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SUMMARY We present here evidence of in vivo epithelial endocytosis and trafficking of
non-lipid-modified Sonic hedgehog (ShhN) when infused into rat efferent ducts via micro-
injection. Initially, exogenous ShhN is detected in endocytic vesicles and early endosomes
located near the apical plasma membrane of non-ciliated cells. Within 30-60 min following
infusion, ShhN can be detected in lysosomes and at basolateral regions of non-ciliated cells.
Basolaterally, ShhN was observed along the extracellular surfaces of interdigitated plasma
membranes of adjacent cells and in the extracellular compartment underlying the efferent
duct epithelium. Uptake and subcellular trafficking of infused ShhN by non-ciliated cells
could be blocked by either anti-megalin IgG or the megalin antagonist, RAP. Ciliated cells,
which do not express megalin, displayed little if any apical internalization of ShhN even
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though they were found to express Patched-1. However, ShhN was found in coated pits of KEY WORDS
lateral plasma membranes of ciliated cells as well as in underlying endocytic vesicles. We hedgehog
conclude that megalin-mediated endocytosis of ShhN can occur in megalin-expressing epi- megalin
thelia in vivo, and that the internalized ShhN can be targeted to the lysosome or transcytosed LRP-2
in the plane of the epithelium or across the epithelium. These findings highlight the multiple endocytosis
mechanisms by which megalin may influence Shh morphogen gradients in vivo. transcytosis

(J Histochem Cytochem 54:1115-1127, 2006) morphogen

Sonic HEDGEHOG (Shh) mediates long- and short-range
control of growth and patterning during development.
Autoprocessing of a full-length Shh precursor generates
an active amino terminal fragment (ShhNp) with dual
lipid modifications, including cholesterol on the C ter-
minus and palmitate on an N-terminal cysteine (Porter
et al. 1996; Pepinsky et al. 1998). Several mechanisms
exist to explain the movement of this hydrophobic
morphogen through and between cells of an epithelium
such as in the vertebrate limb and neural tube or the
Drosophila imaginal disc (Vincent and Dubois 2002).
These mechanisms include extracellular diffusion be-
tween cells (Crick 1970), the relay of Shh across the cell
membranes of adjacent cells via handoff from glycos-
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aminoglycan moieties of glypican molecules (Han et al.
2004), and planar transcytosis involving repeated cy-
cles of endocytosis transepithelial transport and exocy-
tosis (Entchev et al. 2000; Teleman et al. 2001; Strigini
2005). An added dimension to ShhNp transport is its
ability to form micelle-like multimers (Zeng et al. 2001)
and associate with lipoprotein particles (Panakova et al.
2005), thus highlighting the potential involvement of
lipoprotein receptors in the transport process.
Megalin (gp330/LRP-2) is an endocytic receptor be-
longing to the low-density lipoprotein receptor family
(May and Herz 2003; McCarthy and Argraves 2003).
During early development, megalin is expressed by
absorptive epithelial cells at sites in which morphogenic
patterning is under the influence of Shh, such as in the
neural tube (McCarthy et al. 2002; Spoelgen et al.
2005). Recently, megalin has been shown to bind and
mediate endocytosis of ShhN (McCarthy et al. 2002),
the N-terminal fragment of Shh that lacks lipid modi-
fications but retains most of the signaling activity of
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ShhNp (Marti et al. 1995; Roelink et al. 1995). The
physiological significance of megalin-mediated endocy-
tosis of ShhN is not certain. Of potential importance in
this regard is the observation that ShhN endocytosed
via megalin is not efficiently targeted to the lysosome
(McCarthy et al. 2002), as is the case with other megalin
ligands (Morales et al. 1996). This raises the possibility
that ShhN is transcytosed following megalin-mediated
endocytosis. This possibility is consistent with the fact
that megalin mediates transcytosis of other ligands in-
cluding thyroglobulin, retinal-binding protein, vitamin
Bi,, and the 39-kDa receptor-associated protein (RAP)
(Marino et al. 2000,2001; Marino and McCluskey 2000;
Nielsen et al. 2001; Pan et al. 2004). Evidence for the
involvement of megalin in Shh transcytosis could be
important in the process by which Shh mediates long-
and short-range control of growth and patterning dur-
ing development.

Our previous studies have shown that megalin is
abundantly expressed on the apical plasma membrane
of non-ciliated cells lining the efferent ducts of the male
reproductive tract (Morales et al. 1996; Hermo et al.
1999). We have also demonstrated that megalin ex-
pressed by these cells mediates endocytosis and lyso-
somal targeting of both endogenously expressed clusterin/
apolipoprotein ] (apo]) and RAP introduced into ef-
ferent ducts by microinjection (Morales et al. 1996).
The relative ease of introducing ligands into rat efferent
ducts by microinjection and tracking them by immu-
nocytological techniques makes efferent ducts an ideal
system for studying epithelial endocytosis and traf-
ficking of megalin ligands in vivo. Here we evaluate
megalin-mediated trafficking of ShhN by efferent duct
epithelial cells in vivo.

Materials and Methods

Antibodies

The mouse monoclonal ShhN antibody, SE1 (Ericson et al.
1996), was produced from a hybridoma obtained from the
Developmental Studies Hybridoma Bank at the University of
Iowa, Iowa City, Iowa. SE1 IgG was purified by protein G-
Sepharose chromatography. Rabbit polyclonal anti-megalin
IgG (rb6286) has been described previously (Kounnas et al.
1993). A rabbit polyclonal antiserum was produced against a
carboxy terminal polypeptide from mouse patched-1 (Ptc-1)
(amino acid residues 1158-1434). The Ptc-1 polypeptide
was expressed in bacteria as a glutathione S-transferase (GST)
fusion protein and the GST portion removed by thrombin
cleavage prior to immunization. IgG was purified from the
resulting antiserum (rb2160) by affinity chromatography on a
column of the GST-Ptc-1 fusion protein coupled to Sepharose
followed by protein G-Sepharose. The antibody was shown to
react with a polypeptide corresponding to the size of Ptc-1 in
extracts of Chinese hamster ovary (CHO) cells transfected to
express full-length mouse Ptc-1. The antibody showed no re-
activity in immunoblotting of extracts from non-transfected

CHO cells. Goat anti-rabbit IgG and goat anti-mouse IgG
conjugated to horseradish peroxidase (HRP) for use in light
microscopy (LM) or to colloidal gold for use in electron
microscopy (EM) were purchased from Cedarlane Labs
(Hornby, ON).

