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Soluble cytosolic proteins vital to axonal and presynaptic function are synthesized in the neuronal soma and conveyed
via slow axonal transport. Our previous studies suggest that the overall slow transport of synapsin is mediated by dynamic assembly/disassembly of cargo complexes followed by short-range vectorial transit (the “dynamic recruitment”
model). However, neither the composition of these complexes nor the mechanistic basis for the dynamic behavior is
understood. In this study, we first examined putative cargo complexes associated with synapsin using coimmunoprecipitation and multidimensional protein identification technology mass spectrometry (MS). MS data indicate that synapsin
is part of a multiprotein complex enriched in chaperones/cochaperones including Hsc70. Axonal synapsin–Hsc70 coclusters are also visualized by two-color superresolution microscopy. Inhibition of Hsc70 ATPase activity blocked the slow
transport of synapsin, disrupted axonal synapsin organization, and attenuated Hsc70–synapsin associations, advocating a model where Hsc70 activity dynamically clusters cytosolic proteins into cargo complexes, allowing transport.
Collectively, our study offers insight into the molecular organization of cytosolic transport complexes and identifies a
novel regulator of slow transport.
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Introduction
The vast majority of axonal and presynaptic proteins are synthesized in the neuronal soma and conveyed via axonal transport.
Pulse-chase radiolabeling studies in a variety of organisms—
mice, rats, guinea pigs, rabbits, Aplysia californica, Xenopus
laevis, and others—have found that newly synthesized proteins
are conveyed into axons in two distinct overall rates called fast
and slow axonal transport (Black and Lasek, 1979; Brady et al.,
1981; Garner and Lasek, 1981, 1982; Koike and Matsumoto,
1985; Baitinger and Willard, 1987; Sekimoto et al., 1991; Dillman et al., 1996; Mills et al., 1996; Yuan et al., 1999). Whereas
the fast component carries membranous/membrane-anchoring
proteins at rates of ∼100–400 mm/d, the slow component
is composed of cytosolic and cytoskeletal cargoes moving at
mean rates that are orders of magnitude slower (∼0.2–10 mm/d;
Grafstein and Forman, 1980; Roy, 2014; Black, 2016). Slow
transport can be further resolved into a relatively faster cohort
containing cytosolic proteins, moving at mean rates of ∼2–10
mm/d (known as slow component b [SCb]), and a slower group
carrying mainly cytoskeletal proteins at mean rates of ∼0.2–3
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mm/d (called slow component a or SCa; Black and Lasek, 1980;
Garner and Lasek, 1982; Lasek et al., 1984).
Though the radiolabeling experiments defined overall rate
classes, the transported cargoes could not be visualized by these
techniques. More recently, we developed live assays to visualize slow cytosolic transport in cultured neurons. In brief, when
a discrete pool of cytosolic molecules is photoactivated in the
axon shaft, the dispersion of fluorescent molecules has a slow
anterograde bias, that likely represents slow transport (Scott et
al., 2011; Tang et al., 2012, 2013). Particle tracking suggests
that this overall biased transit is mediated by the assembly/disassembly of cargoes and short spurts of vectorial movement,
advocating a model wherein cytosolic molecules dynamically
assemble into cargo complexes that are subsequently transported (the “dynamic recruitment” model; Roy, 2014). Though
these particle kinetics have been documented by several studies
(Scott et al., 2011; Tang et al., 2012, 2013; Twelvetrees et al.,
2016), the underlying basis for this behavior is unknown. We
reasoned that understanding the composition of transport complexes might offer clues, which was the motivation for this work.
© 2017 Ganguly et al. This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under
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license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).
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Although the idea that cytosolic cargoes moving in slow
transport may be organized as multiprotein complexes has been
around for decades, evidence for this notion is limited, largely
resting on biochemical fractionation experiments where SCb
proteins settle in high-density fractions, behaving like protein
complexes (Lorenz and Willard, 1978; Tytell et al., 1981; Garner and Lasek, 1982; Scott et al., 2011). Though a handful of
cytosolic proteins have been shown to associate in coimmunoprecipitation (coIP) experiments (Black et al., 1991), even an
inventory of any SCb complex is lacking. Using multidimensional protein identification technology (MudPIT) mass spectrometry (MS; MudPIT-MS; McDonald et al., 2004), in this
study we characterize a multiprotein complex containing the
archetypal SCb protein synapsin-I (hereafter called synapsin;
Baitinger and Willard, 1987; Paggi and Petrucci, 1992) from
mouse brain fractions. Brains from mice lacking all synapsins
were used as controls, providing confidence in the datasets.
Native cytosolic protein assemblies in axons were also visualized by two-color superresolution imaging, offering the first
nanometer-level view of SCb complexes. Our study reveals a
higher-order organization of synapsin with several classes of
cytosolic proteins and implicates heat shock proteins (Hsps) as
potential regulators of slow axonal transport.

Isolation of synapsin complexes from brain
and proteomic strategies

Our overall goal was to isolate synapsin complexes from brain
fractions expected to be enriched in SCb proteins and then identify peptide constituents by MudPIT-MS. In previous studies,
we examined cytosolic proteins, including synapsin, in mouse
brain fractions from synaptosomal (P2) and nonsynaptosomal
(or “synaptosome-depleted” S100 and P100) fractions, reasoning that the latter would contain the synapsin pool conveyed
in SCb (Fig. 1 A; Scott et al., 2011; Tang et al., 2013). To get
an inventory of the synapsin-associated proteins, in this study,
we immunoprecipitated synapsin from each of these fractions
(P2, S100, and P100) using protocols described by Scott et al.
(2011). In brief, immunoprecipitation (IP) was performed under
nondenaturing conditions in the presence of low–ionic strength
buffers (to help preserve native interactions). Thereafter, the
protein composition in the resultant samples was determined
using MudPIT-MS (Fig. 1 B). As controls, we used mouse
brains lacking all three known synapsin isoforms (synapsinI/-II/-III), hereafter called synapsin triple knockout (TKO)
mice (Gitler et al., 2004a). Specifically, we performed identical synapsin coIP experiments with TKO mouse brain lysates
and identified peptide constituents by MudPIT-MS to generate
control peptide lists, reasoning that the peptides immunoprecipitated in this case should be a result of nonspecific associations.
Silver-stained gels of IP fractions suggest that synapsin
was associated with other proteins (Fig. 1 C). For MS analyses,
in brief, the immunoprecipitated samples from WT and TKO
brains were reduced, alkylated, protease digested, and separated
by liquid chromatography before MS analysis. Tandem mass
spectra were generated and matched to peptides in a mouse database. As shown in the raw MS spectrum counts (Fig. 1 D),
synapsins could be readily immunoprecipitated from WT brains
but were virtually absent in TKO samples. Spectrum counts for
each protein from several independent runs were normalized
2
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Characterization of synaptosomal and
nonsynaptosomal fractions

