splotch mice have, among other 
deficits, a depletion of neural crest cell deriv- 
atives, including DRGs (10). In splotch em- 
bryos, NT-3 expression at E l0  through E14, 
as assessed by X-Gal staining, appears nor- 
mal despite the absence of DRG neurons 
(Fig. 1, F to K) (8). At earlier time points 
(El0 and El  1), when sensory and motor ax- 
ons are mostly fasciculated, it could be ar- 
gued that signals from motor neuron axons, 
which are disorganized but present in splotch 
embryos, can induce NT-3. However, by E14, 
the endings of sensory and motor axons are 
separated, and the expression of NT-3 within 
the dermis, a tissue not invaded by motor 
neurons, appeared normal in the absence of 
sensory axons (Fig. 1, H and K). Therefore, 
these results and those from organ culture 
argue that NT-3 induction does not depend on 
the presence of sensory neurons. 

Our data suggest that local interactions, 
independent of neuronal innervation, are nec- 

Fig. 1. Expression of NT-3 in the limb does not 
depend on innervation. Expression of NT-3 was 
detected by a l a d  reporter gene stained with 
X-Gal (blue), and axons were visualized with a 
neurofilament antibody (NF, brown). (A) E l  1.5 
NT-3'ad embryo section shows colocalization 
of X-Gal staining with ends of sensory neuron 
projections. (B) E10.5 NT-31aCZ heterozygous 
embryo shows lacZ expression in forelimb (FL) 
but not hindlimb (HL). (C) E11.5 hindlimb 
stained for lacZ expression. (D) Dorsal view of 
an E10.5 embryo stained with NF. No axons are 
present in the hindlimb at this time. (E) E10.5 
hindlimb cultured for 24 hours and stained for 
lacZ expression. (F to  K) Expression of lacZ or 
NF (or both) in E13.5 NT-Pd embryos i n  a 
wild-type (F to  H) or splotch background (I to 
K). Embryos were stained for lacZ expression (F 
and I). The splotch embryo exhibits severe de- 
fects in the cranial and lumbosacral region (ar- 
rows, I). No significant difference in lacZ ex- 
pression in wild-type and mutant embryos is 
detected. (G and J) NF staining of caudal neural 
tube sections. DRGs (arrows) are absent in 
splotch mutants, although motor neurons (ar- 
rowheads) are present. (H and K) LadlNF 
costaining of the distal hindlimb. Sensory (ar- " rows) but not motor (arrowhead) axons corre- 
late with NT3 expression as detected by lacZ 
expression (H). (K) NT-3 expression is normal in 
the absence of NF staining in splotch mice. 
Bars, 50 p m  (A, H, and K); 1 mm (B, F, and I); 
0.5 mm (C t o  E); 100 pm (C and 1). 

E11.5 forelimb B. Fig. 2. NT-3 is expressed in 
many sites of epitheli- 
al-mesenchymal interac- 
tions during embryogene- 
sis. X-Gal staining of NT- 
3'acz heterozygous em- 
bryo sections shows ex- 
pression in (A) E11.5 
forelimb mesenchyme, 
(B) E15.5 forelimb paw 
[note the absence of ex- 
pression in ectoderm (ar- 
row) and bone (b)], (C) 
E14.5 whisker pad, (D) 
E16.5 hair follicle and skin 
dermis, (E) E16.5 epitheli- 
al cells of the metaneph- 
ric kidney, (F) E16.5 upper 
esophagus, (G) E16.5 ca- 
rotid artery, and (H) mo- 
tor neurons of E l  1.5 neu- 
ral tube. Bars, 100 Fm. 
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most of these cases, NT-3 expression was 
observed in the mesenchyme; however, in the 
kidney NT-3 is expressed in the epithelial 
compartment (Fig. 2E). In the limb, the ex- 
pression is mainly mesenchymal (Fig. 2, A 
and B). Embryonic expression of NT-3 is not 
confined to sites of epithelial-mesenchymal 
interactions. For example, within the spinal 
cord NT-3 is expressed in motor neurons, a 
target of central projections of NT-3-depen- 
dent sensory neurons (Fig. 2H). 

