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Fusion between membranes is mediated by specific SNARE com-
plexes. Here we report that fibroblasts survive the absence of the
trans-Golgi network/early endosomal SNARE vti1a and the late
endosomal SNARE vti1b with intact organelle morphology and
minor trafficking defects. Because vti1a and vti1b are the only
members of their SNARE subclass and the yeast homolog Vti1p is
essential for cell survival, these data suggest that more distantly
related SNAREs acquired the ability to function in endosomal traffic
during evolution. However, absence of vti1a and vti1b resulted in
perinatal lethality. Major axon tracts were missing, reduced in size,
or misrouted in Vti1a−/− Vti1b−/− embryos. Progressive neurode-
generation was observed in most Vti1a−/− Vti1b−/− peripheral gan-
glia. Neurons were reduced by more than 95% in Vti1a−/− Vti1b−/−

dorsal root and geniculate ganglia at embryonic day 18.5. These
data suggest that special demands for endosomalmembrane traffic
could not bemet inVti1a−/−Vti1b−/− neurons.Vti1a−/− andVti1b−/−

single deficient mice were viable without these neuronal defects,
indicating that they can substitute for each other in these processes.

endosome | neurite outgrowth | neuronal survival

In eukaryotic cells, membrane-enclosed organelles communi-
cate by vesicular traffic. Membrane trafficking pathways are

classified into a biosynthetic/exocytotic limb and an endocytotic/
degradative limb that originates at the plasma membrane and
leads via endosomes to lysosomes (1). Evolutionarily conserved
trafficking steps are adapted to generate specialized membrane
compartments, such as axons and dendrites in neurons. Each
step involves formation of transport vesicles by budding, trans-
port of vesicles to their destination, attachment, and subsequent
fusion with the target membrane and is carried out by members
of protein families conserved between unicellular eukaryotes and
man. In vesicle docking and fusion these families include rab
GTPases, Sec1/Munc18-like proteins, and SNAREs (2).
SNAREs catalyze membrane fusion. They are membrane-an-

chored proteins that usually contain a C-terminal transmembrane
domain, an adjacent SNARE motif, and an N-terminal domain
(2). Before fusion, the SNARE motifs of SNAREs residing in
membranes destined to fuse assemble into a four-helix bundle.
Each helix within the four-helix bundle is contributed by a differ-
ent SNARE motif. Sequence analysis has shown that SNARE
motifs are divided into four subgroups: Qa-, Qb-, Qc-, and R-
SNAREs (2). The QabcR composition of SNARE complexes is
universal, indicating that the diversification of SNAREs into four
subfamilies occurred at the basis of eukaryotic evolution. Differ-
ent intracellular fusion reactions involve SNARE complexes of
different composition. Many SNAREs operate in more than one
fusion event, sometimes involvingdifferent SNAREpartners.Con-
versely, single fusion events may accept an alternative SNARE
as substitute. Bioinformatic classification of SNAREs resulted in
20 subgroups that represent the SNARE equipment of the ur-
eukaryotic cell and that are associated with fusion events at the
endoplasmic reticulum,Golgi, trans-Golgi network (TGN), plasma

membrane, and endo-lysosomal system (3, 4). According to this
classification, at least one member of each subgroup is required for
membrane traffic in every eukaryotic cell.
In yeast, Vti1p is the only SNARE of the endo-lysosomal Qb.

IIIb SNARE subclass (3). Vti1p is essential, showing that it
cannot be substituted by a Qb-SNARE of another subgroup. It
participates in four SNARE complexes in separate steps of endo-
lysosomal trafficking (5, 6). In mammals, the Qb.IIIb subgroup is
represented by vti1a and vti1b (4). They share only 30% of their
amino acids without other related SNAREs (7). In vitro experi-
ments revealed that vti1a and vti1b have functionally diversified.
Vti1a forms complexes with the SNAREs syntaxin16 or syntaxin13
(Qa), syntaxin6 (Qc), andVAMP4 (R), which function in fusion of
early endosomes and in retrograde transport from endosomes
to the TGN (8–10). Vti1b functions in fusion of late endosomes,
involving syntaxin7 (Qa), syntaxin8 (Qc), andVAMP8/endobrevin
(9). Vti1b, syntaxin7, and syntaxin8 mediate transport from late
endosomes to lysosomes in vitro with VAMP7/TI-VAMP (11, 12).
These differences are reflected by distinct but overlapping dis-
tributions. Vti1a is localized predominantly in the TGN, vti1b in
late endosomes (13).
Previously, we created vti1b-deficient mice (14). They were vi-