Proteins

Recombinant amino terminal fragment of mouse Shh (ShhN)
was expressed as a fusion protein in bacteria and purified as
described previously (McCarthy et al. 2002). The fusion pro-
tein was composed of GST followed by a thrombin cleavage
site (LVPRGS), a five-amino acid phosphorylation target site
(RRASV), and amino acids residues 20-198 of mouse ShhN.
The ShhN fusion protein was adsorbed onto a Detoxigel
Endotoxin Removing Gel (Pierce Biotechnology; Rockford,
IL), and its biological activity was assayed in C3H10T1/2 cells
using the method of Williams et al. (1999). Bacterially ex-
pressed human RAP was purified as previously described
(Kounnas et al. 1992,1995).

Radiolabeling of GST-ShhN

GST-ShhN was labeled with [y->’P]-ATP using heart mus-
cle kinase (HMK) as described in McCarthy et al. (2002).
Briefly, 50 pg of protein was incubated with 125 U of HMK
(catalytic subunit; Sigma, St Louis, MO) in 1X HMK buffer
(20 mM PIPES, pH 6.5, 1 mM DTT, 20 mM NaCl, 12 mM
MgCl,) plus 0.1% denatured BSA and 50 wCi [y-*?P]-ATP
(Amersham Biosciences; Baie d’Urfé, QC) for 1 hr. Labeled
fusion protein was purified by size exclusion chromatography
using PD-10 columns.

In Vivo Infusion of ShhN

[*2P-GST-ShhN (1 X 10° CPM) in 250 pl of PIPES buffer
(20 mM PIPES, 20 mM NaCl, 12 mM MgCl,, pH 6.5) or
non-labeled ShhIN (2 pg/pl) in PIPES buffer was infused into
the efferent ducts of anesthetized 4-month-old Sprague
Dawley rats (Charles River Laboratories; Montreal, QC) via
a microinjection into the rete testis (Morales and Hermo
1983). To block megalin-mediated interaction with ShhN,
ShhN was coinjected with either anti-megalin IgG (5 wg/pl) or
the megalin antagonist, RAP (2 wg/pl). At varying time inter-
vals following microinjection (i.e., 5, 30, and 60 min), efferent
ducts were removed by dissection, fixed, and either embedded
in paraffin for LM or in Lowicryl K11M (Polysciences;
Warrington, PA) for EM. Each experimental group/end point
was composed of efferent ducts from a minimum of three
animals. Institutional guidelines on the use of animals were
followed in all experimentation involving rats.

Autoradiography

Autoradiography was performed on 5-pm-thick deparaffin-
ized tissue sections essentially as described by Qi et al. (2002).
After a passage in alcohol, slides were air dried, dipped in
LM-1 emulsion (Amersham Biosciences; Buckinghamshire,
UK), and then exposed in the dark at 4C for 8 days. Slides
were then developed at 15C by treating with Kodak D-170
developer (Kodak; Rochester, NY) for 7 min, fixed for 4 min
in Kodak Rapid Fixer, and counterstained with hematoxylin
and eosin.
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Immunoblot Analysis

Efferent ducts were homogenized on ice in sucrose buffer
(250 mM sucrose, 10 mM HEPES, 5 mM EDTA, 1 mM PMSF,
10 pg/ml leupeptin, 10 pwg/ml aprotinin, pH 8.0) and the extracts
centrifuged for 6 min at 3020 X g. Supernatant was centrifuged
for 40 min at 48,000 X g and the resulting pellet dissolved
in buffer A (2 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, and
140 mM NaCl, pH 7.8) containing 1% 3-[(cholamidopropyl)-
dimethylammonio-l-propanesulfonate] (CHAPS; Boehringer
Mannheim, Mannheim, Germany). Buffer A was added to give
a final concentration of 0.25% CHAPS. Insoluble debris was
removed by centrifugation at 48,200 X g. As a control, detergent
extracts from CHO cells transfected with a vector expressing
full-length mouse Ptc-1 (pPRKSmptcNEN; provided by Phillip A.
Beachy, Johns Hopkins University School of Medicine, Balti-
more, MD) were prepared in a similar manner. Protein con-
centration in extracts was determined by BCA (Pierce
Biotechnology). Aliquots containing 5 g of protein were run
under reducing conditions on 4-12 % NuPAGE gels (Invitrogen;
Carlsbad, CA), transferred to PVDF membranes, and probed
using rabbit anti-Ptc-1 or control rabbit IgG. Bound antibody
was detected using HRP-conjugated anti-rabbit IgG and ECL
Plus Detection Kit (Amersham Pharmacia; Piscataway, NJ).

Immunohistochemical Staining

Efferent ducts were fixed by perfusion with Bouin’s fixative
through the abdominal aorta as described previously (Mora-
les et al. 1996). Efferent ducts were then removed and im-
mersed in Bouin’s fixative for an additional 24 hr. Tissues
were dehydrated in graded ethanol and embedded in paraffin.
Immunostaining was accomplished using a microwave antigen-
retrieval protocol described by Tacha and Chen (1994) in
conjunction with the Zymed SP immunohistochemical stain-
ing kit (Zymed; South San Francisco, CA). Briefly, 5-pm-thick
paraffin sections were deparaffinized in toluene and rehy-
drated with ethanol (90%-50%). Endogenous peroxidase
activity was blocked by incubation in 3% H,O, in methanol
for 30 min. After the antigen-retrieval technique was per-
formed and the slides cooled, nonspecific binding sites were
blocked using 10% goat serum for 30 min. Sections were then
incubated for 90 min at room temperature with antibodies
against Shh (diluted to 0.28 pg IgG/ul) or Ptc-1 (diluted to
0.16 pg IgG/pl). Sections were then washed in PBS and in-
cubated with biotinylated secondary antibody for 10 min
and then with streptavidin—peroxidase for 10 min. Biotin/
streptavidin—peroxidase complexes were stained using the
chromogen, diaminobenzidine. Counterstaining was per-
formed using hematoxylin for 30 sec. As controls, Shh anti-
body (0.28 pg IgG/pl) was incubated with sections in the
presence of recombinant ShhN (30 wg/pl), or sections were
incubated with non-immune serum (1:100) and antibodies
detected by immunoperoxidase reaction.

