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SUMMARY

Localized signaling in neuronal dendrites requires
tight spatial control of membrane composition.
Upon initial synthesis, nascent secretory cargo in
dendrites exits the endoplasmic reticulum (ER) from
local zones of ER complexity that are spatially
coupled to post-ER compartments. Although newly
synthesized membrane proteins can be processed
locally, the mechanisms that control the spatial range
of secretory cargo transport in dendritic segments
are unknown. Here, we monitored the dynamics of
nascent membrane proteins in dendritic post-ER
compartments under regimes of low or increased
neuronal activity. In response to activity blockade,
post-ER carriers are highly mobile and are transported over long distances. Conversely, increasing
synaptic activity dramatically restricts the spatial
scale of post-ER trafficking along dendrites. This
activity-induced confinement of secretory cargo requires site-specific phosphorylation of the kinesin
motor KIF17 by Ca2+/calmodulin-dependent protein
kinases (CaMK). Thus, the length scales of early
secretory trafficking in dendrites are tuned by activity-dependent regulation of microtubule-dependent
transport.
INTRODUCTION
Local protein synthesis modifies the composition and functional
properties of dendritic segments and associated synapses (Govindarajan et al., 2011; Sutton et al., 2006). mRNAs encoding
neurotransmitter receptors and voltage-gated channels are
among the cohort of dendritic mRNAs (Cajigas et al., 2012), supporting the notion that key mediators of dendritic excitability and
neurotransmission are synthesized locally in dendrites. For cytoplasmic proteins, local synthesis requires only mRNA, ribosomes, and soluble cofactors, and hence can occur as a point
source of new polypeptides at the site of translation. In contrast,

integral membrane proteins and secreted proteins require all of
the machinery of the secretory pathway. Specifically, after
synthesis in the endoplasmic reticulum (ER), membrane proteins
progress through the ER-Golgi intermediate compartment
(ERGIC), the Golgi apparatus (GA), and the trans-Golgi network
(TGN), where they are modified before delivery to the plasma
membrane. Although virtually all of the machinery for protein
synthesis, ER import and export, and Golgi membranes have
been detected in dendrites (Hanus and Ehlers, 2008), the route
followed by nascent cargo after ER exit and the mechanisms
that spatially direct post-ER transport in dendrites remain central
unresolved issues in neuronal cell biology. Recent studies have
shown that nascent cargo can be confined in microdomains of
the dendritic ER specialized for ER export (Cui-Wang et al.,
2012). Following ER exit, membrane cargo can be either transported over long distances in dendrites or trafficked locally (Horton and Ehlers, 2003). This choice is an essential determinant of
cargo fate, yet there is little understanding of how post-ER transport is regulated to control secretory cargo destination.
Along with the machinery that controls membrane fission,
docking, and fusion, molecular motors orchestrate cargo exchange between cellular compartments and are key effectors
of membrane trafficking (Hirokawa et al., 2010; Kennedy and
Ehlers, 2011; Südhof and Rothman, 2009). Motor-based transport is particularly important in neuronal axons and dendrites,
whose development, maintenance, and plasticity require the
transport of mRNAs, membrane proteins, and organelles up to
hundreds of microns to meters from the soma. During intracellular transport, neurotransmitter receptors and ion channels
associate with protein complexes that physically interact with
specific molecular motors (Hirokawa et al., 2010), allowing
tailored regulation of cytoskeleton-based transport. Several
mechanisms that control motor-cargo interactions have been
described. For example, local Ca2+-dependent mechanisms
regulate the association of myosin Vb with Rab11-FIP2 adaptor
complexes on AMPA receptor-containing recycling endosomes
(Wang et al., 2008), allowing local regulation of actin-based
transport in dendritic spines. On the other hand, microtubulebased transport in dendrites is governed by dynein and kinesin
motors whose action is important for synaptic function (Govindarajan et al., 2011; Hirokawa et al., 2010). Among the various kinesins, KIF5 and KIF17 are particularly important for long-range
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trafficking in neuronal processes. In contrast to KIF5, which is
involved in the transport of a large cast of axonal and dendritic
proteins (Hirokawa et al., 2010), far fewer cargos have been identified for KIF17. Those identified include kainate receptors
(Kayadjanian et al., 2007), NMDA receptors (Setou et al., 2000),
and the K+ channel Kv4.2 (Chu et al., 2006), suggesting that
KIF17 transports a more restricted set of dendritic proteins that
may be segregated early in the secretory pathway. The interaction between KIF17 and NMDA receptors occurs through the
GluN2B subunit in an indirect manner via a PDZ protein complex
consisting of CASK/mLin2 and Mint1/mLin10 (Setou et al., 2000).
Interestingly, CASK associates with NMDA receptors early in the
secretory pathway (Jeyifous et al., 2009; Yin et al., 2012), suggesting that KIF17 may direct post-ER transport of receptors.
Moreover, the association between KIF17 and Mint1 is itself
regulated by CaMKII-dependent phosphorylation (Guillaud
et al., 2008). Phosphorylation-dependent uncoupling of KIF17
from Mint1 allows kinesin-cargo release (Guillaud et al., 2008),
suggesting a molecular basis for controlling cargo transport
and delivery. Despite their well-documented role in regulating
synapse function (Wong et al., 2002; Yin et al., 2011, 2012), it
is unclear where along the secretory pathway kinesins direct
cargo transport, whether such transport determines local versus
long-range trafficking in dendrites, and how the length scale of
new cargo delivery is regulated by local synaptic signaling.
Here, we demonstrate that synaptic activity restricts cargo
transport between post-ER compartments distributed
throughout dendrites. Using a combination of live-cell imaging
and fluorescent reporters of transport through the secretory
pathway, we show that tubulovesicular carriers emerge from
ER exit sites in dendrites in close association with ERGIC and
Golgi outposts (GOs). In the absence of synaptic activity, postER carriers undergo long-range transport that explores dendritic
lengths over tens of microns. In contrast, elevated synaptic
activity spatially confines post-ER trafficking and accelerates
the accumulation of new secretory cargo at the plasma membrane. In turn, this activity-dependent confinement requires
Ca2+/calmodulin-dependent protein kinase (CaMK) activity and
phosphorylation of KIF17 at a specific CaMK type II (CaMKII)
site. Together, our results indicate that postsynaptic activity
confines and spatially focuses early secretory trafficking by
KIF17 phosphorylation, revealing a mechanism for tuning the
length scales of new cargo delivery to the dendritic membrane.
Activity-dependent control of microtubule-based transport may
provide a general paradigm for directing new membrane macromolecules to maintain and modify neuronal function.
RESULTS
Nascent Secretory Cargo Is Processed through ERGIC
Clusters throughout Neuronal Dendrites
To monitor secretory trafficking in hippocampal neurons, we
imaged the ts045 temperature-sensitive mutant of the vesicular
stomatitis virus glycoprotein (VSVG-ts045, hereafter referred to
as VSVG), a well-studied secretory cargo (Presley et al., 1997;
Toomre et al., 1999). After synthesis and accumulation in the
ER at 40 C, a temperature at which VSVG is unable to exit the
ER, GFP-tagged VSVG (VSVG-GFP) or mCherry-tagged VSVG
2 Cell Reports 7, 1–8, June 26, 2014 ª2014 The Authors