able and fertile, suggesting that vti1a is capable of substituting
vti1b. We have now created Vti1a−/− mice, and they are also via-
ble. Surprisingly, Vti1a−/− Vti1b−/− mice survived until birth, and
endo-lysosomal trafficking in double-knockout (DKO) fibroblasts
is largely normal. However, these mice displayed widespread
defects in major axon tracts and massive neurodegeneration
not seen in either single KO. Thus, vti1a and vti1b as the only
SNAREs of their subclass are dispensable for maintaining
membrane traffic at the basal level. Subtle defects at the single-
cell level may synergize to impair the development of neurons,
which relies on high-performance trafficking to build enormously
expanded membrane systems.

Results
Targeted Disruption of Vti1a and Generation of Vti1a−/− Vti1b−/−

Embryos. The gene for vti1a was disrupted by insertion of a neo-
mycin resistance gene into exon 6 (Fig. S1). Vti1a-deficient
(Vti1a−/−) mice were viable and fertile even though vti1a protein
was absent, including vti1a-β encoded by a brain-specific splice
variant (15; Fig. 1A). Vti1a−/− and Vti1b−/− mice were crossed to
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determine whether both proteins are redundant.Vti1a+/−Vti1b−/−

and Vti1a−/− Vti1b+/−mice survived and were fertile. Surprisingly,
Vti1a−/− Vti1b−/− (DKO) embryos completed their development
and died at birth. This indicates that membrane traffic is suffi-
ciently functional for maintaining cell function and differentiation
during development. To assess endo-lysosomal transport, we
immortalized fibroblasts isolated from E12.5 DKO and double
heterozygous (DHET) embryos. First, we studied organelle
morphology using markers including GM130 for Golgi (Fig. 1 B
and C and Fig. S2), LAMP2, and lysotracker for acidic late
endosomes and lysosomes (Fig. 1 D and E and Fig. S2) and for
TGN and early endosomes (Fig. S2). However, no significant
differences were observed in the staining patterns between DKO
and DHET fibroblasts. Together, these findings indicate that the
overall architecture of the organelles constituting the secretory
and endo-lysosomal pathway is not significantly affected by the
lack of both vti1 proteins.
Next we investigated endo-lysosomal trafficking pathways. We

analyzed uptake and release of transferrin that binds to transfer-
rin receptors. The complex is endocytosed by clathrin-mediated
endocytosis and travels through endosomes before being recy-
cled to the plasma membrane, where transferrin is released. En-
docytosis of fluorescent transferrin was similar in DHET and
DKO cells (Fig. S3A). To examine effects on recycling rates, we
monitored release kinetics of transferrin. Endocytosed biotinylated
transferrin was released with similar kinetics into the medium in
bothfibroblasts (Fig. 1F).Weprobed for trafficking routes directed
toward lysosomes. Most newly synthesized soluble lysosomal en-
zymes are recognized in the TGN by mannose-6-phosphate re-
ceptors (MPR) and transported by clathrin-coated vesicles to late
endosomes. Receptors recycle to the TGN, whereas cargo con-
tinues to lysosomes. In the absence of MPRs lysosomal enzymes
follow the default pathway from theTGN to the plasmamembrane
for secretion (16). Interference with vti1a function results in re-

duced transport ofMPRs from endosomes to the TGN in vitro (10,
17) and in increased secretionof lysosomal enzymes (17).We found
that DKO fibroblasts secreted almost twice as much lysosomal
β-glucuronidase and β-galactosidase normalized to total enzyme
content (Fig. 1G). We did not observe a significant change in lo-
calization ofMPR-46, suggesting that a reduced transport capacity
in DKO cells is not reflected by a change in steady-state distri-
butions of the receptors (Fig. S2).
Defects in trafficking between TGN and late endosomes

