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Endocytosis Controls Spreading
and Effective Signaling Range of Fgf8 Protein

Cy3 protein accumulates in intracellular vesicles at 4, 8,
and 12 cell diameters away from the source, respectively
(Figures 1A, 1D, and 1G). In parallel experiments, we
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Department of Genetics find that the Fgf8 target gene sprouty4 (spry4) [10] is

induced around the implanted beads in such embryos,Dresden University of Technology
D-01307 Dresden at a distance of 8, 13, and 16 cells away from the source

(Figures 1B, 1E, and 1H). To determine if movement ofGermany
cells exposed to Fgf8-Cy3 contributes to propagation
of the protein, we implanted labeled cells and tracked
them over the same period (Figures 1C, 1F, and 1I). AfterSummary
3 hpi of monitoring their movement, cells can spread
over a distance of about 3 cells (Figure 1I), whereasSecreted signaling molecules released from a re-

stricted source are of great importance during embry- vesicular protein is detected up to a distance of 16 cells.
Therefore, Fgf8-Cy3 protein can spread through tissueonic development because they elicit induction, prolif-

eration, differentiation, and patterning events in target away from an artificial source over time, in a manner
that correlates with target gene induction but not withcells [1, 2]. Fgf8 is a member of the fibroblast growth

factor family with key inductive functions during verte- cell movement. In target cells, Fgf8-Cy3 accumulates in
intracellular vesicles, allowing us to estimate a minimumbrate development of, for example, the forebrain [3],

midbrain [4], cerebellum [5], heart [6], inner ear [7], rate of spreading of about 5 cells/hr through tissue (Fig-
ure 1J).and mesoderm [8]. However, the mechanism by which

the signaling range of Fgf8 is controlled in a field of To understand the mechanism by which Fgf8 moves
through tissue, we sought the identity of the intracellulartarget cells is unknown. We studied Fgf8 as a potential

morphogen in the nascent neuroectoderm of living compartment(s) in target cells that contain labeled Fgf8.
Small GTPases of the Rab family both label and func-zebrafish embryos. We find that spreading of epitope-

tagged Fgf8 through target tissue is carefully con- tionally define organelle types by recruiting the vesicle
tethering and fusion machinery to specific subcellulartrolled by endocytosis and subsequent degradation in

lysosomes, or “restrictive clearance,” from extracellu- organelles [11]. Rab5 proteins in particular mark clathrin-
coated vesicles that bud off the plasma membrane andlar spaces. If internalization is inhibited, Fgf8 protein

accumulates extracellularly, spreads further, and acti- fuse with the early endosome [12, 13], and Rab5 protein
level and activity are critical for controlling traffickingvates target gene expression over a greater distance.

Conversely, enhanced internalization increases Fgf8 through the early endosome. Two zebrafish Rab5 genes
show high homology with the mammalian isoformsuptake and shortens its effective signaling range. Our

results suggest that Fgf8 spreads extracellularly by Rab5a and Rab5c. In cell culture, all three Rab5 isoforms
(a–c) share all structural features required for regulationa diffusion-based mechanism and demonstrate that

target cells can actively influence, through endocyto- of endocytosis and are functionally redundant [12]. In
confocal movies of embryos subjected to a classicalsis and subsequent degradation, the availability of

Fgf8 ligand to other target cells. in vivo fluid-phase uptake experiment with rhodamine
dextran, we find that a fusion protein of zebrafish Rab5a:
YFP colocalizes with dextran and is observed in smallResults and Discussion
and large vesicles [14] (see Supplemental Data). Next,
we implanted Fgf8-Cy3-coated beads into embryosTo determine how Fgf8 spreads through tissue, we fluo-

rescently labeled recombinantly manufactured zebra- injected with rab5:YFP mRNA. In these embryos, Fgf8-
Cy3 and Rab5:YFP are colocalized in 54% of the Fgf8-fish Fgf8 protein in vitro with Cy3 chromophore [9] and