Next, we examined synapsin-associated proteins in the synaptosomal (P2) fractions. The synaptic proteome was enriched in metabolic enzymes and cytoskeletal (and not membrane-spanning)
proteins, consistent with the known biology of the cytosolic
protein synapsin (Fig. 3 A). Although synapsin is an established
synaptic protein and has been studied in detail (Cesca et al.,
2010; Giovedí et al., 2014), we are not aware of any comprehensive and unbiased proteomic studies on synapsin-interacting
proteins at synapses. Nevertheless, candidate-based studies
have identified some, and we asked whether these proteins were
also detected in our MS experiments. Indeed, several reported
synapsin interactors (CamKII, calmodulin, endophilin, actin,
etc.) were also present in our synaptosomal/P2 list (Fig. 3 B),
whereas some others were detected in nonsynaptosomal fractions (for full lists, see Table S4). Most of the proteins detected
in this study have also been reported in previous MS studies of
synaptosomes (Peng et al., 2004; Collins et al., 2005; Takamori
et al., 2006). Collectively, these data provide further confidence
in the validity of our IP protocols and proteomics approach.
Examination of the P100/S100 (nonsynaptosomal) fractions—expected to contain SCb proteins—revealed that these
two cohorts were comprised of proteins belonging to related
functional groups (Fig. 4 A), though the exact peptides varied
(Tables S2 and S3). Interestingly, among the proteins pulled
down with synapsin was a large group of chaperone and cochaperone proteins with relatively high spectral counts and
functional interconnectivity, including the major constitutive
cellular chaperone Hsc70 (Fig. 4, B and C). As Hsc70 has wellknown functions in organizing protein complexes in many cellular contexts (Bukau and Horwich, 1998) and have also been
posited to play a role in organizing SCb complexes (de Waegh
and Brady, 1989; Black et al., 1991), we wondered whether
they might also play a role in clustering synapsin molecules
and regulating their transport. Like other cytosolic proteins,
Hsc70 and other Hsps are also conveyed in SCb and are well
situated to play a regulatory role (Clark and Brown, 1985; de
Waegh and Brady, 1989; Black et al., 1991; Sekimoto et al.,
1991; Bourke et al., 2002).
As synapsin–Hsc70 associations have not been described
previously, we first characterized their association using
HEK293 cells. Specifically, we transfected HEK293 cells,
which have high levels of endogenous Hsc70, with either
the full-length GFP-tagged synapsin or various GFP-tagged
deletion mutants. Previous studies have examined the roles
of various synapsin domains in some detail (Fig. 4 D, top),
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Results

and averaged to obtain final spectrum counts for a given protein
in both WT and TKO samples (Fig. 2, see the Protein identification through MudPIT-MS analysis section of Materials and
methods for further details). Thereafter, we applied the following inclusion criteria to identify proteins associated with synapsin in the various brain fractions. First, we included proteins
that were detected in WT but not in TKO samples, reasoning that
these peptides were likely candidates for synapsin-associated
proteins (Fig. 2). Additionally, we also included peptides with
WT spectrum counts that were two or more times that of TKO.
Using these two criteria, the final lists had ∼2,000–3,000 proteins in each fraction, and these were considered to be putative
synapsin-interacting proteins (for complete lists, see Tables
S1, S2, and S3).
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Figure 1. Isolation of synapsin-associated protein complexes from mouse brains. (A) Whole-brain lysates from WT or synapsin TKO mice were differentially fractionated to obtain synaptosomal (P2) and synaptosome-depleted fractions (S2). The latter were further subfractionated into P100 and S100
fractions by high-speed centrifugation (red box, putative SCb fractions; see the Isolation of synapsin complexes… section of Results). (B) Synaptosomal
(P2) and nonsynaptosomal fractions (P100 and S100) from A were coimmunoprecipitated with an anti-synapsin antibody under nondenaturing conditions.
CoIP fractions were subjected to MudPIT-MS to identify peptides. TKO brain lysates were used as negative controls. (C) Silver-stained gels of synapsin
coIP fractions from WT brain lysates (P2, P100, and S100) suggest the presence of polypeptides associated with synapsin. Single arrowheads represent
synapsin-Ia, double arrowheads represent synapsin-Ib (note IgG controls, right lanes). (D) Raw spectrum counts of synapsins-I and -II from various coIP
fractions as detected by MudPIT-MS. Note spectrum counts are high in WT fractions but undetectable in TKO lysates.
Hsc70 ATPase activity regulates slow axonal transport • Ganguly et al.
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and we exploited this information to examine Hsc70–
synapsin interactions (Gitler et al., 2004b; Cesca et al., 2010).
Synapsin was immunoprecipitated from these samples using
an anti-GFP antibody (Fig. 4D). Although no Hsc70 was
coimmunoprecipitated in cells transfected with GFP alone,
robust levels of Hsc70 were coimmunoprecipitated from
cells containing GFP:synapsin constructs (Fig. 4 D, left two
lanes). Our data further suggest that the d-domain of synapsin
associates with Hsc70 (Fig. 4 D, right four lanes).
Visualization of synapsin–Hsc70 complexes
by two-color superresolution microscopy

The preceding experiments suggest that synapsin and Hsc70
are members of a supramolecular complex. To further define
this complex and explore underlying mechanisms, we turned
to cultured hippocampal neurons, a model system that allows
high-resolution studies and live-imaging experiments. Endogenous synapsin and Hsc70 were distributed as punctate structures in soma, dendrites, and axons in cultured neurons, along
with a low-level diffuse distribution, as seen by routine light
microscopy (Fig. S1 A). Interestingly, we noticed that synapsin and Hsc70 particles were often in close approximation
in axons, in addition to some overlap (see representative images and quantification in Fig. S1, A–C). This apposition suggests that the two proteins synapsin and Hsc70 might be part
of larger complexes containing other proteins that remain unlabeled in these experiments.
To examine this in more detail, we used two-color superresolution microscopy to visualize endogenous synapsin and
Hsc70 in axons at nanometer resolution using DNA-PAINT, a
variation of point accumulation for imaging in nanoscale topography (see the Superresolution imaging of endogenous synapsin… section of Materials and methods; Fig. 5 A; Jungmann
et al., 2014). Representative data from these superresolution experiments are shown in Fig. 5 C (for a corresponding widefield
image, see Fig. 5 B). Interestingly, at this resolution (25 nm in
4
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the x/y plane), we noticed coclusters of synapsin and Hsc70
molecules distributed along the axon shaft (Fig. 5, C’ and C”),
suggesting that these two proteins are not randomly distributed
but instead are organized in some manner. Also note that the
overall spatial organization of synapsin–Hsc70 clusters at this
resolution, with “gaps” within a seemingly clustered complex
(see dotted circles in Fig. 5 C’’, for instance), suggest the presence of other unstained proteins within these complexes, pointing to a scenario in which synapsin and Hsc70 are part of a
larger transport complex (though some of this might also be
space occupied by the antibodies themselves).
We also wrote algorithms to quantitatively analyze the size
of synapsin–Hsc70 puncta and their proximity to each other in
the superresolution dataset. Details are provided in the Superresolution imaging of endogenous synapsin… section of Materials and methods and are summarized here. To obtain particle
size, bounded rectangles were drawn around the irregularly
shaped puncta, and particle diameter was estimated as shown in
Fig. 5 D (schematic and histogram; mean diameters of Hsc70
and synapsin particles were 39.8 and 37.4 nm, respectively). To
ascertain proximity of the synapsin–Hsc70 puncta, we first calculated the intensity-weighted center of mass of each punctum
and then asked whether the centers of neighboring synapsin and
Hsc70 puncta were within a user-defined distance to each other.
In principle, the user-defined distance should minimally reflect
the actual sizes of synapsin–SCb complexes; however, as this
is unknown, we reasoned that a conservative estimate would be
the sum of the mean diameters of synapsin and Hsc70 puncta,
which is ∼77 nm (39.8 nm + 37.4 nm). As shown in Fig. 5 E
(graph), using these criteria, ∼40–60% Hsc70 particles were in
close approximation to synapsin (numbers of synapsin particles
in close approximation to Hsc70 were also similar; not depicted;
also note that the percentages might be an underestimation as the
total SCb complex may be larger). These data suggest that native
synapsin–Hsc70 complexes in axons are heterogeneous and also
offer the first glimpse into the overall size of SCb complexes.
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Figure 2. Criteria for including synapsin-interacting peptides identified by MudPIT-MS analysis. Raw spectrum counts for a given protein from WT and TKO
lysates were normalized and averaged to obtain final spectral counts using conventional strategies as detailed in the Isolation of synapsin complexes…
section of Results. The following inclusion criteria were then applied to determine synapsin-associated proteins. First, peptides detected in WT but not in the
TKO lysates (spectrum count = 0) were included. Second, peptides with final spectrum counts of twofold or more than TKO fractions were also included in
the list. The final numbers of proteins are indicated in the black boxes. IF, immunofluorescence.
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Figure 3. Characterization of the synapsin proteome from the synaptosomal fraction. (A) Peptides meeting inclusion criteria from the synaptosomal fraction (P2) were classified based on the molecular function. Note that metabolic enzymes, transcription factors, and cytoskeletal elements constitute a large
fraction of the identified peptides as expected (“%” represents the number of proteins in the functional group per total number proteins in the fraction ×
100). (B) Table of known synapsin interactors detected in the synaptosomal fraction (also see Table S4).