Immunogold Electron Microscopy

After infusion of ShhN, efferent ducts were perfused with 4%
paraformaldehyde and 0.5% glutaraldehyde in 0.05 M phos-
phate, pH 7.5. Small segments of the fixed efferent ducts
(~1-mm long) were dehydrated in ascending concentrations
of ethanol (30, 50, 70, 90, and 100%) for 1 hr each, placed in
1:1 ethanol/Lowicryl for 1 hr, and then in a 2:1 Lowicryl/
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ethanol solution overnight. The tissue was then placed in pure
Lowicryl for 4 hr before being embedded within gelatin cap-
lets. Ultrathin sections were cut and placed on formvar-coated
nickel grids as described previously (Sylvester et al. 1989).
Subsequently, 40-pl drops of 10% goat serum were placed on
a rubber mat within a Petri dish, and the grids with the tissue
side down were incubated on the drops for 15 min. Grids were
then placed on drops of anti-Shh antibody [1.24 pg IgG/
wl in TBS (20 mM Tris—HCI, pH 7.4, 150 mM NaC)] and
incubated for 1 hr. Four washes of 5-min each with 0.1%
Tween-20 were followed by a second 15-min incubation with
goat serum. Grids were then incubated in secondary anti-
mouse antibody (18.5 pg/ul) conjugated to 10- to 15-nm col-
loidal gold particles (Cedarlane Labs), followed by four 5-min
washes with 0.1% Tween-20 in TBS and two washes in dis-
tilled water. Finally, sections were counterstained with uranyl
acetate for 2 min and lead citrate for 30 sec and then viewed
on a Philips 400 electron microscope (Philips Electronics;
Toronto, Ontario, Canada). For double-immunogold labeling
studies, grids were incubated with antibodies to megalin and
Shh, both diluted in TBS and 10% goat serum. Grids were
washed with TBS and then incubated with goat anti-rabbit
IgG conjugated to 10-nm colloidal gold particles and with
goat anti-mouse IgG conjugated to 15-nm gold particles as
per the protocol of Morales et al. (1996).

RT-PCR

Extraction of total RNA was performed with a Qiagen
RNeasy kit (Mississauga, ON), and reverse transcription was
done with the Invitrogen Superscript first-strand synthesis
kit (Burlington, ON). PCR amplification reactions were
conducted with Taq polymerase using the following cycling
parameters: 30 cycles at 95C, 45 sec; 53C, 45 sec; 72C, 60 sec.
Deoxyoligonucleotide primers for rat Ptc-1 were 5'-CTTGA-
TGTGGCCCTTGTT-3’ (forward) and 5'-AAGGAGCAGA-
GGCCCAAT-3’ (reverse), generating an amplicon of 503 bp;
amplification of rat B-actin was accomplished with the mouse
B-actin primers 5'-CGGGACCTGACAGACTACCTC-3’
(forward) and 5'-AACCGCTCGTTGCCAATA-3’ (reverse),
generating an amplicon of 218 bp.

Results

Efferent Duct Epithelial Cells Mediate ShhN Uptake

Efferent ducts were infused with [**P]-labeled ShhN
and, after 5-min postinfusion, radioactive ShhN was
observed in the form of silver grains associated with the
apical surfaces of the epithelial cells as viewed by dark-
field microscopy (Figure 1A). Few silver grains were
apparent in the connective tissue underlying the efferent
duct epithelium at this time. At 30-min postinfusion,
large numbers of silver grains were observed within the
epithelium (Figure 1B). Furthermore, the connective
tissue surrounding the ducts also contained numerous
silver grains, significantly more than were apparent at
S-min postinfusion (Figure 1B). Coinjection of [**P]-
labeled ShhN along with the megalin antagonist RAP
effectively reduced both the number of intracellular sil-
ver grains as well as the number of silver grains present
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Figure 1 Autoradiographic analysis of non-lipid-modified sonic hedgehog (ShhN) uptake by efferent duct epithelial cells. (A,B) Dark-field
microscopy of autoradiographic reaction of efferent ducts at 5 min (A) and 30 min (B,C) following infusion with [32P]-ShhN. (C) Dark-field
microscopy of efferent ducts at 30 min following infusion with both [32P]-ShhN and the megalin antagonist receptor-associated protein (RAP).
(D-F) Bright-field microscopy of efferent duct epithelium photographed at high-power magnification. (D,E,G) Bright-field microscopy of
efferent ducts at 5 min following infusion with [32P]-ShhN (D,G) or [32P]-ShhN plus RAP (E). (F) Bright-field microscopy of efferent ducts at
30 min following infusion with [32P]-ShhN. In D, silver grains can be seen on the apical surface of the epithelial cells. Silver grains can also be
seen decorating microvilli extending into the lumen of the duct. Arrows in F point to silver grains in the subepithelial region of the tissue.
Arrowheads in F indicate connective tissue cells and smooth muscle cells underneath the epithelial lining of the efferent ducts. Arrows in
G point to ciliated cells that are all devoid of silver grains. Bars: A,B = 50 um; C-G = 25 um.

in the tissue surrounding the ductules (Figure 1C).
These findings indicate that the uptake of infused ShhN
by ductal epithelial cells and delivery of the radioactive
moiety to the subepithelial compartment is dependent
on a RAP-sensitive receptor.

