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Abstract

Many cellular processes depend on a precise structural organization of molecular compo-

nents. Here, we established that neurons grown in culture provide a suitable system for in

situ structural investigations of cellular structures by cryo-electron tomography, a method

that allows high resolution, three-dimensional imaging of fully hydrated, vitrified cellular

samples. A higher level of detail of cellular components present in our images allowed us to

quantitatively characterize presynaptic and cytoskeletal organization, as well as structures

involved in axonal transport and endocytosis. In this way we provide a structural framework

into which information from other methods need to fit. Importantly, we show that short pleo-

morphic linkers (tethers and connectors) extensively interconnect different types of spheri-

cal vesicles and other lipid membranes in neurons imaged in a close-to-native state. These

linkers likely serve to organize and precisely position vesicles involved in endocytosis, axo-

nal transport and synaptic release. Hence, structural interactions via short linkers may serve

as ubiquitous vesicle organizers in neuronal cells.

Introduction

The precise spatial organization of molecular complexes is essential for many cellular pro-

cesses. This is especially true for neurons, where large distances and tight spatio-temporal con-

trol at synapses require specific, carefully orchestrated localization.

Long-distance, microtubule-based axonal transport is known to involve two distinct organ-

elles. Piccolo-bassoon transport vesicles (PTV) carry active zone scaffolding proteins [1–4],

while synaptic vesicle proteins are transported via synaptic vesicle protein transport vesicles

(STV) [5, 6]. The vesicular organization of transport packages however has not been clarified.

While 80 nm dense core vesicles (DCVs) are constituents of PTVs, and STVs are thought to

be composed of clear lumen vesicles, PTVs and STVs may be co-transported [7–9]. Related,

clusters of synaptic vesicles and transport packages can accumulate in the absence of postsyn-

aptic terminals [10, 11]. Such nonsynaptic axonal boutons, described as isolated axons, orphan

synapses, or mobile synaptic vesicle pools, were reported to be capable of transmitter release

[12–16].
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Short filaments interlinking synaptic vesicles were observed by electron microscopy (EM)

in preparations that involved rapid freezing and sample dehydration [17–21]. Subsequent

cryo-electron tomography (cryo-ET) work on synaptosomes identified filaments that inter-

connect synaptic vesicles (connectors) and tether the vesicles to the active zone membrane as

the most prominent structural organizers of the presynaptic terminal [22]. Automated fila-

ment detection and analysis showed that these are dynamic structures that respond to synaptic

stimulation and are involved in synaptic vesicle release. Similar filaments were also observed

in tomograms of high pressure frozen and dehydrated hippocampal slice cultures and dissoci-

ated cultures [21, 23].

EM preparation methods like chemical fixation, dehydration and heavy-metal staining

have been essential for our current understanding of the neuronal ultrastructure. However,

because these methods are known to induce membrane deformation, rearrangements and

aggregation of cytosolic material, even when the initial aldehyde fixation is replaced by high

pressure freezing to obtain better preservation, these methods obscure fine biological struc-

tures and preclude interpretation at the molecular level [24–28]. In Cryo-ET, samples are first

rapidly frozen (vitrified), which prevents water crystallization and a rearrangement of the bio-

logical material, and are imaged by transmission EM in the same vitrified, fully hydrated state

[29]. Therefore, cryo-ET is uniquely suited for high resolution, direct three-dimensional (3D)

imaging of cellular complexes together with their environment in the native, unperturbed state

[30]

Here we imaged neurites of rodent hippocampal neurons grown in culture by cryo-ET.

Our data extends previous findings about the endocytosis, cytoskeletal organization and the

morphology of transport processes and their components. Importantly, we found that medium

sized transport and endosomal intralumenal vesicles are linked via short, pleomorphic fila-

ments. Because we also confirmed that similar filaments link synaptic vesicles, our data argues

that these filaments are ubiquitous organizers in neuronal cells.

Materials and methods

Neuronal cultures

Rat hippocampal neurons were prepared for cryo-ET as previously reported [31, 32]. Briefly,

gold finder EM-grids (type NH2A by Plano, Wetzlar, Germany) coated with Quantifoil R2/2

or R1/4 (Quantifoil Micro Tools, Jena, Germany) were sterilized in ethanol for 10 min, then

washed in H2O, and transferred to culture dishes. Both grids and dishes were coated with 1

mg/ml poly-L-lysine (in water or 0.1 M borate buffer) for 1 day, washed (in culture medium

or water) and placed in culture medium. Grids were always immersed in liquid sideways and

were not allowed to dry. The animals used here were bred in the Animal facility of the Max

Planck Institute of Biochemistry for research purposes. Pregnant Sprague–Dawley rats were

anesthetized by CO2 and sacrificed by decapitation, and the brains of E18 embryos were dis-

sected. This procedure was approved by the Animal facility of the Max Planck Institute of

Biochemistry. It is an accordance with the German legislation and does not require a formal

government approval. Hippocampal neurons dissected from embryos were dissociated after

incubation for 15-30 min in 0.25% trypsin, as described previously [33, 34]. After washing

with D-MEM and 10% FBS, neurons were plated on the poly-L-lysine coated EM grids and on

the 35 mm dishes at the density of 15 000 cells/cm2, or at 30 000 cells/cm2 for those used for

focused ion beam milling. The medium was changed to B27 supplemented medium, or in few

cases to a glia-conditioned medium, or the neurons were transferred to a dish containing a

glial feeder cell layer. Cultures were kept at 37˚C in 5% CO2. In some of the cultures used to

image non-synaptic boutons PSD-95:GFP fusion protein was expressed by Semliki Forest
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Virus infection [35]. We did not observe any difference between the transfected and the non-

transfected boutons. Neuronal cultures used for immuno-fluorescence and those where synap-

ses were recorded were not transfected.

For immuno-flourescence, cells were fixed in 4% paraformaldehyde for 20 min, washed,

permeabilized with PBST (0.1% TritonX-100 in PBS) for 10 min, blocked in 1% BSA for 30

min, and incubated with 1:200 anti-Synapsin I (Abcam ab18814) primary antibody and labeled

with 1:1000 Alexa Fluor 568 conjugated anti-rabbit secondary antibody (Thermo Fisher A–

11011), or incubated with 1:200 anti-PSD95 (7E3-1B8, Abcam ab13552) primary antibody and

labeled with 1:1000 Alexa Fluor 488 conjugated IgG secondary antibody (Thermo Fisher A-

11004). Imaging was done on Zeiss Axiovert 200M light microscope.