Hsc70 inactivation attenuates the slow
axonal transport of synapsin

Though these data suggest that synapsin and Hsc70 are members of a higher-order assembly, the specific role of Hsc70 in
this complex, if any, is unclear. Hsc70 is a constitutive member
of the Hsp family with intrinsic ATPase activity that can hydrolyze ATP to ADP. The ADP-bound form has a higher affinity
for its binding partners, and inactivation of the ATPase activity
is expected to interrupt peptide binding as well (Huang et al.,
1993; Bukau et al., 2006; DeGeer et al., 2015). Because Hsc70
has established functions in protein folding and maintenance
of physiological macromolecular assemblies, we asked whether
this chaperone may also play a role in clustering synapsin complexes and facilitating slow transport.

To test this idea, we attenuated the ATPase activity of
Hsc70 in cultured neurons both pharmacologically and genetically and visualized slow axonal transport of synapsin. To inactivate Hsc70, we used a well-characterized small molecule
inhibitor (VER155008) that blocks Hsc70 ATPase activity by
associating with its ATP-binding domain (Massey et al., 2010).
As a complementary genetic approach, we used a dominant-
negative Hsc70 mutant (D10N) that impairs ATP hydrolysis
(Huang et al., 1993; DeGeer et al., 2015). To visualize slow
transport of synapsin, we used a photoactivation assay previously established in our laboratory (Roy et al., 2011; Scott et
al., 2011; Tang et al., 2013). In this assay, neurons were transfected with photoactivatable GFP (PAGFP)-tagged synapsin, a
discrete region of interest (ROI) within the axon was photoacti-
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Figure 4. Characterization of synapsin protein complexes from nonsynaptosomal fractions. (A) Functional categorization of peptides identified in the nonsynaptosomal (P100 and S100) fractions (“%” represents number of proteins in the functional group per total number proteins in the fraction × 100). (B) Bar
graphs showing raw spectrum counts for selected chaperones detected in the S100 fraction. Error bars show means ± SEM. (C) Protein–protein interaction
map of the chaperones identified in the S100 fraction. Individual proteins are highlighted by red dots, and protein–protein interactions are indicated by
light gray lines. The dashed circle highlights the Hsp peptides. (D) CoIP of synapsin and Hsc70 in HEK293T cells. HEK cells were either transfected with
the full-length GFP-tagged synapsin or various GFP-tagged deletion mutants containing only some of the domains that make up the protein (a schematic of
various synapsin domains is on top). The transfected synapsin and endogenous Hsc70 was detected by anti-GFP and anti-Hsc70 antibodies, respectively.
Note that only the synapsin deletion lacking the d-domain failed to associate with Hsc70 (fifth lane from left, bottom gel). The asterisk indicates IgG heavy
chain. Molecular mass is indicated in kilodaltons.
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Figure 5. Coclustering of endogenous synapsin and Hsc70 in axons visualized by two-color superresolution microscopy. (A) Principle of DNA-PAINT. Note
weak hybridization between DNA strands leads to fluorophore “blinking,” allowing superresolution imaging. (B and C) Widefield and corresponding
two-color superresolution image of axonal synapsin and Hsc70. Progressively zoomed insets from C are shown in C’ and C”. Note coclusters of synapsin
and Hsc70 (some highlighted with dashed circles in C”). (D and E) Quantifications of axonal superresolution data. (D) Size of particles was ∼40 nm; and
(E) ∼60% of the synapsin particles were within 100 nm of Hsc70 particles, suggesting coclustering.

vated, and the photoactivated population was tracked over time
by live imaging (Fig. 6 A, schematic).
Under physiological conditions, the dispersion of photoactivated synapsin molecules is anterogradely biased (Fig. 6 B,
top; Scott et al., 2011; Tang et al., 2013). However, attenuation of Hsc70 ATPase activity blocked this anterograde bias,

actually introducing a retrograde bias. Quantitative data from
these experiments are shown in Fig. 6 C. Note that the y axis
(intensity center shift) in these graphs represents displacement
of the centroid of the photoactivated pool over time (positive
numbers indicate anterograde transport; for details see the Microscopy, live imaging/analysis, and synaptic targeting section
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of Materials and methods; Scott et al., 2011; Tang et al., 2013).
Furthermore, to test whether selective inhibition of axonal
Hsc70 would also lead to decreased accumulation of synapsin
at en passant boutons (after stalling of synapsin transport in
axons), we used triple-chambered microfluidic devices where
distal axons and boutons can be physically isolated from their
somatodendritic counterparts (Fig. S2). Indeed, selective application of the Hsc70 inhibitor to the soma/proximal axons significantly attenuated the targeting of endogenous synapsin to
presynaptic boutons, which were physically isolated from the
drug (Fig. 6, D and E).
Disruption of axonal synapsin organization
upon Hsc70 inactivation