To determine whether epithelial signals are 
important for the induction of NT-3 in limb 
mesenchyme, we used the limb organ culture 
system described above (6). E10.5 hindlimbs 
from NT-3IUcZ mice were cultured for 24 to 48 
hours with or without ectoderm (13). Our re- 
sults show that limb ectoderm is necessary for 
proper mesenchymal expression of lacZ in 
limbs (Fig. 3, A and B). To verify that the lacZ 
induction we observe reflects endogenous NT-3 
expression, we prepared mRNA from limbs 
cultured for 24 hours with or without ectoderm 
and analyzed the expression of NT-3 and y-ac- 
tin on a Northern (RNA) blot. Whole limbs 
showed sixfold higher levels of NT-3 expres- 
sion normalized to y-actin compared with ec- 
todermless limbs (Fig. 3C). The reduced y-ac- 

tin level in the ectodermless sample reflects the 
fact that limbs without ectoderm were smaller 
than whole limbs after the culturing period, 
because of the importance of ectodermal sig- 
nals for limb outgrowth (14). To ensure that 
limb mesenchyme was not damaged by ecto- 
derm removal, we replaced the ectoderm of a 
NT-31ucz limb with wild-type limb ectoderm. 
When cocultured, the wild-type ectoderm was 
able to induce lacZ expression in the limb mes- 
enchyme after 24 hours (8), and to very robust 
levels after 48 hours (Fig. 3, D and E). To 
determine whether lacZINT-3 expression in ec- 
todermless hindlimbs is due to an arrest of limb 
development under our culture conditions, we 
removed ectoderm from E10.5 forelimbs, 
which normally already express lac2 (Fig. 1B). 
After culturing for 24 hours, such limbs did not 
express lacZ (Fig. 3, F and G), suggesting that 
ectoderm is not simply providing a rnatwation 
signal for the limb but is necessary for the 
induction and maintenance of NT-3 expression. 

To identify the signaling molecules re- 
sponsible for mediating local induction of 
NT-3 expression, we tested different secreted 
factors of the fibroblast growth factor (FGF), 
bone morphogenetic protein (BMP), and Wnt 
families that are expressed in the limb ecto- 

derm (14). Beads soaked in FGF-2 or BMP-4 
protein did not have detectable NT-3-induc- 
ing activity on limbs lacking ectoderm (8). 
To determine whether Wnt proteins can in- 
duce NT-3 expression, we cultured limb mes- 
enchyme without ectoderm in direct contact 
with cell aggregates from NIH 3T3 cell lines 
stably transfected with cDNAs encoding dif- 
ferent Wnt proteins or with control NIH 3T3 
cells (6). Cells expressing wnt-4, which is 
expressed in limb ectoderm (IS), induced 
strong NT-3 expression in limb mesenchyme 
(Fig. 4, A and B). Untransfected NIH 3T3 cells 
or cells expressing wnt-5a did not induce de- 
tectable NT-3 expression (Fig. 4, C and D). 
Wnt-5a is mainly expressed in the distal mes- 
enchyme of limbs, a region where NT-3 is 
absent (Fig. 2A) (15). Finally, cells expressing 
wnt-7a and wnt-7b also induced NT-3 expres- 
sion, although to a lesser extent than cells ex- 
pressing wnt-4 (Fig. 4, E and F). Both wnt-7a 
and wnt-7b are expressed in limb ectoderm, 
although wnt-7a ii only expressed in dorsal 
ectoderm (15). All the transfected cells used in 
this report express mRNAs encoded by the 
respective wnt genes, and produce Wnts (16); 
however, without a quantitative comparison of 
Wnt protein levels, differences in levels of IacZ 
induction cannot be interpreted as significant. 