monitored spreading of Fgf8 protein from a focal source positive vesicles (n � 29 of 54; Figures 2A–2A″),
suggesting that Fgf8 is taken up by target cells andin developing zebrafish embryos. Labeled Fgf8 protein
transported to early endosomes. Some Fgf8-positiveretains its biological function and spreads differently
vesicles do not colocalize with Rab5:YFP, which wefrom residual, uncoupled dye (see the Supplemental
assume reflects further transport of the protein alongData available with this article online). We implanted
the endosomal pathway, for example to lysosomes (seeHeparin beads coated with Fgf8-Cy3 at the animal pole
below).at the 30% epiboly stage, as described previously [6].

Next we asked how altering the rate of endocytosisAt different hours post implantation (hpi), we analyzed
by various regimens would influence Fgf8 protein propa-spreading of the labeled protein through the forming
gation through Fgf8-receiving tissue of host embryos.neuroectoderm by laser scanning confocal microscopy
In these experiments, instead of Heparin beads, wein living embryos (Figure 1). After 1, 2, and 3 hpi, Fgf8-
transplanted small groups of cells expressing Myc-
tagged Fgf8 through the secretory pathway to the animal
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post transplantation (hpt), embryos were fixed at the
60% epiboly stage, and Fgf8:Myc protein was detected
by immunocytochemistry. In embryos with normal endo-
cytosis, Fgf8:Myc was localized in vesicular structures
within the receiving cells at a maximum distance of 9
cells from the source (Figures 2B and 2B�), similar to
the case of Fgf8-Cy3. We detect Fgf8 only after it accu-
mulates in vesicles (Figures 2B and 2B�), probably be-
cause of its low concentration in the extracellular matrix
(ECM). In the host embryos, we altered the rate of inter-
nalization by interfering with receptor internalization,
down-regulating or stimulating the endocytic pathway,
or blocking vesicle fission. Internalization was decreased
by injecting a dominant-negative, mutated form of the
Fgf receptor XFD [16], which lacks the intracellular tyro-
sine kinase domain required for receptor-mediated in-
ternalization [17, 18]. Instead of the intracellular localiza-
tion of Fgf8 observed in wild-type siblings, host embryos
injected with XFD mRNA show an accumulation of
Fgf8:Myc protein in a “honeycomb” pattern around the
receiving cells (Figures 2C and 2C�; n � 8 embryos
examined), reflecting the extracellular accumulation of
Fgf8. Furthermore, Fgf8 protein is observed at greater
distances from the source than in uninjected control
embryos (Figures 2B and 2C; 15 cells away from source
after 2 hr, compared to 9 cells in control embryos; n �
6). To determine if endocytosis is required for Fgf8 up-
take, we inactivated Rab5 function by injecting RN-tre,
a GTPase-activating-protein that specifically acts on
Rab5; it converts it into the inactive Rab5-GDP form
[19], thus down-regulating Rab5-dependent endocyto-
sis. Similar to XFD-misexpressing host embryos, Fgf8
was absent from intracellular vesicles and accumulated
extracellularly at a greater distance from the source (Fig-
ures 2D and 2D�).

In the converse experiment, we stimulated internaliza-
tion by injecting 200 pg zebrafish rab5a or rab5c RNA
into the host embryos. Compared to that of uninjected
wild-type siblings, the range of Fgf8:Myc spreading was
reduced in embryos overexpressing Rab5, and the size
of Fgf8-positive compartments was increased (Figures
2E and 2E�, diagrams), as described previously for early
endosomes in tissue culture cells [20]. These results
show that Fgf8 is taken up via Rab5-dependent endocy-
tosis and that Rab5 activity and endocytosis can influ-
ence the range of Fgf8 protein spreading through tissue.Figure 1. Spreading of Fgf8 Protein and Target Gene Induction
Therefore, we propose that changing the rate of internal-(A)–(I) show living zebrafish embryos, animal pole view. Fgf8-Cy3-
ization by the endocytic pathway strongly influencescoated beads were implanted at the animal pole at sphere stage
Fgf8 propagation. Next, we tested whether small celland, up to 3 hr post implantation (hpi), propagation of Fgf8 was