What are the underlying mechanisms by which Hsc70
inactivation attenuates the slow axonal transport of synapsin?
8
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In previous studies, we and others found that overall slow
transport is likely a result of dynamic cargo assembly and shortrange transport (Scott et al., 2011; Tang et al., 2012, 2013;
Twelvetrees et al., 2016)—the dynamic recruitment model
(Roy, 2014). Given the established role of Hsc70 in assembling
multiprotein complexes, one possibility is that Hsc70 is
involved in the proper folding/clustering of synapsin-associated
SCb complexes in axons followed by vectorial transit of these
complexes. If so, inactivation of Hsc70 ATPase activity would
be expected to disrupt these complexes and prevent transport.
To test this idea, we first turned to our photoactivation assay,
where the rate of fluorescence decay of the photoactivated ROI
is a marker of protein mobility (Tang et al., 2013). Specifically,
if the photoactivated molecules are more diffusive (i.e., less
organized) the decay is expected to be faster. Accordingly,
we measured the fluorescence decay of PAG
FP
:synapsin
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Figure 6. Inactivation of Hsc70 ATPase activity blocks slow axonal transport and presynaptic accumulation of synapsin. (A) Schematic of assay to
determine slow axonal transport of synapsin using photoactivatable synapsin (PAGFP:synapsin; Roy et al., 2011; Scott et al., 2011). In brief, PAGFP
:synapsin was photoactivated in a discrete axonal ROI, and the fluorescence was tracked over time by live imaging. (B) Kymographs from photoactivation
experiments in A. Note the anterogradely biased dispersion of PAGFP:synapsin fluorescence in control axons, thought to represent slow transport (midpoint
of photoactivated zone marked by red arrowhead and dashed line; top). Also note that the Hsc70 inhibitor (100 µM VER155008; bottom) eliminated
the anterograde bias. (C) Quantification of the transport experiments. In brief, the centroid of the photoactivated zone was quantified in each image of
a given time-lapse video, and the displacement of the centroid was quantified over time (intensity center shift; Scott et al., 2011). Note that although the
population of photoactivated synapsin was transported anterogradely, pharmacologic (VER155008) or genetic (DN-Hsc70) inactivation of Hsc70 ATPase
activity prevented the biased transit. (D) Attenuation of endogenous synapsin levels at presynaptic boutons upon selective inactivation of Hsc70 in axons.
Axons and presynaptic boutons were isolated from somatodendritic compartments using a triple-chamber microfluidic device (see Fig. S1 for design of
device). Thereafter, the Hsc70 inhibitor VER155008 (or DMSO control) was selectively added to the axonal/presynaptic chamber, and the neurons were
fixed and immunostained with anti-VAMP2 (to detect all presynapses; green) and anti-synapsin (red) antibodies. Representative images from axonal/
presynaptic chambers are shown. (E) Quantification of colocalization between synapsin and VAMP2. Note that Hsc70 inactivation significantly attenuated
the presynaptic localization of synapsin. Error bars show means ± SEM. **, P < 0.01.
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Discussion
In this study, we identified proteins associated with synapsin
from brain fractions expected to be enriched in cytosolic proteins moving in slow axonal transport. Although a heterogeneous group of proteins was identified, the lists were almost
exclusively comprised of cytosolic cargoes, many of which are
known to move in SCb. In particular, fractions were enriched in
chaperone and cochaperone proteins including Hsc70 (which
was also conveyed in slow transport). Interestingly, inactivating the ATPase activity of Hsc70 blocked the slow transport of
synapsin, disrupted axonal synapsin complexes, and attenuated
Hsc70–synapsin associations. Collectively, the data support a
model where inhibition of the Hsc70 ATPase cycle blocks the
dynamic clustering of cytosolic molecules and assembly of
transient transport complexes.
How are soluble proteins transported?

Individual membrane-anchored proteins are tethered to vesicles, and the latter are transported by molecular motors like kinesins and dyneins (Brady, 1991; Vale, 2003; Fu and Holzbaur,
2014; Maday et al., 2014; Song et al., 2016). However, soluble
cytosolic proteins are inherently diffusible, and if these molecules are not organized in some manner, free monomers would
simply diffuse inefficiently, and no directional transit would be
possible. Visualizing slow axonal transport in living neurons,
we and others found that the overall slow movement seems to
be generated by dynamic assembly/disassembly of cytosolic
molecules into complexes and vectorial transport—the dynamic
recruitment model (Scott et al., 2011; Tang et al., 2013; Roy,
2014, 2016; Twelvetrees et al., 2016). A similar biased transport
of the enzyme creatine kinase was also seen in squid axons,
though particle kinetics have not been resolved in this system
(Terada et al., 2000). We reasoned that understanding the composition of transport complexes might offer some clues into the
unusual particle kinetics.
The idea that soluble molecules in axons organize into
multiprotein transport complexes was proposed in the 1970s
and 1980s (Lorenz and Willard, 1978; Tytell et al., 1981; Garner and Lasek, 1982; Scott et al., 2011). Articulated as a part of
the overarching structural hypothesis, the idea was that proteins
are actively transported in axons as moving structures (Black,
2016). Though conceptually sound, this idea met with much resistance, as many groups failed to find evidence for movement
of assembled cytoskeletal structures (Baas and Brown, 1997;
Hirokawa et al., 1997). However, more recent studies clearly
show that cytoskeletal polymers are transported in axons (Roy
et al., 2000; Wang et al., 2000). Relevant to the context of our
study, to date there has been little evidence that cytosolic proteins in axons are organized as multiprotein complexes, and the
argument for the hypothesis is almost entirely based on biochemical fractionation experiments.
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in the photoactivated ROI in control axons and in axons
where Hsc70 activity was attenuated (Fig. 7 A). As shown in
Fig. 7 B, fluorescence decay of PAGFP:synapsin in axons was
significantly faster when Hsc70 activity was attenuated.
To test whether the endogenous axonal synapsin puncta
(presumably representing transport complexes) were also disrupted upon Hsc70 inactivation, we examined synapsin distribution in axons by immunostaining. As noted previously,
endogenous synapsin is punctate in axons, with a low-level
diffuse distribution (Fig. 7 C, top; and Fig. S1 A), and these
puncta likely represent synapsin–Hsc70 complexes (see DNAPAINT data; Fig. 5). Interestingly, inhibition of Hsc70 activity
led to a disruption of the axonal synapsin distribution. Specifically, the periodic distribution of synapsin puncta was disrupted (Fig. 7 C). Importantly, these effects are not caused by
global Hsc70 inactivation, as they were also seen when the
Hsc70 inhibitor was selectively applied to axons using microfluidics (Fig. S4, A–C). Note that in VER15508-treated axons,
some synapsin puncta are clustered together, whereas other
axon segments had few or no synapsin puncta at all. To quantify the disruption of the periodic distribution of synapsin, we
performed Fast Fourier transform (FFT) analysis on segments
of axons (see details in the Colocalization analysis of widefield images… section of Materials and methods; Zhong et
al., 2014) treated with either DMSO (control) or the Hsc70
inhibitor (VER155008). Quantitatively, there was a loss in
the periodic frequency of synapsin upon treatment with the
Hsc70 inhibitor (loss of major peak) when compared with
DMSO (Figs. 7 D and S4 D).
Next, we asked whether inhibition of Hsc70 activity also
disrupted the coIP of synapsin–Hsc70 complexes in HEK293
cells (as shown in Fig. 4 D). Accordingly, we performed the
coIP experiments with or without adding the Hsc70 inhibitor
VER155008. Indeed, inhibition of Hsc70 ATPase significantly
decreased the amount of Hsc70 that could be pulled down by
synapsin (Fig. 7, E and F), suggesting that Hsc70 activity is
involved in consolidating synapsin–Hsc70 complexes. In previous studies, we found that synapsin and other cytosolic proteins
cosegregate into higher-density fractions in sucrose gradients
from mouse S2 fractions (Scott et al., 2011; Tang et al., 2012). In
the context of this paper, Hsc70 and two other chaperones from
our proteomics screen (Hsp90 and Cct) also cofractionated with
synapsin in higher-density fractions, with subtle changes upon
Hsc70 inactivation (Fig. S5). Collectively, the evidence argues
for a role of Hsc70 in maintaining physiological organization of
synapsin complexes in axons.
Because our previous study shows that slow synapsin
transport is dependent on vesicle transport (Tang et al., 2013),
we also examined the effects of Hsc70 inhibition on vesicle
transport. Previous biochemical studies suggest a physiological
role of Hsc70 in motor protein/cytoskeleton regulation (Tsai et
al., 2000; Jinwal et al., 2010), though to our knowledge, there
have been no live-imaging studies, and the specific effects of
Hsc70 inactivation on axonal transport are unknown. We transfected neurons with the pan vesicle marker NPY-ss (Kaech et
al., 2012; Das et al., 2016) and examined vesicle transport after
both pharmacologic (VER155008) and genetic (Hsc70 D10N
mutant) inhibition of Hsc70 activity. We found that Hsc70 inactivation led to the attenuation of vesicle transport (Fig. S3).
However, the effects were modest and bidirectional, unlikely
to completely account for the block in slow transport seen
after Hsc70 inactivation.