prompted us to investigate trafficking to lysosomes. We moni-
tored the fate of EGF after internalization. EGF is endocytosed
after binding to EGF receptors. After reaching early endosomes,
the complex is transported via late endosomes to lysosomes for
degradation (18). Fibroblasts were incubated with fluorescent
EGF, resulting in a depletion of EGF receptors from the plasma
membrane and subsequently a reduction of internalized EGF due
to degradation in lysosomes. No difference was detectable be-
tween DKO and DHET cells (Fig. S3B). We investigated whether
fusion of autophagosomes with lysosomes is affected. Autopha-
gosomes are induced by starvation for amino acids. After enclo-
sure of cytoplasm with a double membrane, autophagosomes fuse
with lysosomes, followed by degradation of autophagosomal
content (19). Autophagy was determined by degradation of ra-
dioactive cellular proteins and was comparable for DKO and
DHET fibroblasts under starvation conditions (Fig. S3C).
Taken together, our results show that trafficking routes between

the plasmamembrane, early and late endosomes, and lysosomes do
not display overt defects in the absence of vti1a and vti1b, with the
only observable phenotype being transport of lysosomal enzymes.
Why do DKO mice die at birth? Because DKO brains were
smaller, we performed a detailed analysis of brain development.

Impaired Axon Growth in the Absence of vti1a and vti1b. Severe
defects were detectable in the development of central and pe-
ripheral nervous system in DKO compared with wild-type,
DHET, Vti1a+/− Vti1b−/−, and Vti1a−/− Vti1b+/− embryos. Em-
bryonic day (E) 18.5 DKO brains were smaller and showed wider
ventricles (Fig. 2B, asterisk, and Fig. S4S) compared with DHET
littermates (Fig. 2A, asterisk, and Fig. S4R). Ventricular size was
similar at E14.5 (Fig. 3 G and H), suggesting that brain growth
and differentiation may be primarily affected in DKO. Neurons
generate extensions, dendrites, and axons. In DKO mice, major
projection tracts and commissures were absent or reduced in
size. The anterior commissure, a bundle of axonal fibers that
runs transversely to connect ventral and anterior parts of cortical
hemispheres, was absent in DKO (Fig. 2B in coronal, Fig. 2D in
sagittal views, yellow arrows). The hippocampal commissure
(Fig. 2B, black arrow) and the fibers of fornix (Fig. 2F, arrow) are
missing in E18.5 DKO mice. The corpus callosum was greatly
reduced in anteroposterior extent (Fig. 2D, bracket) and thick-
ness (Fig. 2F, bracket) compared with DHET (Fig. 2 A, C, and
E). The optic tract and chiasma were diminished in DKO (Fig.
2H, arrow). Commissural fibers connect the two hemispheres and
are involved in coordination of highly processed information
across hemispheres required for auditory and visual system, mem-
ory, learning, and emotional behavior.All commissuralfibers cross
themidline. Guiding axons to cross themidline is a task of midline
glia, specifically in development of the corpus callosum (20).Using
GFAP and nestin immunocytochemistry no aberration in de-
velopment of midline glia could be detected, suggesting that the
defects are not due to glial impairments. The data strongly argue
for impaired axon growth as the basis of the lack of projections and
several classes of commissural fibers.
An unusual bundle of fibers was found on the lateral side of

DKO striatum (Fig. 3 A and B, yellow arrows). To identify the
origin of these fibers neuronal tract tracing was applied. Ante-
rograde DiI-tracing revealed that these fiber bundles contained
corticostriatal fibers (Fig. 3 C and D, yellow arrows) but not

Fig. 1. Intact organelle morphology but increased secretion of lysosomal
enzymes in Vti1a−/− Vti1b−/−

fibroblasts. (A) Targeted disruption of the Vti1a
or Vti1b locus results in absence of these proteins detected with antibodies
in E18.5 brain lysates. Immortalized Vti1a−/− Vti1b−/− (DKO) and Vti1a+/−