analyzed in living embryos by visualizing the protein spreading with clones with altered Rab5-dependent internalization lev-
confocal microscopy (black and white images [A], [D], and [G]) and els could equally interfere with propagation of Fgf8. Do-
in superimposed images with a Bodipy-ceramide C5 counterstaining nor embryos were coinjected with 250 pg RN-tre mRNA
[37] for the ECM (A�, D�, and G�). The position of the bead is one

and a membrane bound form of GFP (mem-GFP) as acell row further down and is not shown because of the high intensity.
After 1, 2, and 3 hpi, we found Fgf8 positive vesicles mainly intracel-
lularly localized, detected 3.9 (�1.3), 7.8 (�2.2), and 12.1 (�2.7) cell
diameters away from the implanted bead (n � 9). In (B), (E), and (H),
we monitored the expression of sprouty4 and found induction of tran. At sphere stage, small cell clones containing 3–5 cells from
the target gene 7.5 (�2.0), 12.9 (�2.0), and 15.5 (�3.6) cells away both donors were transplanted into an unlabeled host embryo. After
from the source (n � 10). Induction is observed over a slightly wider 1, 2, and 3 hpi, the cells spread over a distance of 0.6 (�1.1), 1.8
range than vesicular protein in this assay, presumably because Fgf8 (�1.5), and 3.3 (�1.7) cells (n � 13).
protein signals are already at concentrations that are too low to (J) Spreading of Fgf8 protein (red bars), induction of sprouty4 (blue
detect. Gastrulation movements of the tissue (C, F, and I) were bars), and cell spreading (green bars) are depicted over 3 hpi; the
monitored by transplantation of labeled donor cells marked by rho- arrow bars show standard deviation. The scale bar represents
damine dextran or fluorescein isothiocyanate (FITC)-coupled dex- 15 �m (C).
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Figure 2. Fgf8 Protein Spreading Is Influ-
enced by Internalization

(A) Fgf8-Cy3 is located in early endosomes,
marked by injection of 150 pg rab5a:YFP
mRNA. After implantation of Fgf8-Cy3-
coated beads, labeled protein (A�) colocalizes
with Rab5 (A″, yellow arrows). The asterisk
marks the location of the nucleus.
(B–E�) Donor embryos were injected with
Fgf8:Myc, and rhodamine dextran was used
as lineage tracer. Cell clones from these em-
bryos were transplanted into host embryos
injected with different mRNAs. After 2.5 hpi,
embryos were fixed prior to �-Myc antibody
staining and confocal analysis. A transgenic
line carrying an H2A:GFP transgene was used
to visualize the nuclei. In wild-type siblings,
the vesicles in the target cells stain with
Fgf8:Myc, whereas the transplanted donor
cells are marked additionally by the lineage
tracer (B). (B�) is a merged image. In (B) and
(B�), Fgf8 was localized in vesicles in the re-
ceiving cells marked with yellow arrows. Em-
bryos were injected with 200 pg mRNA en-
coding a dominant-negative Fgf receptor
(XFD; [C] and [C�]) or with 250 pg RN-tre
mRNA (D and D�). Fgf8 accumulated in an
extracellular “honeycomb” pattern (double
arrows). Intracellular Fgf8 staining was
strongly decreased. In contrast, stimulating
endocytosis through injection of 250 pg rab5
mRNA reduced Fgf8 protein spreading, yield-
ing bigger vesicles in the cells directly adja-
cent to the source ([E and E�], marked with
arrows; the accession numbers for Rab5a
and Rab5c are BC049057 and BC045466, re-
spectively). The small panels in the upper
right corner of (B�) and (E�) show examples
of vesicles at higher magnification. Compari-
son of wild-type siblings to embryos overex-
pressing Rab5a shows that the number of
vesicles in the first cell row adjacent to the
source is similar (n � 35 and n � 36), whereas

in the second cell row and beyond, a significant decrease in vesicle number was found. After six cell rows, hardly any vesicles are detected
(n � 306). In wild-type embryos, Fgf8-positive vesicles were 0.21 �m in diameter (�0.46; n � 607), whereas Rab5-overexpressing embryos
contained vesicles of 0.47 �m (�1.34; n � 306; p � 0.001). Method: Vesicle numbers were determined with an algorithm of the National
Institutes of Health image derivate ImageJ version 1.29, set to detect a threshold size of greater than 0.1 �m.