Electrophysiological recordings were performed using a Multiclamp 700B amplifier

(Molecular Devices). Data were digitized using a Digidata 1322A (Molecular Devices). Pipettes

(3–5 M) were pulled from borosilicate glass (Science Products). Whole-cell recordings were

obtained from dissociated neurons visualized using differential interference contrast infrared

video microscopy. Neurons were continuously superfused with carbogen (95% O2, 5% CO2)

gassed artificial CSF (ACSF) containing the following (in mM): 130.9 NaCl, 2.75 KCl, 1.43

MgSO4, 2.5 CaCl2, 1.1 NaH2PO4, 28.82 NaHCO3, and 11.1 D-glucose. Glass electrodes were

filled with an internal solution containing the following (in mM): 150 Cs-gluconate, 8 NaCl, 2

MgATP, 10 HEPES, 0.2 EGTA, and 5 QX-314, pH 7.2. Neurons were clamped at -70 mV hold-

ing potential.

Cryo-ET

Cultures were vitrified at 9-21 (in most cases at 10–14) days in vitro (DIV) by rapid freezing in

liquid ethane cooled by liquid nitrogen using a manual plunger or Vitrobot (FEI). Immediately

before plunging, 3 μl of prewarmed, buffer-exchanged, concentrated BSA tracer 10 nm gold

(Aurion) was applied to grids to serve as fiducial markers. Grids were stored in liquid nitrogen

until they were mounted on a cryo-holder and inserted into a microscope.

Vitrified neuronal cultures plated at 30 000 cells/cm2 were thinned by focused ion beam

(FIB) using a dual beam microscope Quanta 3D FEG (FEI) equipped with a Quorum PP3000T

cryo-system (Quorum Technologies) and an in-house developed open nitrogen-circuit 360˚

rotatable cryo-stage. Platinum was sputtered on the whole grid, for 60 s at 10 mA, in the

PP3000T transfer system before milling. For the standard wedge-milling routine the specimen

was tilted such that the incident angle of the Ga+ ion beam with respect to the sample surface

was 6˚. Under this shallow angle, the milling was performed in three steps of sequentially

decreasing ion beam current at 30 kV acceleration voltage. The first, rough cut was done with

a 40 μm wide rectangle pattern and 0.5 nA beam current. Further thinning was then done with

0.3 nA and 0.1 nA beam current. The final polishing step was preformed at 0.05 nA. All milling

steps were monitored by single-scan ion beam images using 100 ns pixel-dwell time, and by

electron-beam images using a beam current of 5.9 pA at an acceleration voltage of 5 kV and

5 μs pixel-dwell time.

Electron images were recorded on FEI Polara and Philips CM300 electron microscopes,

each equipped by a field emission gun (operated at 300 kV), a computerized stage and a post-

column energy filter operated in the zero-loss mode (Gatan). Images were recorded on 2kx2k

MegaScan charge-coupled device (CCD) camera (Gatan). One tomogram was recorded on

Titan Krios microscope (FEI) with K2 Summit direct electron detector device (Gatan). Tomo-

graphic series were recorded using Xplore3D (FEI), SerialEM and custom-made low dose

acquisition schemes [36, 37]. Angular increment was 1.5-2˚ and the typical angular range

was -60˚ to + 60˚. Three dual-axis tomograms were recorded at 2˚ increment and the angular
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range for the second axis was -60˚ to + 40˚. The underfocus was 7-9 μm, the total electron dose

was kept <100 e-/Å2 and the pixel size at the specimen level was 0.81-0.82 μm except in few

cases 0.71 nm and for the tomogram acquired on K2 camera 0.42 nm. Tomograms were

aligned based on fiducial markers, binned 2 times (bin factor 4; final pixel size 3.2 nm for most

tomograms, 2.9 and 1.7 nm for the other tomograms, as mentioned above) and reconstructed

using weighted back-projection as implemented in Imod, TOM and EM software packages

[38–40]. Tomogram thickness ranged from 200 to 500 nm.

Image selection and processing

We recorded 77 tomograms from more than 20 culture preparations without FIB milling

that were of sufficient technical and biological quality. Specifically, tomograms were deemed

technically acceptable if they did not contain any signs of ice crystal formation such as ice

reflections or faceted membranes, and they had reasonable signal-to-noise ratio and proper

tomographic alignment Boutons were judged biologically relevant by the presence of microtu-

bules and some other organelles such as smooth endoplasmic reticulum, synaptic or larger

spherical vesicles or endosomes and absence of aggregated, apoptotic-like material. Among

these, 61 boutons that did not form synapses were classified as large axonal boutons (having a

width of 400 nm or more and at least two times larger than the neighboring axonal shaft). Fur-

thermore, 38 contained more than ten synaptic vesicles and were thus classified as nonsynaptic

axonal boutons. In addition, four tomograms of synapses were obtained from three culture

preparations after thinning by FIB. Brightness and contrast was adjusted on some of the tomo-

graphic slices used for figures. These adjustments were linear and were applied uniformly on

the whole images.

3D segmentation used for visualization of entire boutons and for further processing were

done in Amira (FEI) and using the actin segmentation tool [41]. Tomograms selected for

further analysis (12 selected as technically the best among nonsynaptic boutons, five of them

contained DCVs, as well as three synapses) were denoised using Anisotropic nonlinear dif-

fusion [42] as implemented by [43], using the same parameter values as before [44]. Auto-

mated detection and analysis of synaptic vesicle tethers and connectors (2-bound segments)

was done using the Hierarchical connectivity segmentation implemented in the Pyto soft-

ware package, as explained before [44]. Synaptic vesicle and DCV protrusions (1-bound seg-

ments) were segmented at a single threshold level (mean of the vesicle membrane density)

so that their number and length could be properly compared, again using the Pyto package.