(VSVG-mCh) was released and accumulated in post-ER compartments by switching the temperature to 20 C (Griffiths
et al., 1985; Matlin and Simons, 1983; Figure 1A). After 3 hr at
20 C, a time period sufficient for complete export from the ER
(Horton and Ehlers, 2003; Horton et al., 2005), we assessed
VSVG dynamics at physiological temperature. After it was
released from the ER, VSVG accumulated in discrete structures
distributed throughout dendrites, especially at branch points,
which remained at the same position for seconds to minutes
(Figure 1B). In addition, post-ER cargo was present in smaller
tubulovesicular carriers that were much more dynamic and
moved in both retrograde and anterograde directions (Figure 1B;
Movie S1). In many instances, tubulovesicular carriers merged
with and formed from these stationary post-ER compartments
(Figure 1B; Movies S1 and S2), indicating that they represent
sites of cargo exchange. Importantly, Golgi-Snare 27-mCherry
(GS27-mCh), an mCherry-tagged version of a naturally occurring
protein of the secretory pathway (Lowe et al., 1997), displayed
dynamics very similar to that of VSVG (Movie S3).
In contrast to GOs, which are present in only a subset of
dendrites (Gardiol et al., 1999; Horton et al., 2005), the observed
stationary post-ER organelles are present in all dendrites (Figures 1B, 1D, 2E, and 4B). These structures are smaller than
GOs but are morphologically similar to the ERGIC as visualized
by ERGIC53 and Rab1B immunolabeling (Figure 1C). Indeed,
after a 40 C to 20 C shift, VSVG-mCh showed extensive colocalization with the ERGIC marker GFP-ERGIC53 (Figure 1D).
Thus, nascent secretory cargo accumulates in and is transported between clustered ERGICs distributed throughout
dendrites. This indicates that, unlike GOs that are largely
restricted to primary and proximal dendrites, a distributed
collection of ERGICs traffic newly synthesized membrane proteins throughout the dendritic arbor.
Synaptic Activity Spatially Restricts Post-ER Trafficking
in Dendrites
Although normally the method of choice, single-particle tracking
(SPT) is not well suited to characterize the motion of post-ER
carriers due to their irregular shapes and their frequent fusion
and fission. We thus developed an alternative method. In brief,
we used a two-frame running-subtraction approach, in which
the subtracted signal corresponds to moving structures (Hanus
et al., 2004; Toomre et al., 1999), to derive a mobility index that
captures the global dynamics of tubulovesicular structures
(see Experimental Procedures for details). To validate this
approach, we first analyzed the movement of latex beads
diffusing in media of increasing viscosities, using both our
running-subtraction method and SPT (Figure S1A). In this
analysis, the bead mobility index was compared with the bead
velocity determined by SPT. As predicted by the Stokes-Einstein
relation, the bead mobility index decreased exponentially with
increasing viscosity (Figure S1B). We found an excellent correlation between the average bead velocity derived from SPT and
our global mobility index (Figure S1C), confirming that this twoframe running-subtraction method accurately and quantitatively
assesses particle motion.
To determine the effect of neuronal activity on membrane
cargo exchange between secretory outposts, we compared
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Figure 1. ERGICs Are the Primary Secretory
Organelles in Dendrites
(A) Monitoring dendritic secretory trafficking with
VSVG-GFP. VSVG-GFP is expressed overnight at
40 C and accumulates in the ER. The temperature
is then shifted to 20 C for 3 hr to permit ER exit but
prevent post-Golgi trafficking, allowing VSVG to
accumulate in post-ER secretory compartments.
Post-ER trafficking is then imaged after release
from the Golgi by shifting to 37 C. ERGIC, ERGolgi intermediate compartment; GO, Golgi
outpost; TVC, tubulovesicular carrier.
(B) Segregation of early secretory trafficking into
stationary compartments and mobile carriers.
Top: image of a segment of dendrite (outlined)
showing cargo accumulated in post-ER secretory
compartments (arrows). Bottom: kymograph
(pseudocolored) of VSVG-GFP in the dendrite
segment after a switch to 37 C to release the
Golgi-exit blockade, showing VSVG trafficking
through mobile tubulovesicular carriers (arrows)
and stationary post-ER compartments (arrowheads). Scale bar, 5 mm.
(C) Immunolabeling for the cis-Golgi matrix protein
GM130 (1–6) as a marker of Golgi membranes,
ERGIC53 (1–5) and Rab1B (6) as markers of
ERGICs, and MAP2 (1 and 5) in segments of
dendrites containing (2 and 5) or lacking (3, 4, 6)
GOs. Although only a subset of dendrites contain
GOs (arrows), all dendrites contain ERGICs
(arrowheads). Scale bar, 25 or 5 mm.
(D) VSVG-mCh (red) accumulation in dendritic
ERGICs marked with ERGIC53-GFP (green)
42 min after a 40 C to 20 C shift. Scale bar, 5 mm.