Hsps—potential master regulators of
cytosolic slow axonal transport

Hsps are a group of highly conserved proteins that have established roles in the proper folding of nascent polypeptides as well
as the formation and stabilization of protein complexes (Bukau
et al., 2006; French et al., 2013). Hsc70 is a major constitutively
active member of the Hsp family: it is abundant in neurons, has
known roles in protein complex assembly and stabilization, and
is conveyed in slow axonal transport, as determined by pulse-
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Figure 7. Inactivation of Hsc70 ATPase activity leads to disruption of axonal synapsin. (A) Strategy to analyze the fluorescence decay of PAGFP:synapsin
in an axon ROI over time. PAGFP:synapsin was photoactivated in a discrete axonal ROI, and the dispersion of fluorescence was quantified over time.
(B) Fluorescence decay of PAGFP:synapsin in axon ROIs. Note faster decay of fluorescence upon Hsc70 inactivation. (C) Representative images showing
endogenous distribution of synapsin in axons upon pharmacologic and genetic Hsc70 inactivation (VER155008 and Hsc70-DN). Note that the punctate
distribution is disrupted upon Hsc70 inhibition. (D) Quantification of the periodicity of axonal synapsin particles with or without Hsc70 inactivation.
Periodicity of endogenous synapsin particles (i.e., distances between adjacent puncta) was determined from axonal line scans, as shown in the example
(top left; red boxed region from C). Cumulative data from control axons is shown on the top right, represented by FFTs (see the Colocalization analysis
of widefield images… section of Materials and methods for details). Note the major peak at ∼2.77 µm, representing the typical spacing of synapsin
puncta in control axons (dashed line over minor peaks). Also note loss of the major peak upon Hsc70 inhibition, reflecting disruption of the periodic
synapsin distribution in axons. (E) HEK293 cells were transfected with GFP:synapsin, immunoprecipitated with an anti-GFP antibody, and blotted with
anti-GFP and anti-Hsc70 antibodies (with or without VER155008). Note that addition of the Hsc70 inhibitor led to a significant reduction in the amount
of immunoprecipitated Hsc70. Molecular mass is shown in kilodaltons. (F) Quantification of blots in E. n = 3 separate experiments. Error bars show
means ± SEM. **, P < 0.01.
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Caveats and summary

The main caveat in our experiments is that our starting material
for the MS experiments may not be exclusively comprised of
the transported SCb fraction. Though the axonally transported
cargoes are expected to be present in synaptosome-depleted
samples (Scott et al., 2011; Twelvetrees et al., 2016), the latter
may also contain synapsin-associated proteins that are not involved in the transport process. An exclusive examination of the
transported cargo would require selective labeling of the moving fraction and determining the peptide composition therein.
Unfortunately, available model systems to evaluate overall slow
transport are based on radioactive labeling, and it is not practical to combine these with MS. Moreover, though the sensitivity of MudPIT-MS is high, getting enough starting material
for high-confidence analyses is still a limitation in coIP/MS
experiments. Nevertheless, our superresolution imaging shows
axonal synapsin–Hsc70 coclusters all along the axon, suggesting that perhaps most of these complexes are transport competent. Moreover, we note that unbiased MS experiments led
us to Hsc70, which biochemically associates with synapsin and

seems to have a role in soluble slow axonal transport. Given the
links between fast and slow transport, the attenuation of vesicle
transport after Hsc70 inactivation (Fig. S3) might also influence
synapsin transport. Future studies parsing the effects of Hsc70
on fast and slow transport may provide clarity. The exact nature of synapsin–Hsc70 associations remains unclear. In coIP
experiments using HEK cells (Fig. 4 D), we cannot rule out the
possibility of nonspecific interactions caused by synapsin overexpression. Also, although our experiments strongly suggest
that Hsc70 acts locally in axons, most experiments were performed after global inhibition of Hsc70 ATPase activity. Thus,
it remains possible that Hsc70 may also play a role in cargo
sorting within the soma before export into axons.
Though the idea that soluble proteins associate into multiprotein transport complexes was articulated several decades
ago, until now there have been no systematic efforts to evaluate
the proteome of slow transport. Our study provides an inventory
of such complexes and also implicate Hsps as potential regulators of slow axonal transport. We hope that the insights from
our experiments will serve as a starting point for future studies
probing this enigmatic rate class.