To avoid false positives, segments smaller than 3 voxels and larger than 320 nm3 were dis-

carded, as it was done in our previous publications. Synaptic vesicle occupancy was mea-

sured as the fraction of cytoplasmic volume occupied by synaptic vesicles at different

distances to the plasma membrane (using 1 pixel thick layers parallel to the plasma mem-

brane). Only the regions of plasma membrane in the proximity of synaptic vesicles were

included for the calculation of the number of vesicles per unit plasma membrane surface

area. Protrusion length was calculated using the B-max mode, while tether and connector

length was measured membrane edge-to-edge (length mode B2C) [44]. This differs slightly

from the C2C mode used in the previous studies, in comparison the values obtained here are

up to 1 pixel larger.

Experimental design and statistical analysis. The distribution of the microtubule num-

ber in axons was analyzed using the zero-truncated Poisson distribution (see below). Statistical

analysis between experimental groups was performed using Chi-square test when the data was

expressed as frequencies and by t-test otherwise.

Pleomorphic linkers organize vesicles
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Zero-truncated Poisson distribution. Theoretical, zero-truncated Poisson distribution

was calculated in the standard manner:

PðkÞ ¼
l
k

ðel � 1Þk!

where parameter λ was calculated from the experimentally determined mean number of

microtubules per axon (m) by solving:

m ¼
l

1 � e� l

using Brent’s algorithm as implemented in SciPy. Because the experimental number of bou-

tons that contained any number of microtubules higher than 5 was low, the data was binned

for 6-8 and more than 8 microtubules. This data was statistically compared with the zero-trun-

cated Posisson distribution using the G-test (log-likelihood ratio test):

G ¼ 2
Pn

fi lnð
fi
f̂ i
Þ

where fi and f̂ i are the observed and the expected (in this case zero-truncated Poisson) fre-

quencies for i-th bin. The G-value was then compared with χ2 distribution using n − 1 degrees

of freedom to get the probability that the frequencies (number of microtubules per bouton)

are not randomly (Poisson) distributed.

Microtubule curvature. The results obtained by the microtubule curvature determination

method used in [45] depend on the distance between the points used to determine the curva-

ture [46], while the standard way to express curvature (used here) is the inverse of the radius.

In order to allow direct comparison, we converted curvatures obtained in our measurements

using the reported distance between points of 0.5 μm [45]. Specifically, the curvature of

2.4 μm-1 from our data corresponds to 2.5 rad/μm and 1.8 μm-1 from our data corresponds to

1.9 rad/μm in that paper.

Radial density traces of medium-sized vesicles. Vesicles (lumen and membrane

together) were segmented manually and smoothed (magnified 4 times and interpolated using

cubic splines). In order to make density traces, concentric shell layers of 1 pixel thickness were

made from the vesicle surface both on the vesicle and the cytoplasmic sides and the mean den-

sity was calculated for each shell.

Computational aspects. All computations were implemented in the Python program-

ming language using Pyto, Numpy, Scipy and Matplotlib scientific computing packages and

Ipython / Juputer environment [44, 47–49] and were executed on Linux workstations.

Results

Cryo-ET of dissociated neuronal cultures

Although neuronal cultures have already been observed by cryo-ET, the evaluation of this

method is still lacking [31, 32, 50–53]. We detected extensive immuno-fluorescence staining

for the presynaptic marker Synapsin I on hippocampal neurones grown on standard EM

grids. At DIV 15, punctate staining on neurites was obtained for the postsynaptic marker

PSD-95, which to an extent colocalized with the Synapsin I staining (Fig 1A, arrows).

Furthermore, we recorded synaptic currents elicited by spontaneous occurring action

potentials (Fig 1B). Amplitude and kinetics of these events were normal. Further

holding currents at -70 mV were smaller than 50 pA indicating a healthy resting potential.
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Together, these results show that neurons grown on grids develop normally and form syn-

aptic connections.

EM imaging of vitrified neurons showed that they spread their processes over the grids (Fig

1C and 1D). Neuronal processes often formed bundles, as well as fine sheet-like networks.

Upon closer examination, individual neurites could be detected within the regions of thin vit-

reous material (up to 500 nm in thickness). For tomography, we targeted swellings on neurites,

readily detected at medium magnifications (Fig 2A). At increased magnifications, intracellular

structures like synaptic vesicles and microtubules were observed. Because cellular structures

often overlap in 3D and the electron dose available for such images is limited, many cellular

components could only be revealed in reconstructed tomograms (Fig 2B and 2C).

General features such as smooth, continuous membranes, non-extracted cytoplasm and the

absence of ice-crystallization demonstrate the faithful preservation provided by cryo-ET (Fig

2). These results show that dissociated neurons can grow properly on EM grids at least up to

DIV 14, and confirm that cryo-ET allows imaging of intact, unperturbed neuronal cultures.

Fig 1. Neurons grown on EM grids. (A) Immuno-fluorescence staining of neurons at DIV 9 (left) and 15 (right) against PSD95 (green) and synapsin

(red). Arrows point to the colocalized spots. (B) A representative whole cell trace and the neuron used for the recording. (C) Low magnification EM

image of a neuronal culture grown on an EM grid. (D) Collage of medium magnification EM images covering a region indicated on (C). Scale bars

A-C 100 μm, D 10 μm.

https://doi.org/10.1371/journal.pone.0197886.g001

Pleomorphic linkers organize vesicles

PLOS ONE | https://doi.org/10.1371/journal.pone.0197886 June 4, 2018 6 / 24

https://doi.org/10.1371/journal.pone.0197886.g001
https://doi.org/10.1371/journal.pone.0197886


Fig 2. Large axonal bouton types. (A) Images at increasing magnifications leading to an axonal bouton where a tomogram was recorded. Squares show the

location of the image on their right. On the left and in the middle are projection images, while the right one is a 9.6 nm thick tomographic slice. Arrows indicate

some of neuronal swellings, arrowheads point to synaptic vesicle clusters. Scale bars 2 mm (left), 500 nm (center) and 200 nm (right). (B) Spindle P/T (left), sack

S/C (middle), sack S (left) bouton types. (C) A tomographic slice and a 3D segmentation of a bouton containing plasma membrane (yellow), mitochondrion

(red), microtubules (green), SER (orange), synaptic vesicles (light blue), dense core vesicles (dark blue) and other membranous compartments (grey).

