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Chapter 1

Abstract

Cryo-electron tomography can provide an open view into the unaltered ultra-
structure of neurons. We obtained tomograms of the distal regions of vitrified
neuronal processes in developing neurons. We characterized the morphology of
axonal processes and their content. In addition we analyzed synaptic vesicles,
their distribution and interconnectivity in a quantitative matter.

Two additional studies have been performed in synaptosomes. We investigated
the influence of human α-Synuclein on the synaptic ultrastructure by comparing
different genotypes: synuclein-triple knockout, human α-Synuclein overexpression
on wildtype and triple-knockout background as well as mice overexpressing the
α-Synuclein A30P mutation linked to Parkinson’s disease. In a separate study,
SynCAM I overexpressor and knockout mice have been used to determine the
distribution of SynCAM I within the synaptic cleft, revealing a preferential local-
ization towards the edge of the synaptic cleft.
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Chapter 2

Summary of studies described in
this work

Neuronal cultures: During development neurons form many varicosities among
their dendrites and axons. In axons they often transport packages of vesicles or
other membranous structures carrying proteins required for synaptogenesis, or
even represent functioning presynaptic boutons. By using cryo-electron tomogra-
phy we obtained three dimensional tomograms of fully hydrated neuronal processes
in vitro. Our analysis focused on axonal varicosities, especially those rich in synap-
tic vesicles or containing packs of synaptic vesicles. We furthermore employed a
correlated microscopy approach, using cryo-light microscopy imaging of vitrified
specimen before imaging in the electron microscope to target presynaptic boutons.

We observed and categorized a wide range of varicosities of varying morphology
and content. We were able to describe multiple (putative) transport events and
reveal connections between packets of synaptic vesicles to microtubules and to the
network of smooth endoplasmic reticulum. We performed a quantitative analysis
of the distribution of synaptic vesicles in boutons and the filamentous connectors
between them. Automated segmentation methods were used to visualize cortical
actin and actin bundles in varicosities and filopodia.

Correlative light and electron microscopy was used to target synaptic vesicle re-
lease and recycling events. Although we could successfully image several presy-
naptic boutons in axons we could not access mature synapses without further
thinning steps.

α-Synuclein: α-Synuclein is the main component of Lewy-bodies associated
with Parkinson’s disease. Despite many efforts, its function in the healthy brain

2



3

is still unclear. Using synaptosomes from brains of mice we tried to elucidate the
role of α-Synuclein by detecting differences in the distribution of synaptic vesicles,
their interconnections and their tethering to the membrane at different levels of
α-Synuclein. We investigated mice with either normal synuclein levels, with a
triple-kockout of α-Synuclein, overexpressing native human α-Synuclein on wild-
type or on triple-knockout background, as well as mice overexpressing the A30P
mutation variant of alpha-synuclein on wild-type background. Humans with the
A30P α-Synuclein mutation are prone to Parkinson’s disease. α-Synuclein knock-
out reduced the amount of filamentous connections among synaptic vesicles and
they showed more structural indicators of release competence. Synaptosomes pre-
pared from mice overexpressing human α-Synuclein revealed release defects not
present in mice overexpressing the mutant A30P variant. Interestingly, overex-
pressin of α-Synuclein often showed different effects depending on the genetic
background (wild-type or triple-knockout).

SynCAM I: SynCAM I is a protein in the synaptic cleft that plays an important
role in synaptogenesis and synaptic plasticity. In order to visualize the synaptic
cleft and investigate the distribution of SynCAM, together with Geoffrey Kong we
established a collaboration with Geoffrey-Kong and Tom Blanpied. Cryo-electron
tomography of synaptosomes prepared from mouse genotypes lacking or overex-
pressing SynCAM I revealed a preferential location of SynCAM I towards the edge
of the synaptic cleft. This could be confirmed by superresolution microscopy data
and immunolabeling experiments, both performed by Thomas Biederer’s lab.



Chapter 3

Electron microscopy

3.1 Electron microscopy

Since its introduction in 1932 by Ruska and Knoll [50], electron microscopy (EM)
has seen huge developments and has advanced our knowledge in fields from solid
state physics to life science and medicine. While electron microscopy does not re-
quire crystallized specimen, biological samples need to be immobilized to resist the
vacuum in the electron microscope. In conventional electron microscopy, samples
are fixed with aldehydes (formaldehydes and glutaraldehydes) to preserve their
structure. After the chemical fixation the water is replaced by an epoxy resign.
Chemical fixation and resin embedding was the fixation method of choice until the
advent of cryo-electron microscopy. Cooling speeds of > 105 Kelvin per second
solidify the water in and around the specimen in a vitreous state and preserve the
ultrastructure even on the scale of proteins [22].