Materials and methods
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chase studies (de Waegh and Brady, 1989; Black et al., 1991).
Our coIP/MS data from brains (Figs. 1, 2, 3, and 4), coIP data
from HEK cells (Fig. 4 D), and nanometer-resolution view
of synapsin–Hsc70 in axons (Fig. 5) argue that synapsin and
Hsc70 associate as part of a larger transport complex. In particular, the superresolution data offer a nanometer-resolution
view of native SCb complexes and support the notion that synapsin and Hsc70 are part of larger complexes containing other
proteins. Moreover, these data suggest that SCb complexes are
heterogeneous in size, with estimated mean diameters >100 nm.
Furthermore, our live imaging and immunofluorescence
data suggest that the ATPase activity of Hsc70 regulates the organization of synapsin in axons as well as its slow axonal transport. How is this achieved at a molecular level? One possibility
is that Hsc70 acts as a scaffold for other SCb molecules, including synapsin, but this seems unlikely, as all Hsc70-induced
phenotypes in our study are a result of inhibiting its ATPase
activity (and not grossly altering its structure per se). Another
possibility is that the ATPase activity of Hsc70 regulates the
assembly and/or organization of synapsin transport complexes,
a view supported by the data in Fig. 7, where Hsc70 inhibition
led to a disruption of axonal synapsin puncta, which presumably represent synapsin complexes. How might Hsc70 regulate
synapsin transport at a molecular level? Available data suggest
that ADP-bound Hsc70 has a higher affinity for its substrates
than ATP-bound Hsc70 (Bukau et al., 2006). One can imagine
a scenario where synapsin and other cytosolic peptides moving in SCb dynamically associate with Hsc70, and inhibition
of the ATPase cycle prevents Hsc70 from tethering to—and
clustering—SCb proteins, thus disrupting the organization of
SCb cargoes and consequently, the slow transport of protein
complexes. Because Hsc70 is also conveyed in slow transport,
it is well situated to play such a regulatory role. Speculatively,
Hsc70-dependent consolidation into supramolecular complexes
would be expected to inhibit degradation of soluble proteins,
and this might also explain the paradox between the prolonged
transit of these proteins in slow transport in pulse-chase studies
(over days) and their known short half-lives (typically hours at
synapses, where turnover has been studied; Cohen et al., 2013).
However, testing of these scenarios would require further dissection of SCb complexes and intramolecular associations.

Cell culture, transfections, plasmids, and inhibitors

Hippocampal cultures were obtained from brains of postnatal (P0–
P2) CD-1 mice (either sex) and maintained in accordance with
University of California guidelines as described previously (Roy et
al., 2011; Ganguly and Roy, 2014; Ganguly et al., 2015). Neurons
were transfected with the appropriate fluorescent constructs at 7–9 d
in vitro (DIV) with Lipofectamine 2000 (Invitrogen) and allowed to
express for 14–16 h after transfection. 1.2 µg of DNA was added to
every 5 ml of the transfection mixture for all the constructs used in
the study, unless otherwise mentioned. The Hsc70-D10N constructs
were from N. Lamarche-Vane (McGill University, Montreal, Canada),
and the NPY-ss:mCherry constructs were from G. Banker (University
of Oregon, Eugene, OR). Synapsin deletion mutant constructs were
described previously by Gitler et al. (2004b). The GFP:synapsin-Ia
and soluble mCherry constructs were subcloned into the PAGFP vector
by using standard cloning techniques. All constructs used in this study
were confirmed by sequencing. VER155008 was used as the Hsc70
inhibitor (3803; Tocris Bioscience). This drug was dissolved in DMSO
and used at a working concentration of 100 µM. Drug was incubated
with neuronal cultures for 12–16 h overnight after transfection.
Biochemical fractionation and IP from mouse whole brain

In vivo biochemical assays were adapted from the protocol described
previously by Scott et al. (2011) and Tang et al. (2012). In brief,
4–6-wk-old mouse brains (5 g of total tissue for each genotype) from
CD-1 (WT) and synapsin TKO mice were homogenized in nondenaturing buffer containing 20 mM Hepes, pH 7.2, 40 mM KCl, 5 mM EGTA,
5 mM EDTA, and protease inhibitors. The resulting homogenate was
centrifuged at 1,000 g for 20 min to obtain a nuclear pellet (P1) and a
postnuclear supernatant (S1). The S1 supernatant was then centrifuged
at 10,200 g for 20 min to obtain a crude synaptosomal fraction (P2) and
synaptosome-depleted fraction (S2). S2 supernatant was further centrifuged at 100,000 g for 1 h at 4°C to obtain the S100 supernatant and
the pellet fraction (P100) in a SW55-Ti rotor fitted in an Optima L-100
ultracentrifuge (Beckman Coulter).
IP was performed using the DynaBeads Co-Immunoprecipitation kit (14321D; Thermo Fisher Scientific). After centrifugation, each
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fraction was divided equally and incubated with 7 mg anti–Synapsin-I
antibody (106001; Synaptic Systems) for overnight coupling with magnetic beads at 37°C (DynaBeads; Invitrogen). All following washes
were performed as per the manufacturer’s protocol. Lysate fractions
were incubated with the antibody-coupled beads for 30 min at 4°C on
a rotor. After the final wash, 1.5 mg beads from each fraction were
subjected to 2D gel electrophoresis on a native page gel and then subjected to silver staining (Pierce Silver Stain kit; 24612; Thermo Fisher
Scientific). The remaining 5.5 mg beads from each fraction were then
subjected to MudPIT-MS analysis. Three independent repeats were
performed with WT brain lysate fractions, whereas two were performed with the Synapsin TKO brain lysate.
Protein identification through MudPIT-MS analysis

Biochemical analysis of the effect of Hsc70 inhibition on
mouse brain tissue

Sequential isolation and density gradient centrifugation were performed to fractionate the soluble cytosolic fractions as described
previously (Scott et al., 2011; Das et al., 2013). In brief, brains from
6–8-wk-old CD-1 mice were homogenized in buffer containing 20 mM
Hepes, 40 mM KCl, 5 mM EDTA, 5 mM EGTA, and protease inhibitor,
pH 7.2, either in the presence of 1 mM Hsc70 inhibitor (VER155008)
or DMSO (control lysate). Tissue lysate was centrifuged at 1,000 g for
15 min to isolate after nuclear supernatant (S1). S1 was centrifuged
12
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Protein selection and in silico data analysis

To normalize datasets from various runs, spectrum counts of each
detected peptide in a given run were divided by the total spectrum count
of all peptides detected in that run. Normalized spectrum counts from the
various runs were averaged to obtain the final spectrum count for WT and
TKO groups (French et al., 2013). Two-tier inclusion criteria were applied
(also see schematic in Fig. 2). First, peptides with final counts of 0 in
the TKO lysate and >0 in the WT lysate were selected. Second, peptides
with spectral counts twofold or more in the WT lysate (as compared with
TKO) were selected. All peptides that meet either or both criteria were
included in the final list. Three such peptide lists were generated from the
P2, P100, and S100 fractions. For functional grouping of peptides based
on molecular function, gene names were entered in the Panther database
://www
.pantherdb
.org) and sorted based on known molecular
(http
function. For generation of the interaction map of various chaperones
detected in the S100 fraction, all known interactions from experimental
data were determined from the String protein interaction database
(http://www.string-db.org). Interactions between the identified genes
was manually added using the Osprey network visualization software
(http://biodata.mshri.on.ca/osprey/servlet/Index).
Microscopy, live imaging/analysis, and synaptic targeting

The photoactivation and live-imaging experiments were performed
using an inverted motorized epifluorescence microscope (IX81;
Olympus) equipped with CoolSNAP HQ2 camera (Photometrics).
Details of the photoactivation setup were described previously (Roy
et al., 2011). In brief, a dual-source light illuminator (IX2-RFAW;
Olympus) was used to simultaneously visualize and photoactivate
a discrete ROI within the axon. Kymographs were generated using
dropdown menus in MetaMorph (version 7.7; Molecular Devices).
Immediately before live imaging, neurons were transferred to Hibernate
media (Brainbits) supplemented with 2% B27, 2 mM Glutamax, 0.4%
d-glucose, and 37.5 mM NaCl (Roy et al., 2011; Scott et al., 2011), and
maintained at 37°C (Precision Control Weatherstation) for the duration
of the experiments. Axons were identified based on morphology, and
only neurons with unambiguous morphology were selected for imaging
(Roy et al., 2011; Scott et al., 2011). For photoactivation experiments,
PAGFP:synapsin was photoactivated for 1 s and imaged at two frames
per second with a 100× oil immersion lens unless otherwise stated.
NPY-ss–mCherry transport was performed using the stream acquisition
function of MetaMorph at five frames per second for 30 s with a 200ms continuous exposure (with no time interval between images). The
field diaphragm was closed down to expose only the part of the axon
being imaged and also to minimize photobleaching.