Tomographic slices on (B) are 3.2 nm and on (C) 2.8 nm thick and the scale bares are 200 nm.

https://doi.org/10.1371/journal.pone.0197886.g002
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Morphology of axonal boutons

Large axonal boutons (see the Methods) were classified by two orthogonal criteria. First, the

bouton shape was described as spindle (roughly symmetric in respect to the main, microtubules

defined, axis of the axon) (Fig 2B left and Fig 2C) or sack-like (asymmetric) (Fig 2B center and

right). Second, the boutons were categorized by their vesicle content into those containing

spherical vesicles (S-type), predominantly flat or elongated (F-type), pleomorphic (P-type),

spherical and dense core (S/C-type), elongated and dense core (F/C-type) and pleomorphic

vesicles and tubules (P/T types) [54]; SynapseWeb http://synapseweb.clm.utexas.edu/).

Large axonal boutons present in our tomograms were classified based on the vesicle con-

tent, confirming that these boutons fit well within the previously established criteria (Table 1).

For example, spindle P/T, sack S/C, sack S and spindle S/C boutons are shown on panels B left,

middle, right and c of the Fig 2, respectively. Interestingly, we did not observe boutons where

flattened or elongated synaptic vesicles predominate. This reduction in vesicle heterogeneity

might be explained by different vesicle content, considering recent findings that aldehyde fixa-

tion causes flattening of synaptic vesicles that have low osmolarity [55, 56]. While the synaptic

vesicles were found in the majority of both spindle and sack-like terminals (S and S/C types

taken together), the sack-like were significantly more likely to contain synaptic vesicles than

the spindles (t-test, p = 0.018), which might indicate that developing a sack-like shape is a step

in the maturation towards the presynaptic boutons.

Other cellular structures, such as microtubules, smooth endoplasmic reticulum (SER),

spherical and pleomorphic vesicles were readily identifiable in tomographic slices. Their orga-

nization and precise localization can be appreciated in 3D segmentation of complete boutons

(Fig 2C) and they are further investigated in the following sections.

Cytoskeleton

The mean number of microtubules per large axonal bouton was 4.2, with a sharp peak at 3

(σ = 2.7, N boutons 61, N microtubules 257) (Fig 3A). The distribution of the number of

microtubules in the boutons was significantly different from a random distribution (G-test,

p = 0.00063, N boutons 61, N microtubules 257, comparison with the zero-truncated Poisson

distribution, see Methods). This deviation between the experimental and the random (Pois-

son) distribution indicates that there was an interaction that clusters microtubules.

While microtubules were separated from each other within axonal boutons (Fig 2), they

were tightly bundled in axonal shafts with very little cytoplasmic space between them and the

plasma membrane (Fig 3E). The distance between neighboring microtubules was between 10

and 20 nm (measured between wall centers), which is somewhat smaller than 20-30 nm previ-

ously reported for cerebellar parallel fiber and spinal cord axons [57]. This tight spacing may

be related to the interaction that clusters microtubules.

Table 1. Classification of large nonsynaptic axonal boutons according to their shape and content.

S S/C F F/C P P/T Other Total

Spindle 8 7 0 0 9 3 2 29

Sack 9 7 0 0 2 0 3 21

Other 2 2 0 0 5 2 0 11

Total 19 16 0 0 16 5 5 61

Spindle and sack refer to the overall shape of boutons, while the columns define the vesicle content: S for synaptic, C dense core, F flattened and P pleomorphic. “Other”

denotes boutons that could not be unambiguously categorized.

https://doi.org/10.1371/journal.pone.0197886.t001
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In reconstituted systems, straight and frayed microtubule ends were associated with grow-

ing and depolymerizing microtubules, respectively, but this distinction was less clear in intact

cells [58–60]. Microtubule ends detected in our tomograms had both straight and frayed ends

(Fig 3B) and were similar to earlier cryo-ET observations in fibroblasts [60]. In addition, some

Fig 3. Cytoskeleton. (A) Distribution of the number of microtubules in axonal boutons. (B) Four microtubule ends, each shown on three

tomographic slices, some showing frayed ends (arrows). (C) Tomographic slice (9.6 nm thick) showing highly curved microtubule. (D)

Lumenal density in microtubules, the first two images on the left are from the microtubule shown on (C). (E) Cross-section of axons, seen as

side view tomographic slices, slice thickness is 6.4 (top) and 9.6 nm (bottom). (F) Actin filaments (left) and a 3D segmentation of actin

filaments superimposed on the same slice (right). (G) A region of a filopodia at different depths, spanning 29 nm showing cortical actin (white

arrows) and bundles (black arrows). Tomographic slices on (B), (D) and (G) are 3.2 nm and on (F) 2.8 nm thick. Scale bars B-E 100 nm and

F-G 200 nm.

https://doi.org/10.1371/journal.pone.0197886.g003
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ends were straight on one side and frayed on the other, arguing that individual protofilaments

at an end of a microtubule can be in different states.

In our tomograms, several microtubules were highly curved. For example, the curvature of

the microtubule shown on Fig 3C was determined to be 1.9 μm-1 (corresponding to the radius

of the arc formed by the microtubule of 530 nm), while the highest curvature we measured was

2.4 μm-1. Compared to the curvatures reported earlier at the leading edge of fibroblasts just

before breaking (Fig 2 in [45], 10 of the highest curvatures we measured (all above 1.8 μm-1)

would fall among the 10 highest curvatures in that paper, when converted to the particular sys-

tem used for the curvature determination there. While we can not prove that highly curved

microtubules exist in vivo, our results show that neuronal microtubules are flexible enough to

sustain high curvatures.

Density inside microtubules was detected in cryo-ET slices in immature neurons and astro-

glia and to a lesser extent in other cell types, and it was implicated in microtubule stability [32,

50, 60–62]. As in the earlier studies, lumenal densities were abundant in our tomograms, they

were both disconnected and attached to the microtubule wall and they were prominent at

microtubule ends (Fig 3B–3D). Considering that neuronal microtubules can be quite long and

that in our images the lumenal density was present in regions of high curvature, it is plausible

that the lumenal density provides the required strength or flexibility.