The setup of an electron microscope is analogous to a classic light microscope (see
fig. 3.1) in the sense that it comprises an electron source, an array of lenses to
manipulate the beam and the resulting image and a camera.

In light microscopy the resolution d is mainly limited by the wavelength of visible
light: d = λ

2n sin θ , with λ between 400 nm and 700 nm. The wavelength of the
electrons depends on their velocity and is small compared to visible light with 1.97
pm at 300 kV acceleration voltage1. When a sample is irradiated with the beam
in the electron microscope, the incident electrons deposit energy in the sample,
leading to its degradation. This effect limits the dose that can be applied to the
specimen and hence the obtainable signal to noise ratio (SNR). It is especially

1λ = h√
2m0eU

· 1
1+ eU

2m0c2

4



3.1. ELECTRON MICROSCOPY 5

Figure 3.1: Schematic representation of an electron microscope. From [84]
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prominent in cryo-electron microscopy (cryo-EM) where the electron dose that
can be applied to the specimen is much lower compared to electron microscopy
of conventionally fixed specimen. Aside from electron sensitivity of the specimen,
the specimen thickness is another limiting factor. Electrons that undergo multiple
scattering events add additional noise to the image and reduce the attainable
resolution. Additionally, not all spacial frequencies are represented equally in the
acquired image. This is described by the contrast transfer function (CTF), see
section 3.3 below.

Electron source

Nowadays the illumination source of choice in the electron microscope is a field
emission gun (FEG). The electron beam it provides has a higher temporal and
spacial coherence compared to thermionic or Lathidium-Hexabromide emission
guns. This is important for the resulting image formation as it decreases the
attenuation of the CTF (see fig. 3.2).

A FEG consists of a Schottky type tungsten crystal and two anodes, operated
at around 1700 K. The sharp (100nm) tip of the crystal is covered by a thin
layer of zirconia to lower the work function. A potential of +4.2 kV is used to
extract electrons from the tip before they are accelerated by the second anode.
For biological applications an acceleration voltage between 120 kV and 300 kV is
typically used.

Lenses and apertures

Lenses in an electron microscope are electromagnetic, so while their position is
fixed, their focal length is adjustable. Two (e.g. FEI Tecnai Polara G2) to three
(FEI Titan Krios) condensor lenses and corresponding apertures are used to shape
the beam to evenly illuminate the sample. The sample is located almost within the
objective lens which collects the scattered electrons. The objective aperture filters
out electrons scattered to higher angles and enhances the contrast. Diffraction and
projection lenses further magnify the image and either project in on a phosphor
screen or on the camera. They are also required to view the diffraction pattern of
the specimen.
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Energy filter

As described below (chapter 3.2), elastically scattered electrons convey useful in-
formation in cryo-electron tomography. An energy filter can be employed to only
allow electrons within a certain energy range to pass towards the detector. This
filter can either be located within the column of the microscope (Ω-filter) or be-
low the column (’post-column filter’). A post-column filter further magnifies the
image, an effect that can be compensated by reduced magnification within the
column.

Detection systems

Originally photographic film was used to record images in the electron microscope,
a practice that is still relevant today. While electronic cameras allow for automatic
image recording and speed up the data acquisition process substantially, film was
long considered the gold standard for single particle acquisition because of the
superior field of view and the good transfer of high spacial frequencies. The latter
is often described by the modulation transfer function (MTF).

Charge coupled device (CCD) cameras are the most common detectors used in
electron microscopy. Most importantly, electronic readout allows for automated
imaging adjustments between acquisitions. It removes the necessity of manual
change of the photographic plates and allows the computer to adjust the mi-
croscope between acquisitions, greatly facilitating electron tomography and the
acquisition of large datasets in single particle analysis. CCD chips are only capa-
ble of detecting photons, therefore a scintillator has to be used to initially convert
the incident electrons into photons that are subsequently detected by the CCD
chip and converted back into an electronic signal. The angular distribution of the
photons, the physical thickness of the scintillator and the fact that one electron
can produce an avalanche of photons induce a spread of the signal.