lineage tracer (Figure 3A) [21]. At dome stage, small cell Fgf8 normally, we tentatively suggest that this prevents
the buildup of high levels of extracellular Fgf8 proteinclones were transplanted from the injected embryo into

a position close to the endogenous expression domain in the area of the clone itself.
In a similar approach, we overexpressed Rab5 in theof Fgf8 of a host embryo transgenic for H2A:GFP (Figure

3A�). After transplantation, an Fgf8-Cy3-coated bead transplanted cells marked by mem-GFP (Figures 3C–
3C″). The observed phenotype was now exactly the op-was implanted into the embryo (Figure 3A�). After 2 hpi,

the embryo was mounted and analyzed by confocal posite: Rab5-overexpressing clones accumulate Fgf8,
and larger vesicles are observed in the clone (Figuresmicroscopy in vivo (Figure 3A″). Because of the lineage

tracer and the transgenic background, RN-tre-injected, 3C� and 3C″). In addition, cells that lie behind the clone
(relative to the source of Fgf8) now appear deficienttransplanted cells have stained membranes and nuclei,

whereas host cells have only stained nuclei (Figure 3B). for Fgf8 protein (“shadow,” Figure 3C″). In Drosophila,
spreading of the TGF-� ligand Dpp is thought to occur byAfter implantation, Fgf8 is released from the bead and

accumulates in wild-type cells, whereas RN-tre-injected planar transcytosis, a process that requires endocytosis
[22, 23]. Dpp spreading is enhanced by overexpressingcells fail to internalize Fgf8 (Figures 3B� and 3B″). Host

cells took up the protein even if cells inhibited for Rab5 Rab5, whereas a clone with reduced endocytic activity
acts like a barrier and creates a shadow behind it [22].function were located between the source and the re-

ceiving cells (Figure 3B″). Although difficult to quantitate, Although endocytosis is important for both types of mor-
phogens, our experiments suggest that, unlike the caseit appears that between the cells of the clone, little extra-

cellular Fgf8 accumulates, unlike in tissue in which all of Dpp, transcytosis plays little or no part in the propaga-
tion of Fgf8.cells exhibit reduced internalization rates (Figures 2C–

2D�). Because the surrounding wild-type cells take up In the next series of experiments, we asked how alter-
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and often throughout the embryo at increased levels
and in a much broader domain than in embryos with
normal levels of Rab5 activity (Figure 4H). Notably, both
in wild-type embryos and when endocytosis is reduced,
the expression of the target genes erm, pea3, and spry4
is nested relative to the source of Fgf8. Curiously, com-
pared to erm and pea3, spry4 shows the most narrow
expression domain in wild-type embryos (Figures 4B–
4D) but is most sensitive in its response to Fgf8 when
internalization is suppressed (Figure 4H). Additional fac-
tors may therefore contribute to activation of these
genes, or secondary, dosage-sensitive interactions might
occur between spry4 and the ets factors, erm and pea3.
Also, the two inhibitory processes controlling Fgf8 sig-
naling—endocytic clearance of the activated ligand-
receptor complex and repression of the MAPK pathway
by Spry4, respectively—might be linked, in which case
internalization could inhibit the expression of spry4 more
directly. Although the detailed mechanisms are not clear
yet, we observe that target genes respond to different
concentrations of Fgf8 protein, raising the possibility
that Fgf8 has properties similar to a morphogen and thatFigure 3. Properties of Cell Clones with Altered Internalization
endocytosis might contribute to shaping the response ofDonor embryo cells injected with 250 pg RN-tre mRNA and 50 pg
the embryo to Fgf8 (Figure 4P).mem-GFP (A) were transplanted into wild-type host embryos, and