Actin filaments were imaged by cryo-ET in neurons [32, 51] and other cells [63–65]. We

observed actin bundles and cortical actin in a protrusion, while a tight bundle was present at

its neck (Fig 3F). Criss-crossing filaments at the base likely formed an actin patch, a transient

accumulation of actin filaments from which filopodia are known to emerge [66, 67].

We observed a specific form of actin organization in a long (at least 2 μm) filopodium,

where tight actin bundles and cortical actin containing nearly parallel branches were found in

close proximity, within 30 nm (Fig 3G). The mean spacing between actin filaments in a bundle

was 9.6 nm (σ = 1.46 nm, N = 101), similar to that found for reconstituted, fascin cross-linked

bundles (8-9 nm, [68] and slightly smaller that the values reported for bundles in cryo-tomo-

grams of Ptk2 cells (12-13 nm, [65] and stained, reconstituted fimbrin cross-linked bundles

(11.5-12 nm, [69].

Therefore, the cytoskeletal features observed in our tomograms are in agreement with the

literature and the amount of structural detail is at the level of other cellular cryo-ET studies.

Large membranous compartments

SER was readily observed in our tomograms of axons. As expected, it extended through neuro-

nal processes and was composed of tubules and sacks or sheets (Fig 4, white and black arrows,

respectively). A full 3D inspection allowed us to appreciate different forms of sack shapes. The

dimensions along the principal axes (length, width and height) of the sack shown on panel (B)

were approximately 700, 250 and 20-40 nm, qualifying it as a large, thin sack, while the one on

panel (C) was significantly thicker (300, 200 and 80 nm). Because the width of the sack on

panel (A) was much closer to its height than to its length (300, 80 and 50 nm), it could be

described as a narrow sack or a large, somewhat flattened tubule.

It was proposed that membrane-bound protein bridges act to stabilize the sack shape [70],

but such structures were previously detected only in a limited number of micrographs contain-

ing sacks from fully hydrated HEK293 cells [71]. Similarly, lumenal bridges that traverse sacks

were rare in our data. Few were detected in a thin sack (Fig 4B, white arrowhead), but they

were lacking in the thicker ones. Therefore, our data does not support a dominant role of such

bridges in maintaining sack shape.
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We did not observe direct contact between SER and other lipid membranes. Furthermore,

SER and microtubules were rarely linked by protein bridges, despite their proximity (one such

bridge is shown on Fig 4C). This observation might explain the finding that the depolymeriza-

tion of microtubules does not acutely disturb the SER [72].

Multivesicular bodies (MVBs) are single-membrane enclosed compartments containing

intralumenal vesicles, and are functionally characterized as late endosomes [73]. We observed

more than 20 MVBs, their size ranged from 100 to 400 nm. They showed a smooth, rounded

appearance having a stretched membrane (Fig 5), in agreement with earlier results obtained

by ET of high-pressure frozen, freeze substituted cells, and in contrast to those from aldehyde-

fixed samples [25]. In few cases, the MVBs contained tubular protrusions, external or internal

buds (Fig 5A), confirming that they are dynamic structures.

In most cases MVBs contained 5-15 intralumenal vesicles of diameters between 40 and

70 nm (mean±std 52.4±9.6 nm, N = 136), consistent with previous data [74]. We did not

observe direct, membrane-to-membrane contact between the intralumenal vesicles and the

MVB outer membrane, supporting the view that these vesicles may only transiently contact

the MVB outer membrane directly [74]. Instead, several intralumenal vesicles and at least

one small cytoplasmic vesicle were tethered to the outer MVB membrane by thin, pleomor-

phic filaments (Fig 5B, black arrowheads). In addition, intralumenal vesicles contained

other membrane-bound structures, protruding to the vesicle exterior as well as to the vesicle

lumen side (white arrowheads). Therefore, intralumenal vesicles carry protein complexes

that allow them to interact with the outer membrane and may have a role in endosomal

function.

Fig 4. SER from three different boutons. (A) Distance between the first and the last slice is 19 nm. (B) White arrowhead points to a bridge within sack. The distance

between slices is 58 nm. (C) Black arrowheads points to a bridge between a SER and a microtubule, a magnified view is shown in the inset. The distance between slices

is 26 nm. White arrows point at tubules and black arrows at sacks of SER (all panels). All tomographic slices are 3.2 nm thick. Scale bar for all large slices 200 nm. Inset

scale bar 50 nm.

https://doi.org/10.1371/journal.pone.0197886.g004

Pleomorphic linkers organize vesicles

PLOS ONE | https://doi.org/10.1371/journal.pone.0197886 June 4, 2018 11 / 24

https://doi.org/10.1371/journal.pone.0197886.g004
https://doi.org/10.1371/journal.pone.0197886


Medium-sized spherical vesicles

More than a half of the medium-sized spherical vesicles (diameter 50-120 nm) that we

observed in axons had dark lumen, while the others had light lumen with a density similar to

the surrounding cytoplasm (Fig 6B, left). The diameter of the dark lumen vesicles (mean±std

81.0±16.2 nm, N = 66) was significantly smaller than that of the light lumen vesicles (mean

±std 94.8±26.1 nm, N = 33; t-test, p = 0.0017) (Fig 6A), which likely indicates they are func-

tionally different.

Further distinction within the dark lumen vesicles was made based on the existence on the

light shell (halo) between the vesicle membrane and the core (Fig 6B). Diameters of these two

types of dark lumen vesicles did not differ (mean±std with halo 82.7±18.8 nm, N = 31; without

halo 79.5±13.7 nm, N = 35). Mean radial density traces of vesicles and the surrounding cyto-

plasm confirmed the distinction between the three types of medium sized vesicles (Fig 6B,

right). Namely, all traces had minima (highest density) at the membrane. The dark lumen vesi-

cle showed lower values (higher density) for lumen than for the surrounding cytoplasm, as

opposed to similar values for the light core vesicle. Finally, the light halo surrounding the

dense lumen showed as a prominent peak (low density) on the density trace. The different

densities described here were not caused by imaging conditions, because tomograms were

recorded under similar conditions and the three vesicles shown on Fig 6B were found in the

same tomogram.