Efferent ducts infused with [>?P]-labeled ShhN were
also examined using bright-field microscopy. As shown

in Figure 1D, at 5-min postinfusion, silver grains could
be seen decorating apical membranes and microvilli
of the brush border of non-ciliated cells (9 + 2 SD silver
grains per non-ciliated cell; 7=20 cells). No silver grains
were seen associated with these structures when [**P]-
labeled ShhN was coinfused with RAP (Figure 1E). Few,
if any, silver grains were detectable in apical aspects of
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ciliated cells (1.5 * 1 SD silver grains per ciliated cell;
n=15 cells) (Figure 1G). Given the relatively large thick-
ness of the emulsion, the possibility existed that the few
silver grains found over the ciliated cells were exposed by
nuclide decay events occurring in adjacent ciliated cells.

At 30 min following infusion, silver grains were abun-
dant within the non-ciliated epithelial cells (Figure 1F).
The highest concentration of silver grains was in the
supranuclear regions of non-ciliated cells. Silver grains
were also clearly apparent along basal aspects of the
epithelial cells as well as on surfaces of smooth muscle
cells and in interstitial spaces of the connective tissue
surrounding the epithelium (Figure 1F).

The presence of silver grains within the connective
tissue raised the possibility that ShhN was transcytosed
and released into basolateral extracellular compart-
ments of the efferent duct epithelium. However, the
silver grains overlying the connective tissue could cor-
respond to radiolabeled degradation products released
following catabolism of the [**P]-ShhN (i.e., occurring
within epithelial cell lysosomes). Thus, we performed
immunocytochemical labeling and used LM and EM to
evaluate the subcellular and tissue distribution of mi-
croinjected ShhN protein. Using immunnoperoxidase
labeling and LM, we evaluated the distribution of in-
fused ShhN in efferent ducts at different times following
infusion. At 5-min postinfusion, anti-ShhN immuno-
staining was located within different-sized vesicles in
the apical region of epithelial cells lining the efferent
ducts (Figure 2A). A subset of epithelial cells, the cili-
ated cells (Figure 2A), which are known to lack megalin
expression (Morales et al. 1996; Hermo et al. 1999)
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(see also Figure 2D), did not take up ShhN. After
30 min, ShhN immunostain was detected deeper within
the non-ciliated cells, in the midregion of the cytoplasm
as well as near the basal surfaces of some cells (Figure
2B). It is important to note that no endogenous ShhN
immunostaining was detectable in efferent duct epithe-
lial cells from rats that were not infused with ShhN
(Figure 2C).

ShhN Undergoes Transcytosis and
Lysosomal Degradation

Immunogold labeling and EM were used to character-
ize the subcellular distribution of ShhN endocytosed by
efferent duct epithelial cells. At 5-min postinfusion of
ShhN;, immunogold staining for ShhN could be seen in
50- to 75-nm-diameter endocytic vesicles and 250-nm-
diameter endosomes (Figure 3A) located near the apical
surface of the non-ciliated cells. The pattern of gold par-
ticle labeling of endosomes indicated that ShhN was as-
sociated with the endosomal membrane and to a lesser
degree was seen in the endosome interior (Figure 3A).
Lysosomes showed no immunogold labeling at 5-min
post-ShhN infusion (Figure 3A). When ShhN was coin-
fused with antagonists of megalin ligand binding (i.e.,
megalin antibodies or RAP, Figures 3B and 3C, respec-
tively), immunogold particles were not detected in en-
docytic vesicles and endosomes. Immunogold particles
were also absent from intercellular spaces between
adjacent cells in the epithelium (Figure 3B). Within 30-
and 60-min postinfusion, most of the electron-dense
lysosomes within non-ciliated cells contained extensive

Figure 2 Efferent duct epithelial cell distribution of infused ShhN analyzed by immunnoperoxidase detection. Efferent ducts were infused
with ShhN and after 5-min (A) and 30-min (B) postinfusion, ShhN was detected in ductal epithelium by immunoperoxidase reaction using the
Shh monoclonal 5E1 in conjunction with a microwave antigen-retrieval protocol. Black arrows in A point to immunoreactive vesicular struc-
tures located along the apical margins of the epithelium. White arrows in A point to ciliated cells, which are devoid of anti-ShhN immuno-
staining. Arrows in B point to cells in which ShhN staining extends to the basal region of epithelial cells. (C) Anti-ShhN immunoperoxidase
staining of efferent duct from a rat that did not receive ShhN infusion. (D) Anti-megalin immunoperoxidase staining of efferent ducts. White
arrows in D point to ciliated cells, which display no anti-megalin immunoreactivity. Bar = 25 pm.
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Figure 3 Immunogold electron microscopy analysis of the intracellular trafficking of ShhN. (A) Electron micrograph of anti-ShhN-gold label
within a non-ciliated efferent duct epithelial cell from a rat, 5-min postintraluminal infusion of ShhN. Arrows in A point to ShhN within
endocytic vesicles and early endosomes. Note that within early endosomes, anti-ShhN—gold particles are closely associated with the endosome
membrane. (B) Electron micrograph of anti-ShhN-gold label within an efferent duct epithelial cell 5-min postintraluminal infusion of both
ShhN and anti-megalin 1gG. Black arrows in B point to endosomal vesicles in the apical region of the cells. White arrows in B point to
intercellular space between the adjacent epithelial cells. (C) Anti-ShhN-gold label within an efferent duct epithelial cell 5-min postintraluminal
infusion of both ShhN and RAP. Microvilli are apparent in the upper left corner of A and along the left side of C. (D) Electron micrograph of
anti-ShhN-gold label within an efferent duct epithelial cell from a rat 60-min postintraluminal infusion of ShhN. (E) Anti-ShhN-gold label
within an efferent duct epithelial cell from a rat 60-min postintraluminal infusion of both ShhN and anti-megalin IgG. (F) Anti-ShhN-gold label
within an efferent duct epithelial cell from a rat 60-min postintraluminal infusion of both ShhN and RAP. Anti-megalin and RAP effectively
reduced immunogold particle labeling within all vesicular compartments of the epithelial cells observed at both 5- and 60-min postinfusion. E,
endosome; L, lysosome. Bar = 250 nm.