a bead coated with Fgf8-Cy3 was implanted adjacent to the clone Apart from regulating the activity state of Rab5, RN-tre
(A�). At 2 hpi, embryos were embedded into LMP agarose (blue is also involved in epidermal growth factor (EGF) signal-
square) and analyzed by confocal microscopy in vivo (A″). The mem- ing [19], which, like Fgf signaling, employs the MAPK
GFP served as lineage tracer (B and C). All cells carry the H2A:GFP

pathway, raising the possibility that widespread spry4transgene for visualization of the nuclei. Cells with reduced endocy-
expression might result from a possible crossactivationtosis have a strongly reduced ability to internalize Fgf8 (surrounded
through the EGF pathway. Therefore, as a control, weby yellow line and marked with “cl”), as shown in (B�) and in the

superimposed image (B″). In contrast, when transplanted cells were determined whether the widespread spry4 response still
derived from donors injected with 250 pg rab5 mRNA to stimulate requires Fgf ligand by injecting mRNA encoding XFD
endocytosis, Fgf8 accumulated in the grafted cells ([C� and C″]; (Figure 4I) or XFD and RN-tre (Figure 4J). In these em-
cells are marked by a solid line surrounding the clone, “cl”). Few

bryos, spry4 expression was strongly suppressed, show-Fgf8 vesicles are detected behind the clone; they form a “shadow”
ing that the observed widespread target gene induction([C� and C″]; marked with dashed lines and “sh”). The yellow arrow
is closely dependent on Fgf receptor-mediated signal-indicates the potential direction of movement of Fgf8 away from

the source. The scale bar represents 15 �m. ing. Furthermore, control embryos injected with RN-tre
mRNA and treated with a small-molecule inhibitor of Fgf
receptor kinase activity (SU5402) [27] showed no spry4

ing endocytosis affects signaling to Fgf8 target genes induction, whereas fgf8 expression is not altered (not
(Figure 4). Reducing endocytosis does not affect the shown). Also, injection of a nonfunctional RN-tre variant
expression of Fgf8 mRNA in source cells. At 70% epib- with a mutation in the GAP domain (D147A) [19] has no
oly, endogenous Fgf8 is expressed in about eight rows effect on spry4 expression (Figure 4K).
of cells at the blastoderm margin, a tissue that later The above results suggest that endocytosis is re-
gives rise to the mesodermal and endodermal germ lay- quired to restrict the range of cells responding to an
ers (Figure 4B) [5, 24]. The Fgf8 target genes spry4 [10], Fgf8 source. To test this notion further, we blocked
erm, and pea3 [25, 26] are expressed in successively fission of clathrin-coated vesicles from the plasma mem-
broader domains: spry4 in about 13 cell rows (Figure brane with a dominant-negative variant of Dynamin2
4D); pea3 in about 15 cell rows (Figure 4B); and erm GTPase (Dyn2-K44A) [28]. Overexpression of wild-type
in about 17 cell rows (Figure 4C). Comparison of fgf8 dyn2 caused no expansion of target gene expression
expression with target gene expression therefore sug- (Figure 4L). In contrast, injecting Dyn2-K44A mRNA
gests that Fgf8 protein can signal over a distance of at causes a strong expansion of spry4, pea3, and erm
least 9 cells and, in addition, is able to trigger different expression toward the animal pole (Figure 4M; Supple-
responses (Figure 4P). mental Data); this expansion can be blocked with