Dense core vesicles (DCVs) having a mean diameter of 80 nm were previously observed in

heavy-metal stained samples and were characterized as vesicles transporting the presynaptic

active zone components [1, 4, 75, 76]. Because neuropeptide-containing vesicles also have a

dense core but their mean diameter is typically larger than 100 nm [4, 77, 78], we selected

dark lumen vesicles having the diameter between 70 and 90 nm. 33% (20 of 61) of large axonal

Fig 5. Multivesicular bodies. (A) Tomographic slice and a 3D segmentation of a bouton containing a multivesicular

body (red), intralumenal particles (orange), microtubules (green), small vesicles (light blue), medium size vesicles

(dark blue) and plasma membrane (yellow). A tubular protrusion is denoted by a black arrow and an internal bud by a

white arrow. Scale bar 200 nm. (B) Multivesicular bodies showing intralumenal and external vesicle tethers (black

arrowheads) and membrane-bound complexes of intralumenal vesicles (white arrowheads). Scale bar 50 nm. All

tomographic slices are 3.2 nm thick.

https://doi.org/10.1371/journal.pone.0197886.g005
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Fig 6. Dense and light core medium size vesicles. (A) Diameter distribution for dense and light core medium size vesicles. (B)

Tomographic slices and corresponding radially averaged density traces (lower values indicate higher density) for a dense core with halo

(top), a dense core without halo (middle) and a light core vesicle (bottom). Arrows show the light halo and the corresponding peak, while

‘lum’, ‘m’ and ‘cyto’ denote the position of vesicle lumen, membrane and the surrounding cytoplasm, respectively. Scale bars for traces are

shown above them. (C) Distance to the nearest microtubule for all dense core, 80 nm vesicles. (D) Tomographic slices showing dense core
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boutons contained DCVs, compared to 17-26% reported earlier [79]. About half of the DCVs

(20 of 42) were located within 50 nm to the microtubules (Fig 6C), suggesting that some of the

DCVs were transported to boutons. Together, these observations indicate that boutons investi-

gated here may be less mature than those found in tissue.

We found that the DCV membranes were highly decorated by densities, likely composed

of proteins (Fig 6D). Among them, free-standing protrusions showed different shapes, such

as an array of short protrusions (black arrowhead on the lower left image), individual short

(black arrowhead on the top left image), or long protrusions (black arrows). Furthermore, we

observed short filaments linking DCVs to other medium size vesicles (white arrow) and synap-

tic vesicles (white arrowheads), similar to those interlinking synaptic vesicles reported before

[22] (quantification is presented in one of the following sections). These DCV attached densi-

ties are likely to be involved in the synaptic vesicle organization and axonal transport and may

comprise some of the cargo transported by DCVs.

Transport packets

Axonal boutons containing DCVs and light lumen vesicles, indicative of axonal transport,

showed different size and organization.

The first example is a medium-sized bouton, containing more than 30 synaptic vesicles (Fig

7A). The tight packing of the synaptic vesicles and their clustering close to microtubules set

this bouton apart from large axonal boutons (Fig 2). Its size, the spindle shape and the presence

of a DCV and a light lumen medium sized vesicle, point to a less mature state and support the

view that this bouton forms a transport package.

We observed several small boutons that contained a mix of DCVs, light lumen medium

sized vesicles and synaptic vesicles (Fig 7B). The vesicles were clustered together, close to

microtubules. The composition of these boutons agrees with those proposed to transport the

active zone and the synaptic vesicle proteins, except that we did not observe cytoplasmic aggre-

gates [7], probably because of a higher resolving power of cryo-ET.

Interestingly, we also observed small clusters of closely spaced synaptic vesicles, organized

in linear, chain-like structures (Fig 7C and 7D). An occasional vesicle was often found slightly

off the axis formed by other vesicles (two vesicles on the middle image of panel (C) and the

middle vesicle on panel D). Vesicles were typically arranged along microtubules and were

located both in small boutons that did not contain other vesicles and also within larger bou-

tons. In both cases these vesicles were interlinked by short filaments, suggesting they were

transported together.

Therefore, our data support different modes of axonal transport. Considering that these

boutons were wider than the surrounding axonal shafts, their transport necessitates remodel-

ing of the plasma membrane along their path.

Synaptic vesicles, connectivity and tethering

To investigate the distribution and organization of synaptic vesicles at nonsynaptic axonal

boutons in detail, we focused on the technically best tomograms (see the Methods). These

included both spindle and sack-like boutons and contained between 30 and more than 200

vesicles.

vesicle protrusions (long black arrows, short black arrowheads), connectors to synaptic vesicles (white arrowheads) and connectors to other

medium size vesicles (white arrow). All tomographic slices are 3.2 nm thick. Scale bars for all tomographic slices 100 nm.

https://doi.org/10.1371/journal.pone.0197886.g006
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Our visual impression that synaptic vesicles were generally removed from the plasma mem-

brane were substantiated by the quantification of the vesicle distribution in respect the mem-

brane (Fig 8A). Namely, the nonsynaptic boutons lacked the increased vesicle concentration

in the proximal region (up to 45 nm to the plasma membrane), which was prominent in undis-

turbed, mature synaptosomes [80], Fig 2B). Furthermore, the number of proximal synaptic

vesicles per unit plasma membrane surface area was 19.4±33.1 μm-2 (mean±std, N = 12). This

Fig 7. Transport packets. (A) A tomographic slice and a 3D segmentation of a medium-sized bouton. Plasma membrane is

shown in yellow, microtubules in green, SER in orange, synaptic vesicles in light blue and medium size vesicles in dark blue.

(B) Tomographic slices showing a small transport bouton. Distance between the left and the right slice is 41.6 nm. (C) Short,

chain-like clusters of synaptic vesicle in a small bouton. Distance between slices is 38.4 nm. (D), Synaptic vesicle chain in a

large bouton. Distance between slices is 9.6 nm. On all panels black arrows indicate DCVs, white arrows light lumen

medium size vesicles and white arrowheads connectors interlinking synaptic vesicles. All tomographic slices are 3.2 nm

thick. Scale bars (A) 200 nm, (B)-(D) 100 nm.

https://doi.org/10.1371/journal.pone.0197886.g007
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is much lower than what was measured for wild-type synaptosomes (100 μm-2, Fig 7D in [81]

and 103 μm-2 in [80] and even for genetically modified synapses known to have reduced

release probability (53 μm-2 in [80].