the dynamics of post-ER secretory carriers upon pharmacological manipulation of synaptic transmission. We increased synaptic activity by incubating neurons in 4-aminopyridine (4AP,
50 mM), a voltage-gated K+ channel blocker to increase neuronal
firing, and bicuculline (bic, 20 mM) to concomitantly reduce inhibitory transmission in these mixed cultures. Conversely, we
decreased excitatory synaptic activity by blocking AMPA- and
NMDA-type glutamate receptors with CNQX (50 mM) and AP5
(50 mM), respectively. Post-ER trafficking in dendrites was
monitored in young (12–13 days in vitro [DIV]) and older neurons
(18–20 DIV), which were sequentially recorded under basal conditions, 15–25 min after the addition of 4AP/bic, and then again
15–25 min after the addition of CNQX/AP5. In both young and
older neurons, increasing synaptic activity decreased the
mobility of post-ER vesicular trafficking over a period of minutes
(Figures 2A and 2B). Conversely, blocking excitatory transmission increased the mobility and spatial range of post-ER
trafficking (Figures 2A and 2B). Whereas 4AP/bic had a stronger
effect in young neurons, CNQX/AP5 had a strong effect in both

young and older cells (Figure 2B), likely
indicating a developmental reduction of
post-ER trafficking commensurate with
the proliferation of synapses and the
acquisition of network activity (Jan and
Jan, 2003; Verderio et al., 1999). In
18–20 DIV neurons, activity blockade increased vesicular dynamics (Figure 2C), consistent with a tonic-activity-dependent
inhibition of early secretory trafficking. In addition, we compared
post-ER trafficking in distinct neurons monitored under basal
conditions, in the presence of 4AP/bic, or in the presence of
4AP/bic/CNQX/AP5 (Figure 2D). This population analysis
confirmed the results seen after sequential treatment of individual cells (compare Figures 2B and 2D).
In further experiments, we monitored the effect of glutamate
receptor blockers after a 30 min exposure to 10 mM glutamate
plus 5 mM glycine, a treatment that almost completely arrests
post-ER carrier movement (Figure 2E). We found that CNQX
plus AP5 restored post-ER trafficking over a period of minutes
as indicated by the appearance of dynamic tubulovesicular
intermediates shuttling between stable secretory organelles
(Figure 2E; Movie S4). Thus, spatial arrest of post-ER transport
trafficking is quickly reinstated in the absence of activity. To
test whether the activity-induced reduction of lateral vesicular
trafficking reflects a global impairment of secretory trafficking,
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Figure 2. Synaptic Activity Controls PostER Secretory Trafficking in Dendrites
(A) Subtractive sequences (projected pseudocolor
images) of post-ER dynamics of VSVG-GFP in
dendrites recorded under basal conditions 15–
25 min after the addition of 50 mM 4-aminopyridine
(4AP) plus 20 mM bicuculline (bic), and then again
15–25 min after the addition of 50 mM CNQX plus
50 mM AP5. Scale bar, 5 mm.
(B) Quantification of the mobility index as defined in
Figure S1 in young (12–13 DIV) and older (18–20
DIV) hippocampal neurons. n = 16 cells in 2–3
experiments for each group.
(C) Mobility index in individual dendrites of older
hippocampal neurons (18–20 DIV) recorded under
basal conditions and then 15–25 min after the
addition of CNQX/AP5. n = 17 cells in two experiments.
(D) Mobility index in populations of distinct neurons
recorded under basal conditions in the presence of
4AP/bic or in the presence of 4AP/bic along with
CNQX/AP5. n = 12–14 cells in two experiments.
(E) Shown is a dendrite (image and kymographs)
recorded after a 30 min incubation with 10 mM
glutamate (glu) plus 5 mM glycine (gly) and then
12 min after the addition of CNQX + AP5. Note the
reappearance of mobile tubulovesicular carriers
(arrows) shuttling between stationary post-ER
compartments upon activity blockade (arrowheads). Scale bar, 5 mm.
(F and G) Images (F) and normalized levels (G) of
surface VSVG-GFP (red) at 0, 60, and 120 min after
release of ER-exit blockade (40 C to 32 C shift) in
the presence of 4AP/bic or CNQX/AP5. Note the
increased appearance of surface VSVG in the
presence of 4AP/bic. n = 14–25 neurons per condition, 2 experiments. Scale bar, 25 or 5 mm.
*p < 0.05, **p < 0.01 ANOVA (B, D, and G) and t test
(C). Data shown in (B)–(D) and (G) are means ±
SEM. See also Figure S1.