Downloaded from on May 30, 2017

100 µl of 8 M urea in 100 mM Tris, pH 8.5, was added to the beads
for each fraction, followed by reduction and alkylation in 10 mM Tris
(2-carboxyethyl)phosphine hydrochloride (Roche) and 55 mM iodoacetamide (Sigma-Aldrich), respectively. The sample was then diluted fourfold by the addition of 100 mM Tris-HCl, pH 8.5, followed
by digestion in trypsin (Promega; incubated at 37°C overnight in the
dark). Magnetic beads in the sample were then removed by a magnetic
separator. The resulting protein digest was acidified with formic acid
(final concentration 5%) followed by centrifugation at 14,000 rpm for
10 min. Thereafter, the supernatant was pressure loaded onto a 250
µm inner diameter–fused silica capillary column (Polymicro Technologies). This column was fitted with a Kasil frit packed with 2.5 cm of
5-µm Partisphere strong cation exchange resin (Whatman) and 2.5 cm
of 5-µm C18 resin (Phenomenex). After desalting, this biphasic column was connected to a 100-µm inner diameter–-fused silica capillary
(Polymicro Technologies) analytical column with a 3-µm pulled tip
packed with 10 cm of 3-µm C18 resin (Phenomenex). The entire threephase column was then laced in line with a 1,200 quaternary HPLC
pump (Agilent Technologies) and analyzed using a modified 12-step
separation described previously (Washburn et al., 2001). As peptides
were eluted from the microcapillary column, they were electrosprayed
directly into a hybrid LTQ Orbitrap Velos mass spectrometer (Thermo
Fisher Scientific). A cycle consisted of one full-scan mass spectrum
(300–1,600 m/z) followed by 20 data-dependent collision-induced
dissociation tandem MS spectra. The application of mass spectrometer scan functions and HPLC solvent gradients was controlled by the
Xcalibur data system (Thermo Fisher Scientific). Tandem MS spectra
were extracted using RawXtract (version 1.9.9; McDonald et al., 2004)
and searched with the ProLuCID algorithm (Xu et al., 2015) against
a mouse UniProt database concatenated to a decoy database in which
the sequence for each entry in the original database was reversed (Peng
et al., 2003). The ProLuCID search was performed using semienzyme
specificity and static modification of cysteine because of carboxyamidomethylation (57.02146). ProLuCID search results were assembled
and filtered using the DTASelect algorithm (version 2.0; Tabb et al.,
2002). The protein identification false positive rate was kept below 1%,
and all peptide–spectra matches had <10 ppm mass error.

at 10,200 g for 20 min to obtain synaptosome-depleted fraction (S2).
The S2 fraction was then centrifuged at 100,000 g for 1 h at 4°C to
isolate soluble (S100) and vesicular (P100) fractions. The S100 lysate
was incubated at 37°C for 4 h before performing the density gradient
floatation assay. For the density gradient floatation assay, S100 fractions were adjusted to 45% sucrose, bottom loaded on a 5–45% sucrose
gradient, and centrifuged at 160,000 g for 16 h at 4°C in a SW55-Ti
rotor in an Optima L-100 ultracentrifuge. 10 fractions of 0.5 ml each
were collected from the top of the gradient column, and equal volumes
were used for SDS-PAGE and Western blot analysis. Anti–Synapsin-I,
anti-Hsc70 (ab19136; Abcam), anti-Hsp90 (4877; Cell Signaling Technology), and anti-Cct2 (3561; Cell Signaling Technology) primary antibodies were used at 1:1,000 dilution to probe the blot. Blots were
developed by using Fast Western Blot kit ECL Substrate (Thermo
Fisher Scientific) and visualized by using Versa Doc Imaging system
(Bio-Rad Laboratories). For experiments with VER15508, the inhibitor
was present at every step of the process.
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To analyze the transport of synapsin, the intensity-center assay
was performed using algorithms written in MATLAB (MathWorks;
Roy et al., 2011; Scott et al., 2011). In brief, after photoactivation and
time-lapse imaging, the videos were background-subtracted, and the
photoactivated ROI was cropped. Intensity line scans along the axon
were generated for each frame in the video, and the maximum intensity
point (intensity center) was calculated. Shifts in the fluorescence
population resulted in a corresponding shift of the intensity center as
well, and these were numerically plotted in Prism (GraphPad Software)
for display. Fast transport of NPY-ss–mCherry kymographs from each
16-bit video file were generated using the Kymograph function in
MetaMorph Image Analysis software blinded for each condition and
analyzed manually. All data were plotted in Prism for display. For
synaptic targeting experiments (Fig. 6 D), cultured DIV 13 neurons
were cotransfected with GFP
:synapsin and mCherry
:Hsc70
-D10N
(or soluble mCherry). Live-cell imaging was performed 16 h after
transfection as described previously (Wang et al., 2014). In brief, Z
stack images were obtained with 0.339-µm step size, and all images
were acquired, processed, and analyzed using MetaMorph software.
All statistical analyses were performed using Prism software.
Superresolution imaging of endogenous synapsin and Hsc70 in
axons and image analyses