>~
=
%
=
D)
-
O
S
—
>~
)
S
>~
=
@
=
<]
-
O
S
—
%
I
Y
o
=
c
|-
>
=
D)
e
|_

Epithelial Trafficking of Sonic Hedgehog

immunogold labeling, with colloidal gold particles found
throughout lysosome luminal compartments (Table 1;
Figure 3D). Coinfusion of ShhN with anti-megalin IgG
or RAP significantly decreased the ShhN immunogold
label detectable within lysosomes of non-ciliated cells
at 60-min postinfusion (Table 1; Figures 3E and 3F).
When efferent duct tissue sections from animals in-
jected with PBS alone were incubated with ShhN anti-
body and anti-IgG-gold conjugate and examined by
EM, no immunogold labeling was detectable in any
endocytic vesicle (Table 1).

Whereas apical membrane regions of non-ciliated
cells showed large numbers of gold particles within
coated pits and vesicles at 5 min after ShhN infusion
(Figures 3A and 4B), apical membrane regions of cili-
ated cells showed few, if any, gold particles at 5-min
(Figure 4A) or at 30-min post-ShhN infusion (data not
shown). These findings were consistent with those show-
ing that few, if any, silver grains were detectable in the
apical regions of ciliated cells at 5- and 30-min postin-
fusion of [**P]-labeled ShhN. The apparent lack of api-
cal uptake of ShhN by ciliated cells correlates with the
fact that they do not express megalin.

We next evaluated ShhN gold distributions in baso-
lateral regions of the efferent duct epithelial cells. At
5-min postinfusion of ShhN, no immunogold staining
for ShhN was present in the basolateral regions of the
epithelial cells (not shown). However, at 30 min (Fig-
ure 5A) and to a greater extent at 60-min post-ShhN
infusion (Figures SC-SE), colloidal gold particles were
present in association with extracellular surfaces of baso-
lateral plasma membranes (Table 1; Figures SA-SE). In
areas where plasma membranes of adjacent non-ciliated
cells were interdigitated, the density of ShhN—colloidal
gold particles was highest along the extracellular surface
of the plasma membrane (Figures SA-SE). At 60-min
postinfusion, ShhN—colloidal gold particles could be
detected within vesicles at the basal surfaces of non-
ciliated cells (Figure 5D). Furthermore, ShhN—colloidal

Table 1 Quantification of the number of anti-ShhN-colloidal
gold particles in lysosomes and intercellular spaces of
non-ciliated cells®

Number of
anti-ShhN-colloidal
gold particles (=SD)

Time postintraluminal Intercellular
Infused substances infusion (min) Lysosomes space
ShhN 5 0x0 0x0
ShhN 30 1237 = 127 15+ 10
ShhN 60 3454 + 281 42 = 11
ShhN + RAP 60 302 2=*1
ShhN + anti-megalin 60 25+4 11
PBS 60 1+1 00

®Particle numbers for each experiment were based on counts from 10 X
1500 wm? areas in the midregion of non-ciliated cells.
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gold particles were also sparsely distributed in the ex-
tracellular space beneath basal regions of the efferent
duct epithelial cells (Figure 5D).

At 60-min postinfusion, ShhN-colloidal gold parti-
cles could also be seen on the basolateral plasma mem-
brane of ciliated cells in coated pit-like vesicles near
endocytic vesicles (Figure 6A, inset). The apparent
basolateral endocytosis of ShhN by ciliated cells raised
questions as to the potential receptor that could be
mediating this uptake, given that ciliated cells lack
megalin. Because Ptc-1 has been demonstrated to play a
role in Shh endocytosis (Incardona et al. 2000), we
investigated the possibility that ciliated cells expressed
Ptc-1. As shown in Figure 6B, immunohistochemical
staining of the efferent ducts revealed that ciliated cells,
but not non-ciliated cells, expressed Ptc-1. Further-
more, subcellular distribution of Ptc-1 in ciliated cells
extended throughout the cell including basolateral re-
gions (Figures 6B and 6C), as opposed to the apical
distribution of megalin found in non-ciliated cells (Fig-
ure 2D). The cilia of ciliated cells did not show anti-Ptc-1
immunolabeling. The immunohistological detection of
Ptc-1 in ciliated cells was consistent with findings from
RT-PCR analysis, which showed Ptc-1 transcripts in
RNA isolated from efferent ducts (Figure 6D). Further-
more, immunoblot analysis of extracts from efferent
duct using Ptc-1 antibodies detected an ~170-kDa poly-
peptide as well as immunoreactive polypeptides of ~100,
90, and 75 kDa. It is not known whether these later
polypeptides are the result of proteolytic cleavage or al-
ternative splicing.

Double-immunogold labeling was performed to de-
termine the extent to which Shh and megalin colocalize
within endocytic compartments. Anti-mouse IgG con-
jugated to 15-nm gold was used to detect bound anti-
Shh antibody, and anti-rabbit IgG conjugated to 10-nm
gold was used to detect bound anti-megalin antibody.
Labeling with gold particles of both sizes was observed
in pale endocytic vesicles and endosomes (Figures 7A
and 7B). On the other hand, only large-size gold parti-
cles decorated the electron-dense lysosomes (Figure
7B). In endocytic vesicles and endosomes the small-size
particles were seen associated with the membrane of
these structures (Figures 7A and 7B). None of these
antibodies labeled ciliated cells (data not shown).

Discussion

Although genetic and biochemical evidence support a
role for megalin in regulation of Shh signaling in ver-
tebrates (McCarthy et al. 2002; Spoelgen et al. 2005),
the mechanism by which this occurs is not clear. Here
we present evidence supporting a role for megalin in
mediating both in vivo lysosomal targeting and trans-
cytosis of Shh infused into the lumen of a vertebrate
tubular epithelium.
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Figure4 Immunogold electron microscopy analysis of ShhN within apical regions of ciliated epithelial cells. (A,B) Electron micrographs of anti-
ShhN-gold labeling of the apical region of a ciliated cell (A) and a non-ciliated cell (B) from rats 5-min postintraluminal infusion of ShhN,
respectively. Arrows in A point to colloidal gold particles in non-ciliated cells. Bars: A = 350 nm; B = 250 nm.