Vti1b+/− (DHET) fibroblasts were stained for the Golgi marker GM130 (B and
C) and lysotracker as marker for late endosomes and lysosomes (D and E). (F)
DKO and DHET fibroblasts released transferrin with similar kinetics. Cells
were allowed to release endocytosed biotinylated transferrin. Transferrin in
medium and cells was quantified after SDS/PAGE with streptavidin-HRP
(±SEM, n = 4). (G) DKO fibroblasts secreted more lysosomal β-glucuronidase
(β-GlcUA, ±SEM, P = 0.02, unpaired Student’s t test, n = 3) and β-galactosi-
dase (n = 2) than DHET cells. Activity was determined in medium and cells.
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thalamostriatal because fibers were labeled by DiI application to
cortex but not to thalamus (Fig. 3 E and F, yellow arrows). The
majority of fibers in the medial part of the striatum at E18.5 were
missing (Fig. 3 B, D, and F, blue arrows). These fiber bundles
contain DiI-labeled corticostriatal (Fig. 3C, blue arrows) and
thalamocortical (Fig. 3E, blue arrows) axons. Thalamocortical
axons (TCA; connecting thalamus and cortex) are major pro-
jection fibers, which are defective in DKO mice. So far, the data

suggest that major projection fibers are lacking, whereas others
are misrouted. To identify all axons present, neurofilament la-
beling was performed. By E14.5, neurofilament-labeled thala-
mocortical axons just reached the cortex in DHET (Fig. 3G,
arrow), in DKO they did not cross the pallio-subpallial border
(Fig. 3H, arrow). By E18.5, TCA reached most of the cortex in
DHET (Fig. S4R, arrow); in DKO they stopped halfway and
stayed within the internal capsule region (Fig. S4S). These data
show that axon growth and possibly axon guidance at the level of
the pallio-subpalladial border is impaired in TCA. We used DiI
to selectively label TCA and corticofugal axons separately. DiI-
labeled DKO thalamocortical axons did not reach the cortex and
stopped halfway (Fig. 3 I and J), confirming the neurofilament
labeling. DiI paste was applied to the cortex to label corticofugal
axons. Only few fibers left the cortex in E16.5 DKO (Fig. 3L,
arrow), whereas in controls (here Vti1a+/− Vti1b−/−) a thick
bundle of fibers was labeled (Fig. 3K, arrow). The data presented
document that numerous fiber tracts within the CNS are missing,
reduced in size, or misrouted, indicating impaired axon guidance
and/or axon growth.

Progressive Degeneration of the Peripheral Nervous System.Ganglia
contain accumulations of neuronal cell bodies in the peripheral
nervous system, which survive because of target-derived neuro-
trophins. In DKO embryos peripheral ganglia show different
degrees of neurodegeneration. Trigeminal, nodose, petrosal, ge-
niculate, and dorsal root ganglia (DRG) show severe progressive
neurodegeneration, superior cervical ganglia (SCG) moderate,
whereas vestibular and cochlear ganglia were least affected (Fig.
4, Fig. S4, and Table S1). Reduction in size of DKO trigeminal
ganglia started at E12.5 (Fig. 4 A and B). At E14.5 they were
shrunk by 86.3% (Fig. 4 C andD) and at E18.5 by 97.8% (Fig. 4 E
and F). Neuronal death in DKO trigeminal ganglia occurred via
a caspase-mediated pathway. Significant numbers of activated
caspase-3–positive apoptotic neurons were seen in DKO (Fig. 4G
and H and Fig. S4). In E14.5 DKO DRG, the reduction in cell
number was 84.3% (Fig. 4 K and L). By E18.5, DRGs had almost
disappeared (Fig. 4 M and N). Neurodegeneration in vestibular
(Fig. 4 I and J and Fig. S4) and cochlear ganglia (Fig. S4) was the
lowest. At E18.5, their cell numbers were reduced by 14.9% and
26%, respectively (Table S1). Correspondingly, low numbers of
apoptotic neurons were detected (Fig. S4). Both vti1a and vti1b