we monitored the accumulation of post-Golgi cargo at the
plasma membrane under similar conditions using VSVG-GFP.
Immunolabeling of surface VSVG at 0, 60, and 120 min after
switching from 40 C to the fully permissive 32 C showed that
synaptic activity actually accelerates cargo accumulation at
the cell surface (Figure 2F). Thus, reduced mobility of post-ER
transport under high activity conditions is not associated with a
blockade of cargo delivery to the dendritic plasma membrane.
We conclude that neuronal activity induces a spatially confined,
direct, and more rapid delivery of new secretory cargo to the
dendritic membrane.
To examine the temporal relationship between neuronal activity and post-ER carrier dynamics, we performed dual imaging
of secretory trafficking and Ca2+ signaling in neurons coexpressing VSVG-tdTomato (VSVG-tdT) and GCaMP3. Neuronal activity
in the form of presumptive action potential bursts was revealed
by transient increases in GCaMP fluorescence (Tian et al.,
4 Cell Reports 7, 1–8, June 26, 2014 ª2014 The Authors

2009). Such transient bouts occurred
spontaneously (Figure 3A) and could be
elicited by field stimulation (Figure 3B).
In response to both spontaneous and evoked Ca2+ transients,
secretory carriers frequently stopped, initiated movement, or
changed direction during or immediately after individual Ca2+
bursts (Figures 3A and 3B). This tight temporal relationship
between Ca2+ transients and post-ER carrier mobility provides
strong evidence that neuronal activity controls microtubuledependent transport on a short timescale.
Activity Limits Long-Range Secretory Transport by
Phosphorylation of KIF17
The transport of vesicular cargo depends on selective association with microtubule-based motors (Hirokawa et al., 2010;
Schlager and Hoogenraad, 2009) whose activity and cargo association are regulated by diverse cellular signals (Guillaud et al.,
2008; Hirokawa et al., 2010; Johansson et al., 2007; Macaskill
et al., 2009; Niwa et al., 2008). Among microtubule motors,
KIF17 regulates the trafficking of select dendritic cargo, and
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phenotypic analysis in which blind observers assessed whether
tubulovesicular dynamics were reduced after elevation of synaptic activity (Figures 4D, 4E, and S3). To test for potential CaMKindependent effects of KN93, we used a similar assay to
compare KN93 (3.3 mM) with its inactive analog, KN92
(3.3 mM). These experiments were performed in neurons expressing VSVGt-mCh that were imaged directly after release of
the ER-exit blockade (no Golgi block; see Experimental Procedures) or after blockade and release of Golgi exit (with Golgi
block), and in neurons expressing GS27-mCh. KN92 partially
prevented the activity-dependent reduction of secretory trafficking, likely due to the inhibitory effect of KN92 and KN93 on
L-type voltage-gated Ca2+channels (Gao et al., 2006). Notably,
although KN93 had only a mild effect on post-ER VSVG imaged
without a Golgi block (i.e., at early stages of secretory trafficking),
it strongly reduced the response of both VSVG after blockade
and release of Golgi exit (as in Figure 4B) and GS27 (Figures
4D, 4E, and S2), revealing a selective effect on carriers at later
stages of secretory trafficking. Taken together, these results
indicate that activity-dependent signaling through a CaMK/
KIF17 pathway restricts ERGIC secretory dynamics in dendrites.
DISCUSSION

Figure 3. Acute Response of Dendritic Secretory Carriers to
Neuronal Activity
(A and B) Kymographs of dendrites expressing VSVG-tdTomato (VSVG-tdT,
red) and the Ca2+ indicator GCaMP3 (green) during spontaneous neuronal
activity (A) or electrical stimulation (B). The right panel in (A) shows reconstructed traces of secretory carrier movements and Ca2+ bursts. Ca2+
bursts are indicated by transient dendrite-wide green fluorescence, which in
kymographs appears as horizontal lines marked by arrowheads in the left
panel in (A). Note the abrupt changes in the dynamics of individual secretory
carriers (arrows) during Ca2+ bursts. In (B), field stimulation was delivered at
0.1 Hz. Evoked Ca2+ responses indicated by horizontal green lines occurred
with high fidelity in response to field stimulation and were frequently accompanied by starts, stops, and reversals of individual secretory carriers. Scale
bar, 5 mm.

phosphorylation of KIF17 by CaMKII on serine 1029 abrogates
binding to the NMDA receptor/CASK/Mint1 complex (Guillaud
et al., 2008). We thus hypothesized that neuronal activity might
exert a general effect on microtubule-based post-ER transport
by phosphorylation of KIF17 through a Ca2+ and CaMKII
pathway. To test this hypothesis, we compared the dynamics
of VSVG-mCh in neurons coexpressing wild-type YFP-tagged
KIF17 (KIF17-WT) or a KIF17 S1029A mutant that cannot be
phosphorylated by CaMKII (KIF17-S1029A; Figure 4A). Whereas
increased neuronal activity (4AP/bic) reduced post-ER trafficking in neurons expressing KIF17-WT, expression of KIF17S1029A blocked the activity-induced confinement of post-ER
trafficking (Figures 4B and 4C; Movie S5). Consistent with a
requirement for CaMK activity, the CaMK inhibitor KN93
(10 mM) prevented the reduction of post-ER carrier mobility triggered by 4AP/bic (Figure 4C). This result was confirmed by a