Endocytosis of Shh leading to lysosomal degradation
can be a means by which Shh gradients are shaped
in vivo. Based on our immunogold EM, the bulk of the
ShhN endocytosed by the efferent duct epithelial cells
was targeted to lysosomes, thus suggesting efficient deg-
radation. This is in contrast to what has been observed
in endoderm-like cells where the majority of ShhN in-
ternalized by megalin is not degraded in lysosomes
(McCarthy et al. 2002; Spoelgen et al. 2005). Therefore,

trafficking of ShhN internalized via megalin is differ-
entially regulated. The proportional targeting of ShhN
to the lysosome by megalin should now be considered as
a factor that can influence Shh gradient formation.
The importance of endocytosis in the context of
planar movement of Shh through an epithelium is a
topic receiving considerable scrutiny (Zhu and Scott
2004). Findings of Han et al. (2004) showed that the
planar movement of hedgehog during Drosophila wing
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Figure 5 Immunogold electron microscopy analysis of the trafficking of ShhN to basolateral regions of epithelial cells. Shown are electron
micrographs of anti-ShhN-gold labeling of basolateral regions of efferent duct non-ciliated epithelial cells from rats 30 min (A) and 60 min
(B-E) postintraluminal infusion of ShhN. Arrows in A-E point to colloidal gold particles in intercellular spaces particularly in interdigitated
regions of the plasma membrane. White arrows in D point to colloidal gold particles in vesicular structures located in the vicinity of the basal
plasma membrane. Black arrows in D point to colloidal gold particles in the subepithelial space. (E) Portion of a non-ciliated cell with
basolateral membranes from two sides of the cell in view. L, lysosome; E, endosome. Bar = 100 nm.
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-

50 -

37

Anti-Ptc-1 Ctrl IgG

Figure 6 Immunogold labeling of ShhN in basolateral regions of epithelial cells lining the efferent ducts and detection of patched-1 (Ptc-1)
expression in ciliated cells. (A) Electron micrograph of anti-ShhN-gold labeling of basolateral areas from midregions of a non-ciliated epithelial
cell (NC) and a ciliated cell (C) from the efferent duct of rats 60-min postintraluminal infusion of ShhN. Inset shows an enlargement of the boxed
area in A. Arrowhead in inset points to an endocytic vesicle containing numerous colloidal gold particles. (B) Immunoperoxidase detection of
Ptc-1 within ciliated cells of the efferent duct (arrows). (C) Anti-Ptc-1 immunoperoxidase labeled ciliated cell at high magnification. (D) RT-PCR
analysis of Ptc-1 (upper panel) and B-actin (lower panel) mRNA expression in RNA isolated from efferent ducts. In each panel, samples were run
in duplicate. (E) Series of immunoblots. In the left panel of E, extracts of Chinese hamster ovary (CHO) cells transfected with empty vector (Lane 1)
and CHO cells transfected with mouse Ptc-1 expression vector (Lane 2) were immunoblotted with Ptc-1 antibody. Arrowhead points to a Ptc-1
immunoreactive polypeptide with a molecular mass (~170 kDa) corresponding to full length Ptc-1. In the middle panel of E, extracts of CHO cells
transfected with mouse Ptc-1 expression vector (Lane 3) and efferent ducts (Lane 4) were immunoblotted using Ptc-1 antibody. In the right panel
of E, the same extracts as used in the middle panel were probed with control IgG. Bars: A = 300 nm; B = 15 pm; C =7 pm.
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Figure 7 Double-immunogold labeling of megalin and ShhN in a non-ciliated cell. (A) Apical region of a non-ciliated cell labeled with 10-nm
particles to detect megalin (arrows) and 15-nm particles to detect Ptc-1 (arrowheads). Particles of both sizes are seen with the membrane
of pale endocytic vesicles. (B) Midregion of a non-ciliated cell showing early endosomes (upper pale vesicles) and a lysosome (lower dark
structure). Whereas gold particles of both sizes are seen within the pale vesicles, small gold particles are mainly associated with the membrane.
The lysosome contains only large particles concentrated in the lumen. Bar = 150 nm.

development is not dependent on dynamin and there-
fore not dependent on clathrin-mediated endocytosis.
By contrast, our findings indicate that endocytosis of
ShhN by megalin, a receptor associated with clathrin-
coated pits and vesicles (Czekay et al. 1997), can lead
to ShhN being trafficked to basolateral regions of non-
ciliated epithelial cells. This conclusion was based on
quantitative analyses showing that ~1.2% of the ShhN
endocytosed in efferent duct epithelial cells was de-
tected in basolateral spaces. No labeling of basolateral
spaces was observed when megalin function was blocked
with RAP or megalin antibody. Therefore, presence of
ShhN in the basolateral space is not due to rupture of
tight junctions during the infusion of the protein but is
a consequence of its transport to the basolateral com-
partment. The observation that ShhN can also be found
on basolateral membranes of ciliated cells in coated pits

and endocytic vesicles raises the possibility that ShhN
endocytosed via megalin is basolaterally transported
from non-ciliated cells to ciliated cells where it is endo-
cytosed by a receptor other than megalin. The findings
provide evidence that megalin-mediated endocytosis of
ShhN can contribute to planar movement of the mor-
phogen in certain epithelia.

Our findings also indicate that megalin-mediated
endocytosis can lead to transport of ShhN to basal re-
gions of epithelial cells and release into the subepithelial
compartment. Several recent studies have shown that
megalin acts in the process of transepithelial transport
of various macromolecules (Marino et al. 2000,2001;
Marino and McCluskey 2000; Nielsen et al. 2001; Pan
etal. 2004). The importance of transepithelial transport
of Shh has not been extensively investigated. However,
both megalin and Shh localize to apical surfaces of
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neuroepithelial cells (Willnow et al. 1996; Gritli-Linde
et al. 2001; McCarthy et al. 2002), both in floor-plate
cells that function as a major Shh source during pat-
terning of the neural tube and in Shh-responsive cells at
a considerable distance dorsal to the floor plate. It is
likely that Shh is released apically from the floor plate,
and our findings support a plausible role for megalin-
mediated transcytosis of luminally derived Shh during
neural tube patterning.