HEK293T cells were transfected with various full-length and truncated
GFP–tagged synapsin constructs (Gitler et al., 2004b). Soluble GFP
was the control vector. HEK293T (1 d after transfection) homogenates
were solubilized in 1×IP buffer (Invitrogen) supplemented with protease inhibitors at 4°C. After centrifugation at 16,000 g for 10 min at 4°C,
the clarified lysate was subjected to IPs with GFP antibody (ab290;
Abcam) and 50 µl of magnetic protein G beads (Invitrogen) for 2 h at
4°C. After three washes with 1 ml of the IP buffer, bound proteins were
eluted with 2× SDS sample buffer containing 10% β-mercaptoethanol
and boiled for 10 min at 100°C. Coprecipitated proteins were separated
by SDS-PAGE and transferred onto PVDF membranes. Blots were
blocked in PBS containing 0.5% Tween-20 and 5% fat-free milk for
30 min at RT. The blocked membrane was incubated in blocking buffer
containing primary antibody overnight at 4°C followed by three washes.
The washed membrane was incubated in blocking buffer containing
HRP-conjugated secondary antibody (1:2,000; Invitrogen) for 2 h at
RT. HRP immunoblots were developed using an ECL Western blotting substrate (Thermo Fisher Scientific). Primary antibodies used were
GFP antibody (1:5,000; ab290; Abcam) and Hsc70 antibody (1:1,000).
For experiments with VER15508, 50 µM of the drug was added to cells
for 12 h, and the inhibitor was also included in all buffers during IP.
Immunohistochemistry and colocalization analysis
Immunohistochemistry. For immunostaining of endogenous synapsin
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Rat hippocampal neurons (from E18 pups) were cultured on 18-mm
coverslips at a density of 6,000/cm2 following the established guidelines of the European Animal Care and Use Committee (86/609/CEE)
and the approval of the local ethics committee (agreement D13-0558). Axons of DIV 7–9 neurons were identified by labeling of the axon
initial segment with an antibody against an extracellular epitope of
neurofascin-186 (monoclonal mouse anti-NF186 clone A12/18;
NeuroMAB; Schafer et al., 2009). Neurons were then fixed using 4%
PFA in PEM (80 mM Pipes, 5 mM EGTA, and 2 mM MgCl2, pH 6.8) for
10 min. After blocking, neurons were incubated with anti–synapsin-I
(AB1543; EMD Millipore) and anti-Hsc70 (ab2788; Abcam) primary
antibodies overnight at 4°C, then with DNA-conjugated secondary antibodies (Ultivue) for 1 h at RT. DNA-PAINT imaging (Jungmann et
al., 2014) was performed on an N-STORM microscope (Nikon). Coverslips were imaged in imaging buffer with 0.32 nM Imager-650 and
0.16 nM Imager-560 (Ultivue). The sample was alternatively illuminated at 647 and 561 nm (full laser power), and 20,000-30,000 images
of each channel were acquired at 25–33 Hz.
Objects in superresolution images were analyzed in two overall steps using the image processing package Fiji (Version 2.0.0-rc54/1.51h; ImageJ; National Institutes of Health) and RStudio (Version
1.0.44; running R version 3.3.2). Objects were first thresholded using
the “IsoData” automatic thresholding algorithm in Fiji. To obtain meaningful quantitative data from irregularly shaped objects in the images,
individual particles were subjected to a 0.4–1.0 circularity constraint,
where 1.0 and 0.0 represented complete circularity and complete irregularity, respectively, which was a constraint that captured most particles. Various parameters were then calculated, including area, intensity
center of mass (based on intensity variations within each particle), and
bounding rectangle dimensions (the diagonals of the bounding rectangle were used to represent particle diameters). Subsequent analyses
on this filtered population were done in RStudio. First, outliers in the
filtered images were excluded from analyses using a predefined upper
and lower bound area (anything above and below 300 pixels and 10
pixels, respectively). Thereafter, proximity of the centers of mass of
synapsin and Hsc70 particles was determined. Specifically, particles
of one condition were defined as proximal to the other if the distances
between their respective centers of mass fell below a fixed, user-defined
threshold distance (Fig. 5, D and E).

IPs and immunoblotting of HEK293T cell lysate

and Hsc70 DIV 6–7 neurons were fixed in 4% PFA/sucrose solution in
PBS for 10 min at RT, extracted in PBS containing 0.2% Triton X-100
for 10 min at RT, blocked for 2 h at RT in 1% bovine serum albumin
and 5% FBS, and then incubated with 1:1,000 mouse anti–synapsin-I
and 1:500 rat anti-Hsc70 diluted in PBS for 2 h at RT. After removal
of primary antibody, neurons were blocked for 30 min at RT, incubated
with goat anti–mouse (Alexa Fluor 488) and goat anti–rat secondary
antibody (Alexa Fluor 594) at 1:1,500 dilution for 1 h at RT and then
mounted for imaging. Images were acquired using an inverted epifluorescence microscope (Eclipse Ti-E) equipped with CFI S Fluor VC
40× NA 1.30 and CFI Plan Apochromat VC 100× NA 1.40 oil objectives (Nikon). An electron-multiplying charge-coupled device camera
(QuantEM: 512SC; Photometrics) and LED illuminator (SPECTRA
X; Lumencor) were used for all image acquisition. The system was
controlled by Elements software (NIS Elements Advanced Research
64 bit; 4.13.00; Nikon). All images were converted to 16-bit TIFF files
for analysis in Metamorph.
Preparation of microfluidic chambers for immunostaining.Triplechambered microfluidic devices with a 500-µm central chamber
(TCND500; Xona Microfluidics) were washed in 100% ethanol, air
dried, and sterilized for 15 min under UV light before use. The sterile
device was placed on a 24 × 60 mm rectangular coverslip, which was
coated with 1 mg/ml Poly-d-lysine for 4 h at RT, washed twice with
double distilled H2O, and then air dried before the device was placed
on it. A tight seal between the device and the coverslip was ensured
by the application of manual pressure. Hippocampal neurons were
plated at a density of 2.0–2.5 × 105 cells/µl in chambers of a triple-
chambered microfluidic device (see Figs. S2 and S4 for layout). 150 µl
of plating media was added to each pair of wells (top and bottom) connecting each chamber after plating the neurons. To maintain a fluidic
gradient between chambers, a 50-µl volume difference was maintained
between the top and bottom wells connecting each chamber. Before
fixation, for Fig. S4 C, 100 µM VER155008 (4–6 h) or DMSO was
added only to chamber A (see Fig. S2 A) of the microfluidic device,
whereas for Fig. 7 E, drug/DMSO was added only to chamber B of the
device. Immunostaining was done as described previously (Scott et al.,
2011; Tang et al., 2012). The anti-synaptobrevin2 (VAMP2) antibody
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(104011; Synaptic Systems) was used to mark presynaptic boutons,
whereas β-tubulin (PRB-435P; Covance) was used to mark axons.
Colocalization analysis of widefield images

Sf  * x

	F fft  =  ____
 f  ft   .
N
Ffft is the vector of frequency values, Sf is the sampling frequency,
Nfft is the length of the FFT values, and x is the vector of distance
values obtained from the fluorescence intensity profile. An interpolating function was created using the FFT values and the Ffft values.
The derivative peak detection analysis described in the previous section was performed on the interpolating function, yielding the peak
frequencies of the protein distribution in µm−1. All images for each
condition were processed as described here, and the mean frequencies
were determined for each condition. The inverses of the frequencies
were then used to determine the mean periodicities in µm and were
compared across conditions.
Online supplemental material

Fig. S1. shows endogenous synapsin and Hsc70 distribution in cultured hippocampal neurons. Fig. S2 shows a microfluidic device to
examine presynaptic boutons. Fig. S3 shows the effects of Hsc70
ATPase inhibition on fast vesicle transport. Fig. S4 shows disruption
of axonal synapsin upon Hsc70 inhibition in isolated axons. Fig. S5
shows density gradients of S100 fractions from mouse brains blotted
with synapsin and members of the Hsp family pulled down by our
proteomics screen (Hsc70, Hsp90, and Cct2). Table S1 is a list of P2
fractions. Table S2 is a list of S100 fractions. Table S3 is a list of P100
fractions. Table S4 is a list of synapsin interactors from literature found
in P100 + S100 fractions.
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the set of coordinates. The derivative of the interpolation function
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