As in our previous studies in synaptosomes, tethers linking synaptic vesicles to the plasma

membrane, and short filaments interlinking synaptic vesicles (connectors) were visually iden-

tified as the most prominent structures organizing synaptic vesicles (Fig 8B and 8D, arrow-

heads). Furthermore, even in densely packed boutons, no direct membrane contact between

synaptic vesicles and the undisturbed plasma membrane was observed (Fig 8B), consistent

with our previous reports.

Connectors and tethers were automatically detected using our Hierarchical thresholding

procedure. The fidelity of this procedure was established by the agreement of the automatically

detected structures with the ground truth and the observation made on perturbed synapses

that the distance between membranes does not determine the detection [22, 44].

Fig 8. Synaptic vesicle organization, tethers and connectors. (A) Synaptic vesicle distribution in respect to the plasma membrane for individual nonsynaptic

boutons. (B) Synaptic vesicle tethers (black arrowheads) and connectors involving tethered vesicles (white arrowheads) in nonsynaptic boutons. (C) Histogram of

tether lengths. (D) Synaptic vesicle connectors (white arrowheads) in nonsynaptic boutons. (E) Histogram of synaptic vesicle connector lengths. (F) Tomographic slice

of a synapse. (G) Tethers (black arrowheads) and connectors (white arrowheads) in a synapse. Tomographic slices are 2.8-3.2 nm thick. Scale bars (B), (D), (G) 100

nm, (F) 200 nm.

https://doi.org/10.1371/journal.pone.0197886.g008
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Synaptic vesicle connectors were present on more than half of the synaptic vesicles (58%),

in some cases linking tethered vesicles (Fig 8D and 8B). Their length showed a strong peak

between 10 and 15 nm (mean±std 15.5±7.7 nm, N = 1254) (Fig 8E), but overall their shape was

heterogeneous. All these measures were consistent with our previous publications.

In order to investigate the nature of vesicle membrane-bound complexes, we compared

those emanating from DCVs and synaptic vesicles in the technically best boutons that con-

tained DCVs. The number of free-standing protrusions per vesicle was higher for DCVs

(mean±sem 27.4±4.4, N = 9 for DCVs and 10.8±0.2, N = 590 for synaptic vesicles; t-test

p = 0.0001), but the number of protrusions per unit membrane area (mean±sem 1.41±0.21

per 1000 nm2 for DCVs and 1.59±0.03 for synaptic vesicles) and their length (mean±sem 9.10

±0.48, N = 247 for DCVs and 9.65±0.10, N = 6347 for synaptic vesicles) were similar. Because

the analysis of the free-standing protrusions required segmentation at a single threshold, it is

expected that some protrusions were not detected [44]. To circumvent this problem, we ana-

lyzed connectors linking synaptic vesicles to DCVs using the standard, hierarchical threshold-

ing approach. Their length was significantly different (mean±sem 23.0±8.5 nm, N = 15 for

DCV—synaptic vesicle and 15.0±9.0 nm, N = 207 for synaptic vesicle—synaptic vesicle con-

nectors, t-test p = 0.0010). Therefore, our data shows that both DCVs and synaptic vesicles

have a considerable number of vesicle-attached complexes and indicates that in this context

DCVs determine the type of connectors.

Tethered proximal synaptic vesicles were detected only in 5 of 12 boutons, significantly dif-

ferent from WT synaptosomes investigated earlier (p = 0.0050, Chi-square test in comparison

to 9/9 synapses in [80] and p = 0.0074 for 8/8 synapses in [81]. The majority of tethers were 5-

25 nm long (mean±std 19.8±11.7 nm, N = 124; measured membrane edge-to edge) (Fig 8C).

Interestingly, some of the vesicles had more than one tether (Fig 8B upper and lower right

images) and some tethers seemed to have a continuation on the extracellular side (panel B, bot-

tom row).

Importantly, reducing the sample thickness by focused ion beam (FIB) milling allowed us

to access thicker regions and record tomograms of synapses (Fig 8F). This method allows thin-

ning samples while maintaining them in the vitrified state [82, 83], but is plagued by problems

that preclude its routine use [84]. Again, we observed numerous synaptic vesicle tethers and

connectors (Fig 8G). Upon visual inspection these were the major structural organizers of the

presynaptic terminal and their morphology was consistent with those observed in nonsynaptic

boutons and synaptosomes. The fraction of tethered proximal synaptic vesicles (mean±sem

0.78±0.09, N = 50), the number of tethers per proximal synaptic vesicle (1.80±0.21, N = 50)

and their length (10.93±0.82 nm, N = 92) were similar to the values previously obtained for

untreated wild type synaptosomes (0.55-0.78, 1.0-2.7 and 5-12 nm, respectively) [22, 80, 81].

The inverse correlation between the number of tethers per tethered synaptic vesicle and the

vesicle distance to the active zone membrane was significant (Pearson’s test, correlation coeffi-

cient r = -0.63, p<0.001), arguing against synaptic release defects. Contrary to the non-synaptic

boutons, tethers were found in all presynaptic terminals and their mean length was signifi-

cantly different between the two bouton types(t-test, p<0.001). This data requires careful

interpretation because of the small number of analyzed synapses. It nevertheless suggests that

tethers detected in synapses in culture are quantitatively similar to those previously analyzed in

mature synaptosomes, but are significantly different from those of the non-synaptic boutons.

Discussion

We employed cryo-ET to obtain high-resolution, 3D images of intact, fully hydrated, vitrified

neuronal processes, preserved in a close-to-native state. Our main finding is that different
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types of spherical vesicles, including synaptic, transport and endosomal vesicles are extensively

interconnected or tethered to other lipid membranes, such as the plasma membrane, via short,

pleomorphic linkers. These linkers (connectors and tethers) appear to play major roles in the

structural organization of synaptic and transport processes. We also provide structural charac-

terization of other cellular components present in neurites, which can serve as a framework

into which information from other methods need to fit.