The mechanism by which certain megalin ligands
can bypass lysosomal degradation is not known. One
possibility is that the interaction between megalin and
these ligands might not be readily dissociated by acidic
pH such as occurs in acidic endocytic vesicles and in the
compartment for uncoupling of receptor and ligand. As
a consequence, ligands might traffic together with the
receptor and be delivered to apical or basolateral re-
gions of the cell (McCarthy et al. 2002). The interaction
between megalin and ShhN has been shown to be
resistant to dissociation by low pH (McCarthy et al.
2002). However, the findings presented here indicate
that most of the ShhN endocytosed by non-ciliated cells
is targeted to lysosomes. Furthermore, double labeling
indicates that megalin is not trafficked to the lysosomal
compartment, indicating that the megalin—Shh complex
is indeed dissociable. These findings do not preclude the
possibility that some fraction of the megalin—Shh com-
plex are transcytosed or that Shh becomes dissociated
from megalin and is segregated into cargo vesicles des-
tined to the basolateral space. In support of the chap-
eron hypothesis are findings that megalin is detected in
the basolateral regions of absorptive epithelial cells in
vivo (Drake et al. 2004), and ectodomain components
of megalin have been found in complex with thyro-
globulin transcytosed by cultured megalin-expressing
cells as well as in the blood of rats and humans (Marino
et al. 2000). However, the fact that we could not de-
tect megalin on the basolateral plasma membranes of
non-ciliated cells tends to weaken the possibility that
megalin is chaperoning Shh in these cells, although de-
tection sensitivity of the immunogold labeling tech-
nique must be considered.

Finally, we show that non-ciliated cells that express
megalin, but not Ptc-1, efficiently endocytose ShhN,
whereas ciliated cells that express Ptc-1, but not megalin,
do not efficiently internalize ShhN (via apical entry).
These findings highlight potentially important differ-
ences in functions of megalin and Ptc-1 in polarized epi-
thelia with respect to endocytosis. In non-ciliated cells,
megalin was apically localized as it is in many absorp-
tive epithelial cells. By contrast, Ptc-1 expressed by cili-
ated cells was not apically localized but was distributed
throughout the cells, including basolateral regions. One
explanation for this staining is that the antibody is not
only detecting Ptc-1 in intracellular compartments such
as endoplasmic reticulum, Golgi, and secretory vesicles

but also detecting proteolytic fragments of Ptc-1 released
into the cytoplasm. Indeed, the intracellular carboxy ter-
minal domain of Ptc-1 is proteolytically cleaved by
caspase-3 (Thibert et al. 2003).

The arrangement of megalin-positive, Ptc-1-negative
cells lying adjacent to Ptc-1-positive cells as seen in the
efferent ducts is similar to the arrangement of neural
epithelial cells in which floor plate cells are negative for
Ptc-1 (Concordet et al. 1996) but positive for megalin
(McCarthy et al. 2002), and epithelial cells adjacent to
floor plate cells are Ptc positive (Concordet et al. 1996).
It is therefore possible that Shh expressed in the floor
plate is apically endocytosed and transcytosed via megalin
and then delivered basolaterally to Ptc-1-positive cells.

In conclusion, our investigation provides evidence
for the lysosomal targeting and transcytosis of Shh in
mammalian epithelial cells in vivo and highlights a po-
tential mechanism by which megalin may influence Shh
morphogen gradients.

Acknowledgments

This work was supported by National Institutes of Health
Grant DE-14347 (to WSA).

The authors thank Dr. Phillip Beachy for providing the
pRKSmptcNEN Ptcl expression construct.

Literature Cited

Concordet JP, Lewis KE, Moore JW, Goodrich LV, Johnson RL,
Scott MP, Ingham PW (1996) Spatial regulation of a zebrafish
patched homologue reflects the roles of sonic hedgehog and protein
kinase A in neural tube and somite patterning. Development 122:
2835-2846

Crick F (1970) Diffusion in embryogenesis. Nature 225:420-422

Czekay RP, Orlando RA, Woodward L, Lundstrom M, Farquhar MG
(1997) Endocytic trafficking of megalin/RAP complexes: dissoci-
ation of the complexes in late endosomes. Mol Biol Cell 8:517-532

Drake CJ, Fleming PA, Larue AC, Barth JL, Chintalapudi MR,
Argraves WS (2004) Differential distribution of cubilin and
megalin expression in the mouse embryo. Anat Rec 277A:163-170

Entchev EV, Schwabedissen A, Gonzalez-Gaitan M (2000) Gradient
formation of the TGF-beta homolog Dpp. Cell 103:981-991

Ericson ], Morton S, Kawakami A, Roelink H, Jessell TM (1996) Two
critical periods of Sonic Hedgehog signaling required for the speci-
fication of motor neuron identity. Cell 87:661-673

Gritli-Linde A, Lewis P, McMahon AP, Linde A (2001) The where-
abouts of a morphogen: direct evidence for short- and graded
long-range activity of hedgehog signaling peptides. Dev Biol 236:
364-386

Han C, Belenkaya TY, Wang B, Lin X (2004) Drosophila glypicans
control the cell-to-cell movement of Hedgehog by a dynamin-
independent process. Development 131:601-611

Hermo L, Lustig M, Lefrancois S, Argraves WS, Morales CR (1999)
Expression and regulation of LRP-2/megalin in epithelial cells
lining the efferent ducts and epididymis during postnatal
development. Mol Reprod Dev 53:282-293

Incardona JP, Lee JH, Robertson CP, Enga K, Kapur RP, Roelink H
(2000) Receptor-mediated endocytosis of soluble and membrane-
tethered sonic hedgehog by patched-1. Proc Natl Acad Sci USA 97:
12044-12049

Kounnas MZ, Argraves WS, Strickland DK (1992) The 39-kDa
receptor-associated protein interacts with two members of the low
density lipoprotein receptor family, alpha 2-macroglobulin recep-
tor and glycoprotein 330. J Biol Chem 267:21162-21166



>~
=
%
=
D)
-
O
S
—
>~
)
S
>~
=
@
=
<]
-
O
S
—
%
I
Y
o
=
c
|-
>
=
D)
e
|_

Epithelial Trafficking of Sonic Hedgehog

Kounnas MZ, Henkin J, Argraves WS, Strickland DK (1993) Low
density lipoprotein receptor-related protein/alpha 2-macroglobu-
lin receptor mediates cellular uptake of pro-urokinase. J Biol Chem
268:21862-21867