In the present study, we found that following ER export, nascent
secretory cargo accumulates in and traffics through ERGICs
distributed throughout neuronal dendrites. During development
and upon acute increases in synaptic activity, microtubulebased transport and cargo exchange between these secretory
outposts are spatially restricted without preventing cargo exocytosis. This activity-induced spatial confinement of secretory
cargo is occluded by site-specific mutations of the kinesin motor
KIF17 that prevent phosphorylation by CaMKII. These results
define a mechanism for compartmentalized trafficking in dendrites and indicate that synaptic activity can control cargo itinerary through the early secretory pathway.
KIF17 is a direct target for phosphorylation by CaMKII at serine
1029, and this phosphorylation releases KIF17 bound cargo
such as GluN2B-containing NMDA receptors (Guillaud et al.,
2008). Here, we have shown that activity-dependent disruption
of KIF17-cargo interactions prevents long-range transport of
post-ER secretory cargo. This is notable because nearly all functions described to date for KIF17 have been attributed to laterstage trafficking of select post-Golgi cargo (Yin et al., 2012),
and suggests that tight regulation of kinesin-cargo interactions
occurs early in the secretory pathway to define the spatial
span of cargo delivery. Interestingly, synaptic activity has opposite effects on kinesins and unconventional class V myosins, and
either disrupts (Guillaud et al., 2008; Macaskill et al., 2009) or
favors (Correia et al., 2008; Wang et al., 2008) interaction with
cognate cargo, respectively. This supports the general notion
that neuronal activity promotes highly local cargo transport by
both uncoupling cargo from long-range microtubule motors
and promoting association with membrane-proximal, unconventional myosins. Reminiscent of melanophores in which
microtubule and actin-based motors are coregulated within
multifunctional protein complexes (Kashina et al., 2004), this
model suggests that synaptic activity favors cargo unbinding
Cell Reports 7, 1–8, June 26, 2014 ª2014 The Authors 5
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Figure 4. Phosphorylation of KIF17 Mediates Activity-Induced Spatial Confinement of Dendritic Secretory Cargo
(A) Schematic of the effect of synaptic activity on KIF17-dependent transport. Activity-dependent CaMKII phosphorylation of serine 1029 disrupts KIF17
interaction with its cognate cargo and releases cargo-containing vesicles, impairing long-range transport along microtubules. MT, microtubule.
(B) Images (pseudocolor) and kymographs of post-ER VSVG-mCh carriers in neurons expressing KIF17-WT or KIF17-S1029A, before (ctr) or after addition of 4AP
plus bicuculline (4AP/bic). Scale bar, 5 mm.
(C) VSVG mobility index in 11–14 DIV neurons expressing YFP-KIF17-WT or YFP-KIF17-S1029A after addition of 4AP/bic in the absence or presence of the CaMK
inhibitor KN93 (10 mM). Shown are means ± SEM normalized to control values of untreated neurons. n = 8–15 cells in 1 (KN93), 5 (KIF17-WT), and 4 (KIF17S1029A) experiments. **p < 0.01; t test.
(D) Ca2+/CaMK activity regulates the mobility of Golgi vesicles visualized by GS27-mCh. Kymographs show GS27-mCh movement in neurons before (ctr) or after
addition of 4AP/bic in the absence (upper panels) or presence of KN93 (lower panels).
(E) Effect of KN92 and KN93 on the activity-dependent dynamics of VSVG-mCh and GS27-mCh. VSVG-mCh was imaged either directly after release of an ER-exit
blockade (no Golgi block) or after blockade and release of Golgi exit (with Golgi block). Shown are percentages of neurons with reduced tubulovesicular dynamics
following 4AP/bic (mean ± SEM, n = 4–5 observers; see Experimental Procedures) and statistical trends determined from corresponding cell counts (see also
Figure S3). KN92 partially blocked the effect of neuronal activity on secretory dynamics. In contrast, KN93 had a mild effect on post-ER VSVG imaged without a
Golgi block, but strongly reduced the mobility of both VSVG imaged after release of a Golgi block and GS27. n = 7–27 cells in 2–8 independent experiments. *p <
0.05; **p < 0.01; chi-square test for trends (statistical trends) or ANOVA and Dunn’s multiple comparison test (bar graph).
See also Figures S2 and S3.

from microtubules and transfer to F-actin for local delivery to
exocytic sites at the dendritic plasma membrane.
We previously showed that membrane protein lateral mobility
in the ER is regulated by specific synaptic receptors (Cui-Wang
et al., 2012). Whereas group I metabotropic glutamate receptors
decrease the spatial range of cargo mobility within the ER
proper, ionotropic glutamate receptors have a strong impact
on post-ER vesicular trafficking (Figure 3) but little effect on
6 Cell Reports 7, 1–8, June 26, 2014 ª2014 The Authors