Here, we first characterized the application of cryo-ET on intact neurons. We showed that

dissociated hippocampal neurons develop properly on EM grids and form synapses. Synapses

were rarely observed without thinning by FIB, likely because in this case the imaging was

restricted to thin regions of distal processes. Nevertheless, we observed many nonsynaptic

axonal boutons containing synaptic vesicles and confirmed that they fit well with the already

existing morphological and vesicular content-based classification [54]; SynapseWeb http://

synapseweb.clm.utexas.edu/). The morphology of the SER and late endosomes was consistent

with previous EM results [25, 85, 86]. In particular, lipid membranes remained at a distance

from each other, as reported earlier [74, 87]. Therefore, we established that cryo-ET is suitable

for high-resolution imaging of dissociated neuronal cultures.

Importantly, smooth and continuous membranes, non-extracted cytoplasm and the

absence of crystalline ice ensured proper preservation of our samples. The structure of micro-

tubule ends and the lack of long extensions were in good agreement with the findings obtained

for fibroblasts [60], even though imaging of our samples was more challenging due to the

higher sample thickness. Also, our data showed that lumenal density in microtubules was

quite prominent, in agreement with earlier data from intact neurons [32, 50, 62]. Considering

that we detected several microtubules that, up to our best knowledge, had a curvature compa-

rable to the most curved microtubules reported so far [45], it is tempting to make an associa-

tion between microtubule flexibility and lumenal density. Similarly, actin filament bundles

and cortical actin in our tomograms were in agreement with those previously observed by

cryo-ET [32, 51, 63–65]. Also, we determined the spacing between filaments in a bundle and

detected actin organization where bundles and cortical actin are closely apposed. These results

show that our tomograms provide a high level of structural detail and conform with the state-

of-the-art cellular cryo-ET.

The following arguments support our view that the majority of DCVs we observed can be

functionally identified as PTVs. Their morphology was consisitent with PTVs [1, 2], and they

appear to be different from neuropeptide-containing vesicles because their mean diameter was

80 nm, which is smaller than 100 nm or more, which is characteristic of neuropeptide-contain-

ing vesicles [1, 4, 77, 78, 88], and they were found at non-synaptic boutons at low frequency.

Furthermore, they were decorated with a large number of membrane-attached protrusions.

Considering that synaptic vesicles are known to have many heterogenous membrane-bound

complexes [89], the lack of significant differences between basic morphological properties of

DCVs and synaptic vesicles does not give a definite answer about the molecular identity of the

DCV protrusions. However, our finding that connectors linking DCVs with synaptic vesicles

were different from those interlinking synaptic vesicles point to different composition of DCV

connectors. Finally, the common location of DCVs in the vicinity of microtubules further sup-

ports their role in axonal transport.

We observed axonal packets comprising dense and light core medium size vesicles, puta-

tively identified as PTVs and STVs, as well as synaptic vesicles. The mixed composition of

these packets supports the view that PTVs and STVs may be arrested at the same spots in

axons, or transported together [7–9, 90]. Additionally, we detected short chain-like clusters of

synaptic vesicles, often aligned parallel to microtubules which we hypothesize are also involved

in transport, thus further supporting multiple modes of axonal transport [9].
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Because our samples were not stained by heavy metals, we conclude that the lumen of

DCVs indeed contains material of a higher mass density. Furthermore, the variable spatial

extent of the dense material, filling the entire lumen or at a distance to the vesicle membrane,

argues that the organization or composition of lumenal material differs between DCVs.

Synaptic vesicles in synaptic and nonsynaptic boutons were extensively interlinked by pleo-

morphic short filaments (connectors) and they were tethered to the plasma membrane. These

synaptic vesicle connectors and tethers were the most prominent structural features organizing

synaptic vesicles. Their localization and morphology of connectors was consistent with the

previous data from synaptosomes that implicated these structure in synaptic vesicle mobiliza-

tion and release [22, 80].

Quantification based on the automated tether detection in presynaptic terminals by the Hier-

archical thresholding [44], agreed with that earlier reported for mature synaptosomes [22, 80,

81]. However, non-synaptic boutons structurally differed from presynaptic terminals in the

following ways: (i) There were fewer proximal SVs in the non-synaptic boutons. (ii) Tethered

proximal synaptic vesicles were found only in some non-synaptic boutons, as opposed to all syn-

apses. (iii) Tether length was significantly longer in non-synaptic boutons. Together, this argues

that nonsynaptic boutons possess some of the required components, but are not fully release-

competent. This agrees with findings that nonsynaptic boutons are capable of neurotransmitter

release and play a role in synaptogenesis, and that the release requires some SNARE proteins

but is not sensitive to tetanus toxin, which abolishes the release at mature synapses [12–16, 91].

Therefore, it is likely that synaptic vesicle connectors and tethers of nonsynaptic boutons are

involved in synaptic function, specifically in synaptic vesicle organization and release.

The above findings are consistent with our previous hypothesis that in mature terminals,

initially tethered SVs acquire multiple short tethers, likely in a SNARE-dependent manner,

during a progression towards the release [22, 80]. However, this points to the possibility that

the release involving different SNARE protein isoforms [91] may have a different structural

signature.

Importantly, we observed similar connectors and tethers between late endosomes and their

intralumenal vesicles, and between dense core vesicles and other medium size or synaptic vesi-

cles both in transport packets and nonsynaptic boutons. Short linkers between other cellular

structures, such as microtubules and SER were substantially less prominent. Therefore, our

data argues that connectors and tethers are important for the organization of different small

and medium sized spherical vesicles and that they are involved in multiple cellular processes.

Taken together, our cryo-ET images of fully hydrated, unperturbed neurons grown in cul-

ture show that connectors and tethers link different types of spherical vesicles to other vesicles

and lipid membranes, probably serving to organize and precisely position them. They are

abundant in neuronal processes and are likely involved in synaptic, endosomal and axonal

transport processes. Therefore, structural interactions via short filaments may serve as a ubiq-

uitous form of organization of vesicles in neurons.
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