Fig. 2. General phenotype of DKO mice. At E18.5 the size of the DKO brain
is reduced, lateral ventricles (B, asterisk) are enlarged, and the hippocampal
commissure (B, black arrow) and anterior commissure are missing (B, yellow
arrow) compared with DHET (A) in H&E staining. Absence of the anterior
commissure in DKO in sagittal view (D, arrow) in contrast to DHET (C). The
anteroposterior extent (D, bracket) and thickness (F, bracket) of the corpus
callosum is reduced in DKO compared with DHET (C and E). Missing fibers of
fornix leave a gap in DKO (F, arrow). In a sagittal view of E16.5 DKO mice the
optic chiasma is smaller (H, arrow) than in DHET (G). (Scale bars, 1,000 μm in
A and B, 500 μm in G and H, 250 μm in C and D, 100 μm in E and F.)

Fig. 3. Cortical fiber tracts. (A–F) To striatum. Neurofilament-labeled (NF, A and B) tissue showed bundle of fibers at the lateral side of the striatum in DKO
(B, yellow arrows) but not DHET (A). These bundles contain corticostriatal axons as traced with DiI (D, yellow arrows) but no thalamostriatal fibers (F, yellow
arrows). The fiber bundles in the medial striatum of DHET (A, blue arrows) with corticostriatal (C, blue arrows) and thalamocortical (E, blue arrows) axons
were absent in DKO (B, D, and F). (G–L) To/from the thalamus. At E14.5 TCA cannot cross the pallio-subpallial border (arrow in H) in DKO compared with DHET
(G). This is confirmed by DiI to thalami at E16.5 in DKO (J, arrow) and DHET (I). DiI-labeled corticofugal fibers are fewer in E16.5 DKO (L, arrow) than in Vti1a+/−

Vti1b−/− controls (K). (Scale bars, 100 μm in A–F, 200 μm in K and L, 500 μm in G and H, 1,000 μm I and J.)
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mRNA and protein were present in vestibular ganglia (Fig. S5),
excluding lack of vti1a and vti1b expression as cause for low
neurodegeneration in these ganglia. SCG showed intermediate
degeneration, similar to spinal lumbar motor neurons (L2 level,
Table S1). SCG were not affected at E14.5 (Fig. S4) but showed
54% reduction at E18.5 (Fig. 4 O and P).

To test whether the degeneration of the peripheral nervous
system may be due to lack of target innervation, tyrosine hy-
droxylase immunostaining of SCG axons in the mandibular gland
was performed. In E18.5 DKO mandibular gland, no tyrosine
hydroxylase-positive fibers were detected (Fig. 5B); DHET
showed them at normal density (Fig. 5A). These results suggest
that SCG neurons did not reach their target and may have died
owing to lack of neurotrophic support. The results so far indicate
an impairment of axon outgrowth that may be caused by an in-
sufficient rate of plasma membrane insertion. Because most pe-
ripheral neurons depend on target-derived neurotrophic factors
for survival (21), neurons lacking vti1a and vti1b may become
unresponsive to these survival factors. Neurotrophin signaling
requires endocytosis and retrograde transport of endosomes, as
seen for target-derived NGF in DRG neurons (22). To test for
neurotrophin responsiveness and for induced neurite growth,
DRG explants (E12.5) were grown in the presence or absence of
NGF. E12.5 DKO DRGs were already smaller than DHET
DRGs. NGF induced neurite outgrowth in both DKO and DHET
explants (Fig. 5C). However, the longest neurites from NGF-
treated DKO explants were significantly shorter compared with
DHET. Hippocampal neurons were cultured as a model system
for neurite outgrowth in neurons of the CNS. Fewer neurons
could be cultivated from E18.5 DKO hippocampi compared with
DHET littermates, and they differed in their morphology (Fig. 5
D and E). Sixty-eight percent of DKO neurons formed neurites
after 2 days in culture, which was significantly lower than DHET
(87%; Fig. S6A). DKO neurites were significantly shorter (Fig.
5F). The vti1b partner VAMP7 is involved in neurite outgrowth in
a pathway activated by laminin (23, 24). Therefore, neurons were
cultivated on laminin or poly-L-lysine, which allows for neurite
outgrowth by a different pathway. Neurite development was
similar on both substrates independent of the genotype (Fig. S6).
Investigating organelle morphology immunofluorescence for
GM130, TGN38, MPR46, LAMP1, and synaptobrevin did not
reveal obvious differences between DKO and DHET hippocam-
pal neurons (Fig. S7). Distribution of the adhesion molecule L1