Kounnas MZ, Loukinova EB, Stefansson S, Harmony JA, Brewer BH,
Strickland DK, Argraves WS (1995) Identification of glycoprotein
330 as an endocytic receptor for apolipoprotein J/clusterin. J Biol
Chem 270:13070-13075

Marino M, Andrews D, Brown D, McCluskey RT (2001) Transcy-
tosis of retinol-binding protein across renal proximal tubule cells
after megalin (gp 330)-mediated endocytosis. ] Am Soc Nephrol
12:637-648

Marino M, Chiovato L, Mitsiades N, Latrofa F, Andrews D, Tseleni-
Balafouta S, Collins AB, et al. (2000) Circulating thyroglobulin
transcytosed by thyroid cells is complexed with secretory compo-
nents of its endocytic receptor megalin. J Clin Endocrinol Metab
85:3458-3467

Marino M, McCluskey RT (2000) Megalin-mediated transcytosis of
thyroglobulin by thyroid cells is a calmodulin-dependent process.
Thyroid 10:461-469

Marti E, Bumcrot DA, Takada R, McMahon AP (1995) Requirement
of 19K form of Sonic hedgehog for induction of distinct ventral cell
types in CNS explants. Nature 375:322-325

May P, Herz J (2003) LDL receptor-related proteins in neurodevelop-
ment. Traffic 4:291-301

McCarthy RA, Argraves WS (2003) Megalin and the neurodevel-
opmental biology of sonic hedgehog and retinol. J Cell Sci 116:
955-960

McCarthy RA, Barth JL, Chintalapudi MR, Knaak C, Argraves WS
(2002) Megalin functions as an endocytic sonic hedgehog receptor.
J Biol Chem 277:25660-25667

Morales C, Hermo L (1983) Demonstration of fluid-phase endocy-
tosis in epithelial cells of the male reproductive system by means of
horseradish peroxidase-colloidal gold complex. Cell Tissue Res
230:503-510

Morales CR, Igdoura SA, Wosu UA, Boman ], Argraves WS (1996)
Low density lipoprotein receptor-related protein-2 expression in
efferent duct and epididymal epithelia: evidence in rats for its in
vivo role in endocytosis of apolipoprotein J/clusterin. Biol Reprod
55:676-683

Nielsen R, Sorensen BS, Birn H, Christensen EI, Nexo E (2001)
Transcellular transport of vitamin By, in LLC-PK1 renal proximal
tubule cells. ] Am Soc Nephrol 12:1099-1106

Pan W, Kastin AJ, Zankel TC, van Kerkhof P, Terasaki T, Bu G
(2004) Efficient transfer of receptor-associated protein (RAP)
across the blood-brain barrier. J Cell Sci 117:5071-5078

Panakova D, Sprong H, Marois E, Thiele C, Eaton S (2005) Lipo-

1127

protein particles are required for Hedgehog and Wingless sig-
nalling. Nature 435:58-65

Pepinsky RB, Zeng C, Wen D, Rayhorn P, Baker DP, Williams KP,
Bixler SA, et al. (1998) Identification of a palmitic acid-modified
form of human Sonic hedgehog. J Biol Chem 273:14037-14045

Porter JA, Young KE, Beachy PA (1996) Cholesterol modification of
hedgehog signaling proteins in animal development. Science 274:
255-259

Qi H, Fillion C, Labrie Y, Grenier J, Fournier A, Berger L, El-Alfy M,
et al. (2002) AIbZIP, a novel bZIP gene located on chromosome
1g21.3 that is highly expressed in prostate tumors and of which the
expression is up-regulated by androgens in LNCaP human pros-
tate cancer cells. Cancer Res 62:721-733

Roelink H, Porter JA, Chiang C, Tanabe Y, Chang DT, Beachy PA,
Jessell TM (1995) Floor plate and motor neuron induction by
different concentrations of the amino-terminal cleavage product of
sonic hedgehog autoproteolysis. Cell 81:445-455

Spoelgen R, Hammes A, Anzenberger U, Zechner D, Andersen OM,
Jerchow B, Willnow TE (2005) LRP2/megalin is required for pat-
terning of the ventral telencephalon. Development 132:405-414

Strigini M (2005) Mechanisms of morphogen movement. ] Neurobiol
64:324-333

Sylvester SR, Morales C, Oko R, Griswold MD (1989) Sulfated
glycoprotein-1 (saposin precursor) in the reproductive tract of the
male rat. Biol Reprod 41:941-948

Tacha DE, Chen T (1994) Modified antigen retrieval procedure:
calibration technique for microwave ovens. ] Histotechnol 17:
365-366

Teleman AA, Strigini M, Cohen SM (2001) Shaping morphogen
gradients. Cell 105:559-562

Thibert C, Teillet MA, Lapointe F, Mazelin L, Le Douarin NM,
Mehlen P (2003) Inhibition of neuroepithelial patched-induced
apoptosis by sonic hedgehog. Science 301:843-846

Vincent JP, Dubois L (2002) Morphogen transport along epithelia, an
integrated trafficking problem. Dev Cell 3:615-623

Williams KP, Rayhorn P, Chi-Rosso G, Garber EA, Strauch KL,
Horan GS, Reilly JO, et al. (1999) Functional antagonists of sonic
hedgehog reveal the importance of the N terminus for activity.
J Cell Sci 112:4405-4414

Willnow TE, Hilpert J, Armstrong SA, Rohlmann A, Hammer RE,
Burns DK, Herz J (1996) Defective forebrain development in mice
lacking gp330/megalin. Proc Natl Acad Sci USA 93:8460-8464

Zeng X, Goetz JA, Suber LM, Scott W] Jr, Schreiner CM, Robbins DJ
(2001) A freely diffusible form of Sonic hedgehog mediates long-
range signalling. Nature 411:716-720

Zhu AJ, Scott MP (2004) Incredible journey: how do developmental
signals travel through tissue? Genes Dev 18:2985-2997