We then examined how decreased endocytosis af- SU5402 inhibitor, again confirming that this phenotype
fects signaling to activate Fgf8 target genes (Figures is dependent on functional Fgf receptor (Figure 4N).
4E–4H). We found that expression of target genes was Next, we sought to specifically knock down Rab5-
broadened in both germ layers, whereas fgf8 expression dependent endocytosis. We injected morpholino-anti-
at the source was barely changed. In RN-tre-mRNA- sense oligonucleotides (MO) that specifically block the
injected embryos, Fgf8 expression was slightly in- translation of Rab5a, which resulted in a broadened
creased, from eight to ten cell rows (Figure 4E). Impor- expression of spry4 (Figure 4O). In control experiments,
tantly, pea3 was induced in 23 cell rows (Figure 4F), erm the specificity of the rab5a MO was confirmed by coin-

jecting a noninhibitable form of rab5a mRNA that lacksin 29 cell rows (Figure 4G), and spry4 in 37 cell rows
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the MO binding site into one of two blastomeres (Fig-
ure 4O).

To explore further the relationship between endocyto-
sis and Fgf8 activity, we stimulated endocytosis at vari-
ous levels by injecting different concentrations of rab5a
mRNA. Injected embryos also received a bead coated
with a constant amount of Fgf8 protein at the animal
pole and implanted at 30% epiboly (Figure 5). In control
siblings, spry4 target gene induction was observed
around the bead at a width of 16 cells after 3 hpi (Figures
5A and 5D). In embryos injected with 125 pg and 250
pg rab5a RNA, the induction of spry4 was severely de-
creased, to a width of 11 cells and 8 cells, respectively
(Figures 5B–5D). Thus, normal levels of endocytosis are
evidently not needed for Fgf8 signaling to occur. Instead,
we suggest that endocytosis serves to restrict spreading
of Fgf8 protein away from the source, by clearing Fgf8
protein from the extracellular space (ECS) of target tis-
sue (the “restrictive clearance model”). In this model,
the level of endocytosis influencing the extracellular
concentration of Fgf8 is a key determinant defining how
far the protein is allowed to spread and, thus, determin-
ing the width of the target tissue responding to Fgf8
signaling.

The restrictive clearance model makes several impor-
tant, testable predictions. One prediction is that target
cells might contribute to decreasing the amount of Fgf8
present in extracellular space, for instance by degrading
Fgf8 protein after internalization. Immunoelectron mi-
croscopy (EM) indeed detects Fgf8 in receiving cells in
the degradative pathway, for example in early endo-
somes and lysosomes (Figure 6). Three hours after trans-
plantation, embryos containing an Fgf8:Myc-expressing
clone were fixed and processed for Fgf8:Myc detection
in cells adjacent to the implanted clone (Figure 6A, ar-
rowheads). The transplanted donor cells were identified

(A) Fgf8 is expressed in a domain 8.1 cells � 1.7 (n � 8) wide.
(B–D) Expression of the Fgf target genes pea3, erm, and spry4 at
the same stage, in broader domains with widths of 14.9 � 2.4 (n �

11), 17.2 � 2.6 (n � 10), and 15.6 � 2.2 (n � 12) cells, respectively.
Injection of 250 pg RN-tre mRNA has only a minor effect on fgf8
expression (9.9 cells � 1.9; n � 8; [E]). In contrast, target gene
expression is strongly expanded toward the animal pole when inter-
nalization is decreased (pea3: 23.0 cells � 5.0, n � 8; erm: 28.8
cells � 3.9, n � 6; and spry4: 37.4 cells � 8.5, n � 7; [F–H]). Controls:
Injection of 200 pg XFD mRNA reduces Fgf signaling in wild-type
embryos (I) and RN-tre-misexpressing embryos (J); the nonfunc-
tional RN-tre D147A variant has no effect on spry4 expression (K).
(L–N) Blocking dynamin2 function. Injection of 300 pg mRNA encod-
ing the dominant-negative dynamin2 (K44A) variant caused a strong
expansion of spry4 (M), whereas the wild-type form causes no phe-
notype (L). Treatment of embryos injected with dyn2-K44A mRNA
with 16 �m SU5402 revealed a strict dependency on Fgfr signal-
ing (N).
(O) Morpholino knock-down of Rab5a function. Injection of 2 ng
rab5a-MO (�MO) causes a similar phenotype to that shown in (H).
Coinjection rescue by a nonblockable rab5a mRNA lacking the MOFigure 4. Decreased Internalization Expands Effective Signaling
binding site into one half of the embryo demonstrates the specificityRange
of the rab5a MO ([O], Res).