cargo dynamics in the ER (Cui-Wang et al., 2012). Thus, distinct
glutamatergic synaptic signaling pathways control specific
aspects of membrane cargo synthesis and secretory trafficking
in dendrites, each contributing to local membrane protein
processing.
In PC12 cells, Rab1-containing ERGICs and ER exit sites, but
not Golgi membranes, are selectively distributed to the neurites
and growth cones of polarized cells (Sannerud et al., 2006),
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indicating that satellite secretory systems devoid of classical
Golgi membranes are formed during neuritogenesis. Our results
show that the long-range transport of post-ER cargo becomes
progressively limited during neuronal maturation, consistent
with the emergence of increasing synaptic activity (Figures 2A–
2C). These findings raise the possibility that ion channels and
secreted proteins produced in segments of dendrites devoid of
Golgi membranes may bypass this compartment (Jeyifous
et al., 2009) and use a direct ER-ERGIC-plasma membrane
pathway. Given the known impact of Golgi-associated glycosylation on ion channel distribution (Storey et al., 2011), stability
(Watanabe et al., 2004), and biophysical properties (Schwetz
et al., 2011), it is possible that by bypassing the Golgi, dendritically synthesized neurotransmitter receptors and voltage-gated
ion channels may develop more diverse properties, which in turn
would impact dendritic excitability.
Local synthesis of secreted factors and membrane proteins
contributes to synapse plasticity, and many mRNAs for secreted
proteins are themselves transported by kinesin motors (Hirokawa, 2006; Kiebler and Bassell, 2006). Our results implicate
KIF17 phosphorylation in local secretory trafficking associated
with newly synthesized cargo. The confinement of secretory
trafficking reported here may help explain how local synaptic
signals direct newly made receptors and secreted proteins to
specific dendritic domains. More broadly, such a mechanism
may provide a general paradigm for directed cargo delivery in
geometrically complex cells.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection
Neuronal cultures were prepared and transfected as previously described (CuiWang et al., 2012; Sutton et al., 2006). Experiments were performed 12–24 hr
post transfection in neurons displaying moderate levels of exogenous protein
expression. All animal procedures were performed under protocols compliant
and approved by the Institutional Animal Care and Use Committees of Duke
University, the Max Planck Society, the University of Bordeaux, and Pfizer.
Imaging and Drug Treatments
Live-cell imaging was performed at 20 C or 37 C with an inverted spinningdisk confocal microscope. Activity-dependent secretory trafficking was assessed in E4 medium supplemented with 4 mM CaCl2 and 0–0.5 mM MgCl2
for a maximum duration of 90 min.
Antibodies and Immunocytochemistry
Unless otherwise specified, immunocytochemistry was performed as
described previously (Cui-Wang et al., 2012; Horton and Ehlers, 2003). For
Rab1b immunostaining, cells were permeabilized with 0.2% saponin before
fixation.
Two-Frame Running Subtraction
Tubulovesicular structures were isolated by wavelet decomposition (Théry
et al., 2005). Segmented images were binarized and used for two-frame
running subtraction (Hanus et al., 2004; Toomre et al., 1999). A mobility index
was calculated by normalizing subtractive surfaces (i.e., the pixels that correspond to objects movements) by average pixel numbers in the source timelapse sequences (i.e., the total area of the considered objects).
Categorization of Dendritic Kymographs
Pairs of kymographs (control versus 4AP/bic) were sorted as affected (reduced
dynamics, or ‘‘yes’’), unaffected (no reduction, or ‘‘no’’), or not suitable for such
a determination (nondetermined) by five ‘‘blind’’ observers.

Statistics
Data are presented as means ± SEM unless otherwise indicated.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
three figures, and five movies and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2014.05.028.
AUTHOR CONTRIBUTIONS
C.H. designed and performed the experiments, analyzed the results, and
wrote the manuscript. L.K. designed and performed the experiments, analyzed
the results, and edited the manuscript. S.t.D. cloned GS27 and edited the
manuscript. V.R. and J.-B.S. provided Multidimensional Image Analysis
(MIA). E.M.S. designed the experiments and edited the manuscript. M.D.E. designed the experiments and wrote the manuscript.
ACKNOWLEDGMENTS
We thank Cécile Charrier and Georgi Tushev for their critical reading of the
manuscript. We thank Ina Bartnik, Nicole Fürst, Helene Geptin, Marguerita
Klein, and Irina Lebedeva for excellent technical assistance. We thank JeanBaptiste Sibarita and Victor Racine for the use of MIA. Work in the laboratory
of E.M.S. is supported by the Max Planck Society, the European Research
Council, DFG CRC 902, and the DFG Cluster of Excellence for Macromolecular
Complexes. C.H. is supported by a Marie Curie career integration grant. Work
in the laboratory of M.D.E. is supported by Pfizer, Inc., and M.D.E. is an
employee and shareholder of Pfizer.
Received: March 20, 2013
Revised: March 16, 2014
Accepted: May 14, 2014
Published: June 12, 2014
REFERENCES
Cajigas, I.J., Tushev, G., Will, T.J., tom Dieck, S., Fuerst, N., and Schuman,
E.M. (2012). The local transcriptome in the synaptic neuropil revealed by
deep sequencing and high-resolution imaging. Neuron 74, 453–466.
Chu, P.J., Rivera, J.F., and Arnold, D.B. (2006). A role for Kif17 in transport of
Kv4.2. J. Biol. Chem. 281, 365–373.
Correia, S.S., Bassani, S., Brown, T.C., Lisé, M.F., Backos, D.S., El-Husseini,
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Figure S1. A Versatile Running Subtraction Method for Quantifying Vesicular Dynamics.
Related to Figure 2.
A-C. Quantification of the global dynamics of latex beads diffusing in glycerol/H2O mixtures
using single particle tracking (SPT) or two-frame running subtraction (see Material and
Methods).
A. Scheme showing the position (x,y)i of a spherical particle at time points ti and the signal
obtained by subtracting pictures acquired at times ti+1 and ti. The subtractive signal is directly
proportional to bead movement and is used to derive a mobility index defined as the average of
the subtractive signal / average particle size ratio, iteratively calculated over a time-lapse
sequence (see Methods).
B. Mobility index as a function of glycerol amount (vol:vol) and exponential fit (y = 73.5 e-8.745x).
The mobility index shows the expected exponential relationship with viscosity. Shown are means
± SEM. n = 6 fields of view for each group, 7-10 beads per field of view.
C. Plot of mobility index as a function of bead velocity measured by SPT showing a tight
correlation between the two parameters.