Wnt vroteins vlav crucial roles in devel- . - 
opment of both invertebrate and vertebrate 
embryos and have been implicated in human 
cancer (1 7). The intracellular components of 
the Wnt signaling pathway include members 
of the Frizzled receptor family, glycogen syn- 
thetase kinase-3 (GSK3), p-catenin, and the 
LEFITCF family of transcription factors that 
are also highly conserved in evolution. LEF-1 
is required for the development of many or- 
gans formed by epithelial-mesenchymal in- 
teractions (18), and many of these regions 
express NT-3, suggesting a potential direct 
link between Wnt signaling and NT-3 expres- 
sion. NT-3 is unique among the neurotro- 
phins for its ability to activate all three Trk 
receptors and to transiently support in vivo 

Fig. 3. Ectoderm induces NT-3 expression in limb 
mese~hyme. Limbs were isolated from E10.5 
NT-3 heterozygotes and cultured in vitro. (A) 
An intact hindlimb expresses NT-3, as assessed by 
X-Gal staining, but (B) a hindlimb lacking ecto- 
derrn does not. (C) A Northern blot containing 
mRNA isolated from limbs cultured with or with- 
out ectoderm (10 limbs per lane), probed for 
NT-3 and y-actin. (D) NT-3"a hindlimb mesen- 
chyme reconstituted with wild-type ectoderm 
exhibits lacZ expression, but (E) a hindlimb lack- 
ing ectoderm does not. (F) Forelimb shows strong 
lacZ expression, (G) whereas a forelimb lacking 
ectoderm does not. All limbs were cultured for 24 
hours with the exception of (D) and (E), which 
were cultured for 4 8  hours. Bar, 0.5 mm. 

Fig. 4. Wnt proteins are sufficient to  induce 
NT-3 expression. Mesenchymal hindlimb tissue 
(yithout ectoderm) isolated from E10.5 NT- 
3 heterozygous embryos was cocultured with 
aggregates of NIH 3T3-derived cell lines for 24 
hours, after which they were stained with X- 
Gal. (A) Wnt-4-expressing NIH 3T3 cells in- 
duce NT-3 in limb mesenchyme. (B) A Wnt-41 
LimbANnt-4 explant stained and sectioned 
shows two blue stripes at the junction of the 
two tissues. (C) NIH 3T3 cells or (D) Wnt-5a- 
expressing cells do not induce NT-3, whereas 
(E) Wnt-7a- or (F) Wnt-7b-expressing cells 
induce NT-3 to a certain extent. Arrows point 
to junctions of limb mesenchyme and cell ag- 
gregates. Bar, 0.5 mm. 

multiple classes of newly formed sensory 
neurons (19). Understanding NT-3 regulation 
may thus provide insight into the mechanisms 
controlling the differentiation and pathfind- 
ing of sensory neurons. 
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It is not known whether subsets of dendritic cells provide different cytokine 
microenvironments that determine the differentiation of either type-1 T helper 
(TH1) orTH2 cells. Human monocyte (pDC1)-derived dendritic cells (DC 1) were 
found to induce TH1 differentiation, whereas dendritic cells (DC2) derived from 
CD4+CD3_CD11c- plasmacytoid cells (pDC2) induced TH2 differentiation by 
use of a mechanism unaffected by interleukin-4 (IL-4) or IL-12. The TH2 cytokine 
IL-4 enhanced DC1 maturation and killed pDC2, an effect potentiated by IL-10 
but blocked by CD40 ligand and interferon-^. Thus, a negative feedback loop 
from the mature T helper cells may selectively inhibit prolonged TH1 or TH2 
responses by regulating survival of the appropriate dendritic cell subset. 

The cytokine microenvironment plays a key 
role in T helper cell differentiation toward the 
TH1 or TH2 cell type during immune respons
es (1-6), IL-12 induces TH1 differentiation, 
whereas IL-4 drives TH2 differentiation. Be
cause T helper cell differentiation requires 
the presence of different cytokines at an ini
tial stage of the T cell-dendritic cell (DC) 
interaction (1-7), we investigated whether 
distinct DC lineages or subsets may produce 
different cytokines and directly induce TH1 
or TH2 differentiation. 