Images show the lateral part of embryos after in situ hybridization
(P) Width of target gene expression at normal (red) and reduced

with the indicated probes at 70% epiboly ([A], small image in the
(blue) Fgf8 internalization rates. Error bars show standard deviation

upper left corner; the dorsal shield organizer is marked by an aster-
and “**” or “***” mark a significant difference between the injected

isk). Panels (A)–(N) show a lateral embryo view oriented animal to
embryos and the control embryos, with a confidence interval of � �

the top, and (O) shows a frontal view.
0.05 or � � 0.001.
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implanted the cells close to the source of Fgf8 at the
blastoderm margin. In a second set, the cells were im-
planted at a distance from the source, into the animal
pole region. At 60% epiboly, the embryos were analyzed
with a probe against the target gene spry4. Clones lo-
cated close to the source showed a strong response
to Fgf signaling, even stronger than the endogenous
expression of spry4 in the margin (Figures 6C and 6C�).
In addition, host cells surrounding the clone were often
positive for spry4 (Figure 6C�, yellow arrows), which may
reflect a higher level of Fgf8 protein accumulating in the
area of the clone. Importantly, clones of cells that are
located at a distance from the source did not show any
expression of spry4 (Figures 6D and 6D�) although cells
in this position are able to respond in embryos when
globally injected with RN-tre (compare to Figure 3D).
Therefore, the wild-type cells located between the Fgf
source and the clone block the ability of clones to re-
spond. We suggest that they take up and degrade the
Fgf signal emitted from the blastoderm margin and, con-
sequently, prevent the response of cells located at the
animal pole.

In summary, our work suggests that Fgf8 operates
as a key signaling molecule in vertebrate embryonic
development by extracellular diffusion that can be lim-
ited by restrictive clearance, an endocytosis-based

Figure 5. Increased Internalization Reduces Effective Signaling
mechanism of uptake and degradation (Figure 6E). Tar-Range
get tissues employ this mechanism to clear Fgf8 proteinAt 30% epiboly, implantation of an Fgf8-coated bead at the animal
and thus restrict its distribution and the spatial array ofpole caused induction of spry4 in a halo around the implantation
target gene responses (Figure 6F). It will be interestingsite. In control embryos, we observed target gene induction around

the bead at a width of 16.2 (�3.4) cells after 3 hpi (A and D). After to determine whether and how endocytosis functions in
injection with 125 pg and 250 pg rab5a RNA, the induction of spry4 other Fgf-dependent signaling events in the embryo,
was severely decreased to a width of 11.4 cells (�2.9) and 7.9 cells especially where a long-range signaling event is postu-
(�4.9; [B–D]), respectively. (D) shows the relation between spry4

lated [3]. Although we have not directly addressed theinduction and rab5a misexpression levels. Error bars show standard
role of Fgf receptors in restrictive clearance, they aredeviation, and “***” marks a highly significant difference between
likely to be involved because Fgf8 uptake can be de-injected and control embryos, with a confidence interval of � �

0.001. creased by XFD injection (Figure 2), and inactivation of
zebrafish Fgfr1 mimics the phenotype of the Fgf8 loss-
of-function mutant acerebellar [31]. Because restrictive

by strong labeling of the trans-Golgi network (not clearance can regulate Fgf8 protein spreading through
shown). In target cells, we identified Fgf8:Myc in several its availability in extracellular space, additional mecha-
intracellular compartments with the typical morphology nisms that influence composition of the extracellular
[29] of early endosomes (Figures 6A and 6A�), late endo- matrix or surface availability of receptors are likely to
somes or multivesicular bodies (Figure 6A″), and lyso- contribute to controlling ligand propagation as well.
somes containing internal membrane sheets (Figure In Drosophila, Wingless is a different type of morpho-
6A″�) [30]. These results are a strong indication that Fgf8 gen, for which degradation was invoked to explain an
is taken up by target cells via the canonical endocytic asymmetric response to a Wingless source [32]. Unlike
pathway and routed to lysosomes, where it is eventually Fgf8, Wingless is thought to spread through lipidic parti-
degraded. cles [33] and signals through a different class of recep-

