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Instead, the decreased Hh-N activity is most likely caused by the
lack of cholesterol modification. Both in vitro and in vivo data
suggest that the absence of cholesterol decreases the association of
Hh-N with the membrane on receiving cells (Fig. 1B� ; Fig. 3D).
Thus, one possible explanation for the reduced activity of Hh-N in
S2 cells and in autocrine assay is that it interacts less efficiently
with the plasma membrane of receiving cells. This conforms to
previous data showing that cholesterol promotes the stable
membrane association of lipid-modified proteins (Peters et al.,
2004). A consequence of this might be that Hh-N has less time to
activate Hh receptors, as it diffuses away from the cell membrane
in three dimensions rather than two, lowering its apparent intrinsic
activity.

Cholesterol is required for controlled Hh long-
range activity
In addition to their apparent activity differences, our data also suggest
that the two forms of Hh differ in their ranges of action. Reducing the
movement of Hh through the expression of a membrane-tethered
form, Hh-N-CD2, revealed that Hh movement is required for

specifying certain cell types such as distant type 3 cells within the
dorsal ectoderm, for the repression of distant ser expression in the
ventral ectoderm, and for the expression of dpp and ptc in distant
imaginal disc cells. Similarly, removing the cholesterol adduct restricts
the long-range activity of Hh (Figs 1, 2, 5 and 6), except when Hh-N
is expressed in the peripodial cells (Fig. 7; see below).

If cholesterol were necessary only for potentiating Hh activity,
then those target domains requiring the highest levels of Hh
should be reduced in Hh-N-expressing animals, and those
specified by lower Hh levels should be increased. Interestingly,
we obtained the opposite results when Hh-N was expressed. For
example, distant dorsal type 3 cells, which require low Hh levels,
were absent in Hh-N expressing embryos (Fig. 2E,J-K). This
suggests that the absence of cholesterol modification limits the
range of activity of Hh-N. Moreover, in columnar cells, Hh-N
induced a restricted domain of dpp expression, which is a marker
of low Hh-signalling activity, in contrast to the broader dpp
domain induced when Hh-Np is expressed. This result was not
caused by a decrease in the intrinsic activity of Hh-N, because
when Hh-N was expressed in peripodial cells it activated dpp in

RESEARCH ARTICLE Development 133 (3)

Fig. 7. Expression of Hh-N in peripodial cells
induces broad activation of dpp expression.
dpp-lacZ (red) expression in wing imaginal discs
with clones (marked by GFP in green) of cells
expressing Hh-Np (A,B), both Hh-Np and Disp
(C), Hh-N (D-F) or Hh-CD2 (G,H) produced using
the FRT flip-out technique. (B,E,H) Confocal z-
sections (apical side upwards) made at the level
indicated by the white lines in A,D,G,
respectively. Peripodial clones expressing the
different Hh forms are delimited by broken lines
(A,D,G). (I) enGal4 UAS-GFPnuc imaginal wing
disc. Peripodial clones expressing Hh-Np (A,B) or
Hh-CD2 (G,H) do not trigger outgrowth of the
discs, and induce dpp only in underlying
columnar cells when the clones are located
above the hinge region of the disc proper. By
contrast, Hh-N clones in the peripodial
membrane induce anterior compartment
outgrowth and broad (in 40% of the observed
discs, as in D) or moderate (in 60% of the
observed discs, as in F) dpp expression in the
disc proper in both the wing pouch and the
hinge regions, although not in the notum
region (D-F). Peripodial clones expressing both
Hh-Np and Disp induce disc outgrowth with a
moderate level of dpp expression in the disc
proper (C). In enGal4 UAS-GFP discs, all the P
cells and the first two rows of A cells of the disc
proper are fluorescent (I) (the AP border is
delimited by the double-headed arrow, based
on the lower fluorescent signal observed in A
cells). The large GFP-positive nuclei located in
the upper layer correspond to the peripodial
membrane (arrows in I). GFP-positive peripodial
cells are above the A cells of the disc proper.
(J,K) Schemes and model summarising the
various data obtained for Hh-Np and Hh-N,
respectively. Clones of Hh-Np expression in the disc proper induce widespread dpp expression, whereas similar Hh-N clones induce only narrow
domains of dpp expression. In the disc proper, Hh-Np is enriched apically (ap), whereas Hh-N is enriched at the basolateral (bl) membrane. By
contrast, clones of Hh-N in the peripodial membrane (PM) allow luminal diffusion of Hh-N, inducing widespread dpp expression in the wing pouch
and the hinge. Peripodial Hh-Np clones induce dpp in the hinge through cellular interactions, with no apparent consequences for the wing pouch.
When both Disp and Hh-Np are present in peripodial cells, luminal secretion of Hh-Np is permitted, resulting in outgrowth and moderate levels of
dpp expression in the wing pouch (hatched area). n, notum; h, hinge; wp, wing pouch.
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all of the underlying cells of the disc proper (Fig. 7D). This
provides strong evidence that it retains enough substantial activity
to activate the pathway.