Figure S2. Morphology of secretory carriers in neurons expressing YFP-KIF17 wt and
YFP-KIF17 S1029A. Related to Figure 4.
Shown are various images of VSVG-mCh (pseudocolored) showing the variable morphology of
mobile dendritic tubulovesicular carriers (arrows) in neurons expressing YFP-KIF17 wt or YFPKIF17 S1029A. Scale bar, 5 m.

Figure S3. Effect of KN92 and KN93 on activity-dependent secretory dynamics. Related to
Figure 4.
A. VSVG mobility index (mean ± SEM) in DIV 11-14 neurons expressing YFP-KIF17-wt or
YFP-KIF17-S1029A after addition of 4AP/bic in the absence or presence of the CaMK inhibitor
KN93 (10 M). Shown are means ± SEM in before (ctr) and after addition of 4AP / bic (same
data as in figure 4C). n = 8-15 cells in 5 (KIF17-WT), 4 (KIF17-S1029A), and 1 (KN93)
experiment(s). ** p < 0.01; t-test.
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B. Proportions of neurons displaying (yes) or not displaying (no) reduced vesicular dynamics
(and neurons that were not analyzed, nd) after increased synaptic activity (4AP/bic) under
conditions as in Figure 4E.
C. Statistical significance of tests used to assess trends in two (yes, no) by three (no inhibitor,
KN92, KN93) contingency tables (n=7 to 27 cells, total 138 cells, in 2-8 independent
experiments).

Movie S1. Dual Organization of Post-ER Trafficking, Related to Figure 1. VSVG-GFP
dynamics in a dendrite after a sequential 40°C to 20°C to 37°C temperature shift showing VSVG
trafficking through mobile tubulovesicular carriers (arrows) and stationary post-ER compartments
(arrowheads). Same dendrite as in Figure 1B. Time in min:sec. Scale bar, 5 m.

Movie S2. Merging of Transport Vesicles with Stationary Compartments, Related to Figure
1.
Higher magnification of the dendrite shown in Movie S1 documenting the fusion of mobile
tubulovesicular carriers (arrows) with stationary compartments (arrowheads). Time in min:sec.
Scale bar, 5 m.

Movie S3. GS27-mCh dynamics, Related to Figure 1.
Dynamics of the post-ER and Golgi-localized SNARE protein GS27-mCh in neuronal dendrites.
Similarly to VSVG-GFP after release from the ER, GS27-mCh labels mobile tubulovesicular
carriers (arrows) that merge with and emerge from stationary compartments (arrowheads). Time
in min:sec. Scale bar, 5 m.

Movie S4. Changes in Synaptic Activity Regulate Post-ER Trafficking, , Related to Figure 2.
Shown is the dendrite depicted in Figure 2E after a 30 min exposure to glutamate and glycine
(glu/gly, upper panel) and 4 min (middle panel) and 12 min (lower panel) after the addition of
CNQX/AP5 (glu/gly + CNQX / AP5). Note the reappearance of mobile tubulovesicular
structures (arrows) after the addition of the glutamate receptor blockers. Time in min:sec.

5

Hanus et al., Post-ER Trafficking in Dendrites

Movie S5. Activity Regulates Secretory Trafficking by Site-Specific Phosphorylation of
KIF17, Related to Figure 4.
VSVG-mCh dynamics after a 40°C to 20°C to 37°C shift in neurons expressing YFP-KIF17-WT
or YFP-KIF17-S1029A before (control, ctr) and after increase of synaptic activity with 4AP +
bicuculline (4AP/bic). Dendrite shown is the same as in Figure 4B. Stationary and mobile
structures are labeled by arrowheads and arrows, respectively. Time in min:sec.

Supplemental Experimental Procedures
DNA constructs. VSVG-GFP, VSVG-mCherry and VSVG-tdTomato constructs have been
described previously (Cui-Wang et al., 2012). GFP-ERGIC53 (Ben-Tekaya et al., 2005) and
YFP-KIF17-wt (Chu et al., 2006) were generous gifts from Dr. Hans-Peter Hauri (Biozentrum
Basel) and Dr. Don Arnold (University of Southern California), respectively. YFP-KIF17S1029A was generated by site directed mutagenesis (GenScript USA). GCaMP3 was obtained
from Addgene. GS27 ORF (Lowe et al., 1997) (identical to accession number # FQ102212) was
isolated by RT-PCR from adult rat hippocampal mRNAs (RetroScript, Life Technologies) and
cloned into pmCherry-N1 (Cui-Wang et al., 2012).

Cell culture and transfection. Rat hippocampal cultures were derived from rat E18 embryos or P1
rat pups and transfected as previously described (Cui-Wang et al., 2012; Sutton et al., 2006).
Experiments were performed 12–24 h post-transfection in neurons displaying moderate levels of
exogenous protein expression. All animal procedures were performed under protocols compliant
and approved by the Institutional Animal Care and Use Committees of Duke University, the Max
Planck Society, the University of Bordeaux, and Pfizer.