Fig. 4. Different levels of neurodegeneration in peripheral ganglia. Trigeminal ganglia (TG, arrows in A–H) and DRG (arrows in K–N) are severely degen-
erated. Vestibular ganglia (I and J) are least affected. SCG (O and P) are intermediately reduced. Neurodegeneration in DKO trigeminal ganglion has started
at E12.5 (A), and activated caspase-3–positive apoptotic neurons are increased (H) compared with DHET (G). (Scale bars, 250 μm in A and B, 200 μm G and H,
500 μm C–F and K–N, 100 μm I, J, O, and P.)

Fig. 5. Defects in neurites. Tyrosine hydroxylase (TH)-positive fibers are
absent in the DKO mandibular gland at E18.5 (A and B), which is a target
organ for superior cervical ganglion. (Scale bar, 50 μm.) (C) DRG from E12.5
littermates were cultivated in the absence or presence of NGF. NGF stimu-
lated neurite outgrowth from DHET and DKO explants, but neurite length
was significantly shorter in DKO (mean ± SEM, **P = 0.003, unpaired Stu-
dent’s t test, n = 9 DKO, n = 8 DHET). (D and E) Fewer hippocampal neurons
can be cultivated from E18.5 DKO, and their neurites are less developed
after 2 days in vitro (DIV). Neurons were stained for βIII tubulin. (Scale bars,
250 μm.) (F) Hippocampal neurite length was shorter in DKO (mean ± SEM,
**P < 0.001 unpaired Student’s t test, n = 8 DKO, n = 5 DHET).
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was similar in DKO neurons (Fig. S7). L1 is concentrated in axons
and travels through a VAMP7 compartment (25). Vti1a did not
colocalize with L1. Few organelles were detected that contained
both vti1b and L1 (Fig. S8).
Together, these data suggest that axon growth is limited and

may occur only at reduced speed in DKO neurons. Impaired
axonal growth may be the reason for misrouted axons, because
axon guidance is a spatiotemporally regulated process. If axons
have not entered the right place at the right time, guidance cues
and growth promoting signals will not be sensed, which will lead
to misrouted axon projections followed by impaired growth
promotion and neuron survival.

Discussion
We report that both vti1a and vti1b, the only mammalian Qb-
SNAREs of the endo-lysosomal subclass, are not required for
maintaining basic membrane traffic. However, absence of vti1a
and vti1b resulted in perinatal lethality in mice, which could be
attributed to defects in axonal growth, resulting in missing or
misguided axon bundles in the CNS and apoptotic degeneration
of neurons in peripheral ganglia. Trafficking defects that other
cells tolerate become limiting in neurons.
Surprisingly, DKO embryos develop until E18.5, indicating

that most cells survive without vti1a and vti1b, the only members
of the endo-lysosomal Qb.IIIb SNARE subclass (4). Yeast cells
are nonviable without their only Qb.IIIb SNARE Vti1p (6). A
SNARE of another subclass must compensate for the loss of
vti1a and vti1b. There are only three other Qb SNAREs in
mouse. They function in endoplasmic reticulum and Golgi traf-
fic, each with a yeast ortholog. Because the yeast orthologs are
unable to replace Vti1p, it is unlikely that these mammalian Qb
SNAREs substitute for vti1a and vti1b. Four mammalian
SNAREs contribute Qb and Qc helices: SNAP-23 acts in fusion
with the plasma membrane (2). SNAP-25 cannot compensate in
most cells because it is specifically expressed in neuroendocrine
cells. Likely candidates for compensation are SNAP-29 and
SNAP-47 (26, 27), which localize to internal membranes and
diverge more from the yeast exocytic Sec9p than SNAP-23.
SNAP-29 functions in endocytic recycling (28). The expanding
SNARE repertoire provides one mechanism for redundancies.
Our data suggest additional redundancies. A SNARE with the
ability to operate in endo-lysosomal traffic must have evolved
from a SNARE with a function in a different pathway.
Fewer endosomal trafficking steps were affected in DKO