The unrestricted range of Hh-N activity observed in this latter
experiment allows us to propose that the expression of Hh-N in
the squamous peripodial cells permits it to enter the lumen and spread
unrestrictedly, probably through free diffusion within this extracellular
space. The accumulation of Hh-N, probably at the apical side of
receiving cells, reaches the threshold necessary for dpp activation and
wing disc outgrowth. This is clearly distinct from what happens when
Hh-N is expressed in the disc proper, where it is basally located (Fig.
5L) and restricted in its range of activity, consistent with it being
dispersed through the basal membrane of the epithelium and the
haemolymph. In contrast to Hh-N, Hh-Np is apically enriched in both
columnar and ectodermal cells (Fig. 5C,I) (Gallet et al., 2003), and
acts at a longer distance (Figs 2, 5 and 6), although not by spreading
through the imaginal disc lumen (Fig. 7A). Rather, its movement is
consistent with it being restricted to a two-dimensional space. This
correlates with data showing that HSPGs are required for the stable
retention of Hh-Np on the cell surface (Gorfinkiel et al., 2005; Takei
et al., 2004), suggesting a mechanism by which the movement of Hh-
Np could be maintained within a continuous plane. Because HSPGs
are not involved in Hh-N spreading (The et al., 1999), it is thus
possible that when Hh-N is expressed in the different epithelia, its
dispersal within the three-dimensional space rapidly lowers its local
concentration, explaining why its long-range activity is affected but
its short-range activity is not.

Why is Hh-Np not secreted into the disc lumen in the same way
as Hh-N is when expressed in peripodial cells? Our data suggest
that Disp activity is absent from these cells (Fig. 7C). Indeed, it is
only when both Hh-Np and Disp are co-expressed in peripodial
cells that long-range activity is manifested by an important wing
pouch outgrowth. This is the only experimental setting in which
the activity ranges of Hh-N and Hh-Np are similar (Fig. 7).
Nevertheless, this similarity is unusual because free dispersal of
Hh in the lumen between peripodial and columnar cells is unlikely
under physiological conditions. Endogenous expression of Hh in
peripodial cells has been implicated in leg disc regeneration
(Gibson and Schubiger, 1999). Our data support the hypothesis
that endogenous peripodial Hh does not influence underlying
columnar cells in wild-type animals, probably because it is not
secreted.

Functional Hedgehog gradient
Our data show that the differential long-range activity of the two
forms depends on differences in Hh routing in producing
epithelial cells. This underlines the importance of the apical site
of secretion as a prerequisite for the controlled planar movement
of Hh-Np in various tissues (Fig. 7J,K). Several lines of evidence
suggest that Hh-Np spreads via a planar movement on the apical
epithelial cell surface, and not basally through transcytosis, which
involves internalisation and secretion on a cell-by-cell basis. First,
an absence of dynamin, which is required for internalisation,
prevents neither Hh-spreading nor its long-range activity (Gallet
and Therond, 2005; Han et al., 2004b; Torroja et al., 2004).
Second, in the absence of the Ptc receptor, Hh-Np is stuck at the
apical surface of receiving cells (Gallet and Thérond, 2005).
Third, after internalisation, the Hh-Ptc complex is targeted to the
lysosomal compartment (Gallet and Therond, 2005; Incardona et
al., 2002; Torroja et al., 2004) and is not recycled, at least not
through a Rab11-dependent mechanism (data not shown).
Interestingly, Han and colleagues reported that Hh accumulates at

both the apical and basolateral sides of receiving cells that were
impaired for dynamin activity (Han et al., 2004b). We favour the
model in which the functional Hh gradient spreads apically
through the epithelia, but we cannot exclude a contribution of a
transcytosis-independent basolateral functional gradient of Hh, at
least for short-range signalling. The two models are not exclusive.

Importance of Hh assembly into LPS for long-
range activity
The cholesterol-dependent formation of LPSs might be an important
vehicle in the establishment of long-range Hh activity. We show here
that Hh-Np forms LPSs, which can be observed at a distance from
the Hh source in the disc (see Gallet et al., 2003). We also show that
Hh-Np is able to dimerise and is present in fractions that suggest a
multimerisation of the molecule. By contrast, Hh-N is unable to
form LPSs, behaves as a monomer and acts at shorter range. We
suggest that Hh-Np multimerisation allows maximal long-range
signalling of Hh. However, we cannot exclude the possibility that
monomeric Hh-Np is involved in short-range signalling.

The oligomerisation of Hh-Np could be necessary for this highly
hydrophobic molecule to travel within hydrophilic environments by
hiding its hydrophobic domains within micelle-like structures, as
suggested for Shh-Np (Feng et al., 2004; Zeng et al., 2001). These
structures could create a specific interaction with HSPG at the
surface of the cell membrane. Indeed, Dly has been shown to
specifically colocalise with Hh-Np (Han et al., 2004b), and it has
been shown that HSPGs regulate Hh-Np movement as well as its
stability (Lin, 2004). It is thus possible that the movement of apical
Hh multimers/LPSs depend on HSPG enriched at the apical side of
the cells. Thus, Hh-LPSs might not only provide a vehicle for Hh,
but may also allow the planar movement of Hh in two dimensions,
thereby avoiding a dilution of Hh-Np activity in the disc lumen.

In conclusion, our data in Drosophila strongly suggest that
absence of cholesterol-modification in Hh-Np affects its secretion,
multimerisation and long-range signalling activity. Our data
reconcile evidence from mammalian systems regarding the
importance of cholesterol in long-range Hh activity with previous
results from Drosophila (Burke et al., 1999; Dawber et al., 2005;
Lewis et al., 2001).
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