Imaging and drug treatments. Live hippocampal neurons were monitored at 20°C or 37°C in
Hibernate A medium (BrainBits) (Figure 1D) or E4 medium (150 mM NaCl, 3 mM KCl, 15 mM
glucose, 10 mM HEPES, pH 7.4) supplemented with 2 mM CaCl2, 2 mM MgCl2 (standard E4) or
4 mM CaCl2, and 0 to 0.5 mM MgCl2 (low-Mg E4), for a maximum duration of 90 min.
Confocal imaging was performed using a 60x 1.4 NA objective on a TE300 Nikon inverted
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microscope equipped with a CSU10 spinning disk confocal unit (Yokugawa, Inc.), an EM-CCD
camera (Hamamatsu, Inc.), and a custom diode-laser illumination module (Prairie Technologies,
Inc.). 4-aminopyridine (4AP), bicuculline, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX),
amino-5-phosphonovaleric acid (AP5) (Tocris), L-glutamate and L-glycine (Sigma) were used in
low-Mg E4 at final concentrations (in M) of 100, 20, 50, 50, 10 and 5, respectively. KN92 and
KN93 (Calbiochem) were used at a concentration of 3.3 or 10 M and were present during the
entire experiment. Imaging of surface VSVG immunoreactivity was performed using a 40x 1.4
NA objective on a Zeiss LSM780 laser point scanning confocal microscope, with the pinhole
open at 1.5 Airy units.

Antibodies and immunocytochemistry. The following antibodies were used at the indicated
concentrations; mouse anti-lumenal VSVG (Horton and Ehlers, 2003) (1:300), mouse antiGM130 (BD Transduction, 1:750), rabbit anti-ERGIC53 (Sigma, 1:500), rabbit anti-Rab1B
(Sigma, 1:100), mouse and rabbit anti-MAP2 (Synaptic System, 1:2000), goat rhodamine-RX or
FITC-conjugated anti-IgG secondary antibodies (Jackson Laboratory, 0.75 mg/mL). Unless
otherwise specified, immunocytochemistry was performed as described previously (Cui-Wang et
al., 2012; Horton and Ehlers, 2003). For Rab1b immunostaining, cells were rinsed in cold
minimal cytoskeleton buffer (MCB: 10 mM PIPES, 100 mM NaCl, 300 mM sucrose, 3 mM
MgCl2 and 2 mM EGTA pH 6.8) and then permeabilized for 15 min on ice in MCB supplemented
with 0.2% saponin. Cells were then rinsed several times in MCB, fixed in 3% PFA/0.03%
glutaraldehyde for 15 min, and immunoreacted.

Image processing and two-frame running subtraction. Image analysis was performed using
Metamorph (Universal Imaging Corporation). Fluorescence was quantified after application of a
low pass filter. For quantification of VSVG dynamics, tubulovesicular structures were isolated
by wavelet decomposition using multidimensional image analysis (Thery et al., 2005), allowing a
separation of small structures with low intensities from larger structures with higher intensities
without thresholding according to absolute fluorescence intensities. Segmented images were
binarized and used for two-frame running subtraction (Hanus et al., 2004; Toomre et al., 1999).
A mobility index was calculated as:
< [ ( |Fti+1 – Fti| + |Fti - Fti+1| ) / <Fti+1 + Fti > ] > 1<i<N
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where Fti is the frame acquired at time ti, N is the total number of frames in a given time-lapse
sequence, and |Fti+1 – Fti| and |Fti – Fti+1 | are the absolute values of Fti+1 – Fti and Fti – Fti+1, that is
the number of white pixels in Fti+1 that were black in Fti or vice-versa (subtractive surface
corresponding to objects that moved between two frames). To account for changes in particle
number in the field of view and for the morphing of fluorescent objects, the subtractive surfaces
|Fti+1 – Fti| and |Fti - Fti+1| were summed and normalized by the average pixel number in Fti and
Fti+1. Put differently, this index quantifies the summed movements of a given collection of
objects between the subsequent frames of a time-lapse sequence. Red fluorescent microspheres
(Katz et al., 1984) were used for dual analysis by running subtraction and single particle tracking.
Mobility index measurements across conditions were compared after subtraction of values
obtained in fixed cells. Surface VSVG immunoreactivity was quantified in the soma and in the
first 100 µm segment of the largest primary dendrite.

Categorization of dendritic kymographs. Dendritic regions displaying tubulovesicular dynamics
were chosen based on the control condition only (i.e. before activity increase) and used to obtain
kymographs of individual dendrites before (control) and after activity increase (4AP/bic). These
pairs of kymographs (control versus 4AP/bic) were then assessed by 5 observers who were blind
to the experimental conditions, and were asked to determine if the cells were affected (reduced
dynamics, or “yes”), unaffected (no reduction, or “no”) or not suitable for such a determination
(non-determined). The relative effects of KN92 and KN93 were then determined by comparing
the average fractions of cells (n = 4-5 observers in Figure 4E) or average raw counts of “yes”,
“no” or “nd” cells (Figure S3) in the absence of inhibitor or in the presence of KN92 or KN93.

Statistics. Data are presented as means ± SEM unless otherwise indicated. The number of cells
and independent experiments used for quantification are indicated in the text or in the figure
legends. Data normality was assessed with d’Agostino-Person tests. Two-tailed Student’s t tests
were used to compare two means. One-way ANOVAs and post hoc Tukey’s tests were
performed to determine whether significant differences existed among multiple means (i.e. more
than 2). The significance of group differences in two (yes, no) by three (no inhibitor, KN92,
KN93) contingency tables were determined by Fisher’s exact test and Chi-square test for trends.
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