Humans have two distinct types of DC pre
cursors. Peripheral blood monocytes (designat
ed pDCl) give rise to immature myeloid DCs 
after culturing with granulocyte-macrophage 
colony-stimulating factor (GM-CSF) and IL-4 
(8-10) or after transmigration through endothe
lial cells and phagocytosis (11). These imma
ture cells become mature myeloid DCs (desig-
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nated DC1) after stimulation with CD40 ligand 
(CD40L) or endotoxin (12, 13). The 
CD4+CD3"CD1 lc" plasmacytoid cells (desig
nated pDC2) from blood or tonsils give rise to 
a distinct type of immature DC after culture 
with IL-3 (14-16). These cells differentiate into 
mature DCs (designated DC2) after CD40L 
stimulation (17). However, unlike pDCl and 
DC1, pDC2 and DC2 display features of the 
lymphoid lineage: (i) pDC2 and DC2 express 
few myeloid antigens, such as CD1 lb, CD1 lc, 
CD13, and CD33 (14); (ii) pDC2 cells do not 
differentiate into macrophages, following cul
ture with GM-CSF and M-CSF; (iii) pDC2 and 
DC2 have little capacity to phagocytose or 
macropinocytose antigens at all stages of their 
maturation (14) (iv) like the putative mouse 
lymphoid DCs (18), pDC2 cells depend on 
IL-3, but not GM-CSF for their survival and 
maturation (14) [this can be explained by high 
GM-CSF receptor and low IL-3 receptor ex
pression in pDCl cells and low GM-CSF re
ceptor and high IL-3 receptor expression in 
pDC2 cells (Fig. 1)]; and (v) pDC2 cells have 
high levels of pre-T cell receptor a-chain ex
pression (19). 

Both myeloid DC1 and "lymphoid" DC2 
induce strong proliferation of allogeneic naive 

CD4+ T cells (14). First, we examined the 
profile of cytokine production from DC1 and 
DC2 after CD40L activation. DC1 produced 
large amounts of IL-12 within 24 hours after 
CD40L activation (Fig. 2) as reported (12, 13), 
whereas DC2 did not (Fig. 2). In addition, 
unlike CD40L-activated DC1, CD40L-activat-
ed DC2 produced little IL-la , IL-ip, IL-6, and 
IL-10, but produced comparable amounts of 
chemokine IL-8 (Fig. 2) (20). Neither CD40L-
activated DC1 nor DC2 produced detectable 
amounts of IL-4 and IL-13. Quantitative poly
merase chain reaction (PCR) analyses showed 
that CD40L activation up-regulated the expres
sion of mRNA for IL-12p40, IL-la, and IL-ip 
in DC1, but not in DC2 (Table 1) (21). Neither 
DC1 nor DC2 transcribed detectable amounts 
of IL-4 mRNA, either before or after CD40L 
activation (Table 1). 

We next examined the nature of primary 
allogeneic T cell responses induced by DC1 or 
DC2. Naive CD4+CD45RA+ T cells isolated 
from human peripheral blood or umbilical cord 
blood were cocultured for 7 days with CD40L-
activated DC1, CD40L-activated DC2, or anti
bodies to CD3 and CD28 (22). The cultured 
cells were counted and restimulated with anti-
CD3 and anti-CD28 for either 4 hours for sin
gle-cell cytokine analyses by flow cytometry 
(Fig. 3B) or 24 hours for cytokine secretion 
analyses by enzyme-linked immunosorbent as
say (ELISA) (Fig. 3A). T cells originally cul-
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Fig. 1. Expression of GM-CSF receptor a chain 
(GM-CSF Ra) and IL-3 receptor a chain (IL-3 
Ra) on pDCl and pDC2 (open curve, isotype 
control; shaded curve, specific staining). 
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