The restrictive clearance model further predicts that tors, and it is as yet unknown if degradation influences
RN-tre-expressing cells that would normally respond propagation of the cognate vertebrate Wnt proteins. For
with extreme sensitivity to the endogenous Fgf8 levels, Fgf8, a different mechanism for generating an activity
regardless of the cells’ distance from the Fgf8 source, gradient has recently been suggested to operate by
should nevertheless be sensitive to the presence of (un- regulated Fgf8 mRNA decay [34]. We find that altering
manipulated) wild-type cells with normal levels of endo- the rate of endocytosis has dramatic consequences for
cytosis in the intervening space because such wild-type protein distribution and target gene response but do
cells might be able to “mop up” Fgf8 protein. To test not observe altered Fgf8 mRNA distribution in such em-
this prediction, we transplanted small clones of RN-tre- bryos. An important feature of the restrictive clearance
overexpressing cells into a host embryo (Figure 6B). mechanism proposed here is that it operates at the level
Note that we indirectly determine in these experiments of the protein and, thus, ensures a careful control of the
the response to the endogenous Fgf8 source and level; potent effects of Fgf8 protein itself. However, the two
direct detection of endogenous Fgf8 protein has so far mechanisms are not mutually exclusive, and both may

be employed in different developmental contexts.not been successful. In the first set of experiments, we
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Figure 6. Testing the Restrictive Clearance
Model

(A–A″�) EM detection of Fgf8:Myc in endoso-
mal structures, including lysosomes, in re-
ceiving tissue. An early endosome is marked
with a red arrowhead (A). The nucleus and
other vesicular structures are visible because
of counterstaining. (A�) Early endosomes with
a typical electron-translucent central part are
surrounded by positively stained vacuoles.
Inner membranes (black arrows) are positive
for Fgf8; the outer membrane surrounding a
late endosome/multivesicular body is unla-
beled (A″). Labeled lysosomes with internal
membrane sheets (arrows) are shown in (A″�).
Method: Donor cells from embryos injected
with Fgf8:Myc mRNA were heterochronically
transplanted at early sphere stage (before on-
set of fgf8 expression) into host embryos at
40% epiboly and fixed at 60% epiboly prior
to �-Myc antibody staining. Embryos were
sectioned and analyzed by electron micros-
copy at the indicated magnification.
(B–D�) Wild-type cells block Fgf8 signal prop-
agation. Donor embryos were injected with
250 pg of RN-tre mRNA to decrease endocy-
tosis and coinjected with rhodamine dextran

as lineage tracer (B–D�). At early sphere stage, small cell clones were grafted at different distances from the endogenous, Fgf8-expressing
blastoderm margin (B) into embryos at 40% epiboly. At 70%, the embryos were fixed prior to in situ hybridization (ISH) with spry4 and mounted
dorsal to the right. Grafts located close to the source displayed strong staining for spry4 (C). In addition, wild-type cells surrounding the
clones also expressed spry4, as shown in the superimposed image (yellow arrows). A solid line surrounds the clone, whereas a dashed yellow
line surrounds the halo. An asterisk marks the location of the clone. Black arrows indicate the distance between source tissue and clone. In
contrast, cell clones located at a distance from the source tissue did not display spry4 expression (D). (D) superimposed with the fluorescent
image (D�) reveals the location of the transplanted cells by the lineage tracer.
(E) Restrictive clearance model: Propagation of Fgf8 protein is limited through clearance from extracellular space by endocytosis and
subsequent degradation, effectively restricting the range over which Fgf8 signals in tissue.
(F) Different levels of internalization rates allow different extent of spreading of Fgf8 protein through the target tissue, leading to differential
target gene response.
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