fibroblasts than expected (Fig. S9A). Autophagocytosis was im-
paired by vti1b siRNA (29). Autophagocytosis was not delayed in
DKO fibroblasts, suggesting an adaptation to the permanent
absence of these SNAREs. Fusion with late endosomes and
lysosomes is sensitive to antibodies against vti1b (9). In vitro
vti1a functions in homotypic fusion of early endosomes (8, 9).
These defects were not observed in DKO fibroblasts, indicating
that antibodies and expression of soluble SNAREs may also in-
terfere with compensatory SNAREs. DKO fibroblasts had in-
creased secretion of lysosomal enzymes. This is probably due to
defects in cycling of MPR between TGN and late endosomes
(Fig. S9A), even though we did not observe differences in MPR
steady-state distribution. Return of MPR to the TGN depends
on vti1a and its partner syntaxin16 in vitro (10, 17, 30).
The phenotypes observed in DKO neurons may be due to im-

paired axonal outgrowth, axonal guidance, or retrograde signaling
because endosomal membrane traffic has been implicated in
these processes. In axonal outgrowth the plasma membrane of
growth cones is expanded by fusion of membranes derived from
different compartments (Fig. S9B): directly from the TGN, by
transcytosis (e.g., of L1) via early endosomes, or from lysosomes
(31–33). Endocytosis is required for growth cone dynamics and
thus for neurite outgrowth (34, 35). Neurite outgrowth in culture
is sensitive to interference with SNARE partners of vti1a, syn-

taxin13 (36), syntaxin6 (37), and syntaxin16 (38). VAMP7 is in-
volved in neurite outgrowth, especially on laminin (23, 24). DKO
neurite outgrowth was similar on laminin and poly-L-lysine. This
may be due to compensation by the VAMP2-dependent pathway,
which was blocked by Gupton and Gertler (23) but which we did
not inhibit. On the other hand, vti1b probably does not participate
directly in VAMP7-dependent exocytosis because VAMP7 inter-
acts with SNAP23 and syntaxin4 in lysosomal exocytosis (39). Our
data indicate that neurite outgrowth is impaired in DKO brains.
Growth cones are guided by attractive or repulsive signaling mol-
ecules. Secretion of the guidance molecule Wnt requires endo-
somal recycling of its binding protein Wls/Evi (40), linking it to
endosomal transport. Endocytosis also occurs during growth cone
collapse in response to a repulsive signal (41).
Most importantly, endosomes are essential for neuronal sur-

vival in target-derived neurotrophin retrograde signaling (Fig.
S9B). Neurotrophins bound to Trk receptors are endocytosed
into signaling endosomes, transported via axons to cell bodies,
and activate specific pathways (22, 42). In several DKO ganglia,
cell loss was as dramatic as in ganglia triple deficient for the
neurotrophins NT-3, BDNF, and NT-4 (21). DKO DRG neu-
rons were able to react to NGF in vitro. Thus, neurotrophin
signaling from the plasma membrane was functional. Cell num-
bers in cochlear and vestibular ganglia were only slightly reduced
in DKO, even though they require NT-3 or BDNF (43). Axons
of cochlear and vestibular neurons are shorter than axons of
strongly affected neurons and may not be as dependent on ret-
rograde signaling via endosomes. Alternatively, they may express
more compensating SNAREs. Timing of cell loss correlated with
neurite outgrowth and neurotrophin dependency in DKO tri-
geminal ganglia. Smaller trigeminal ganglia with apoptotic cells
were observed at E12.5, with progressive cell loss at E14.5 and
E18.5. In TrkB−/− trigeminal ganglia apoptosis peaks at E11 and
E12, in TrkA−/− at E13 and E14 (44). Delays or defects in neurite
outgrowth as observed for DKO SCG neurons may contribute to
the reduction of neurons. E12.5 DKO DRGs were already
smaller, indicating that the onset of the phenotype is too early
for neurite outgrowth as only cause. Cell loss in DRGs starts at
E11 in the absence of local NT-3 before target innervation be-
tween E13 and E16 (45).
Our data clearly show that vti1a and vti1b can substitute for

each other in the nervous system because DKO mice display
severe neuronal phenotypes, whereas mice survive in the absence
of vti1a or vti1b without overt phenotypes. These results stress
the importance of endosomal trafficking for neuronal survival,
axon growth, and pathfinding. The degree of redundancy be-
tween endosomal SNAREs was higher than expected. Defects
became detectable only in situations of high demand for endo-
somal trafficking or specialized endosomal function.

Methods
Embryonic Fibroblasts. Immortalizedfibroblasts (mouseembryonicfibroblasts,
MEFs) from E12.5 littermates were incubated with 50 nM Lysotracker Red
DND-99 (Invitrogen) in DMEM + 1% BSA, washed, and fixed in 4% para-
formaldehyde (PFA) in PBS. Transferrin recycling was performed as previously
described (46). After starvation, MEFs were incubated with 50 μg/mL bio-
tinylated transferrin in DMEM, 1% BSA for 30 min at 37 °C, washed with
DMEM, stripped with 150 mM NaCl, 10 mM acetic acid (pH 3.5) and washed
with DMEM. Cells were chased with 0.5 mg/mL holo-transferrin and 0.1 mM
deferoxamine mesylate in DMEM for 0–10 min. Cell and medium samples
were separated by SDS/PAGE, incubated with streptavidin-HRP, and quanti-
fied by ECL. The percentage of released transferrin was determined from two
blots and two different exposure times for each experiment. MEFs were
washed and incubated with DMEM, 1% BSA for 20 h. Supernatant and cell
extracts were assayed for β-glucuronidase and β-galactosidase using 4-
methylumbelliferyl substrates (16).

Morphological Studies and DiI Labeling. Embryos (E12.5–E16.5) were immersion-
fixed in Bouin’s fixative; E18.5 embryos were transcardially perfused with
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4% PFA. Brains, bodies, and skulls were postfixed in Bouin’s fixative for 5 to
6 h, washed with ethanol, and embedded in paraffin. Serial sections of 8–10
μm were mounted on albumin-glycerin–coated slides. For thalamocortical
and thalamostriatal axons, E16.5 heads were fixed in 4% PFA overnight after
exposure of the skull. Brains were removed and fixed for another day. DiI
paste (Invitrogen) was applied to both sides of the dorsal thalamus (a small
vertical slit had been made on either side). DiI paste was fixed by drops of 2%
agarose. Brains were left in fresh PFA for 3 wk at 37 °C, immersed in 30%
sucrose, and cut by vibrotome into 100- to 120-μm sections. DiI paste was
applied to most parts of the frontal and parietal cortex to label the cortico-
fugal and corticostriatal axons.

Neurite Outgrowth in DRG Explant Cultures. E12.5 DRG were collected in cold
Ham’s F12. The ganglia were resuspended in DRG medium, containing F12

DMEM 1:1, N1-Supplement, 100 μg/mL neomycin, 0.25% BSA, 1% L-gluta-
mine, and 1% penicilline/streptomycine. Explant cultures were set up on
coverslips coated with poly-L-lysine and laminin. Ganglia were cultivated in
50 μL DRG medium with or without NGF (10 ng/mL) for 16 h. After re-
placement with 500 μL of the same medium, explants were cultivated for
a further 32 h. DRGs were fixed and stained with toluidine blue. Neurite
outgrowth was quantified by measuring the 10 longest neurites per gan-
glion and by calculating the average length for each embryo.
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