Direct detectors were developed to circumvent the aforementioned limitations of
CCD detectors. They are based on CMOS chips are able to detect electrons
directly, without the use of a scintillator. This allows for a much lower physical
pixel size on the chip and much better MTF [2]. An additional advantage over
CCD chips is the fast readout speed of up to 400 frames per second. An image
can now be recorded as single frames that are later aligned, eliminating the drift
of the specimen during acquisition.
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3.2 The interaction of the specimen with the
electron beam

This chapter will discuss the two ways in which electrons interact with the speci-
men: Elastic and inelastic scattering. During elastic scattering events, the kinetic
energy is preserved. The interaction between incident electrons and the nucleus
of the atoms in the specimen is of elastic nature, while the interaction with the
electron shell results in inelastic scattering.

3.2.1 Elastic scattering

Elastic scattering occurs at the Coulomb potential of the nucleus of the sample. In
the Wentzel approximation, the Coulomb potential of the nucleus can be described
as2:

V (r) = − e2Z

4πε0r
· e−r/R (3.1)

R is being the screening radius R = aHZ
−1/3 with the Bohr radius aH . It is

evident, that the potential is proportional to the atomic number Z.

We can describe incident electron as a plane wave Ψinc = Ψ0e
2πikr. The observer

of a scattering event is far from the event and close to the optical axis, therefore,
we can describe the scattered electron in Frauenhofer approximation as:

Ψsc(r) = Ψ0asc(r) · eiϕs(r) · e2πikr = Ψinc + Ψinc[eiϕ(r) − 1] (3.2)

asc(r) is the decrease of amplitude and equal to 1 in case of elastic scattering and
ϕs(~r) is the phase shift induced by the specimen:

ϕs(~r) =
ˆ
V (~r, z)dz (3.3)

The first term on the right hand side of eq. 3.2 describes the unscattered wave
and the second term yields the amplitude of the scattered wave f(θ) [78]:

f(θ) = −2iπk
ˆ ∞

0
[e[iϕs(r)] − 1]J0(2πqr)rdr (3.4)

2Z: atomic number, ε0: vacuum permittivity, e: electron charge, r: radius, R: screening radius
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Wherein J0 is the Bessel function. In biological materials most molecules consist of
atoms with low atomic numbers and the induced phase shift is very small. There-
fore the ’weak-phase approximation’ (Born approximation) ϕs � 1 can be applied
and the exponential can be expanded to a Taylor series that can be truncated
after the second term:

eiϕs(~r) = 1 + iϕs(~r) + 1
2ϕ

2(~r) + . . . (3.5)

If we apply the Taylor series expansion to eq. 3.4 and truncate after the second
term, the scattering amplitude f(θ) is a real quantity. Using the Wentzel model
(eq. 3.1, 3.3) we obtain [78]:

f(θ) = λ2(1 + E/E0)
8π2aH

(Z − fx)
1

sin2(θ/2) (3.6)

E0 = mec
2 (3.7)

In which fx = Z
1+4πq2R2 is the scattering amplitude for X-rays. For small angles

sin(θ/2) ≈ θ/2, the differential cross-section dσel

dΩ = |f(θ)|2 can be calculated:

dσel
dΩ = 4Z2R4(1 + E/E0)2

a2
H

1
[1 + (θ/θ0)] (3.8)

With θ0 = λ
2πR . The total cross section can be approximated:

σel = 2π
ˆ
dσel
dΩ sinθdθ ∝ λ2Z4/3 (3.9)

For θ = θ0 the differential cross section drops to a forth of the value for θ = 0.

3.2.2 Inelastic Scattering

Inelastic interactions comprise phonon excitation (20 meV - 1 eV), intra- and
interband excitations of outer electrons and plasmon excitation (3 eV - 25 eV) and
ionization of core electrons (>100 eV). This complicates the calculation of the cross
section for inelastic scattering, but an experimental value of σinel

σel
≈ 20

Z
indicates

that for low atomic numbers, inelastic scattering dominates [78]. In biological
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samples, the mean free path of electrons for inelastic scattering events therefore
much shorter than for elastic scattering (180 nm and 450 nm respectively [84].

Inelastic scattering can provide insight into the elemental composition and is ex-
ploited in methods such as electron energy loss spectroscopy (EELS) and electron
spectroscopic imaging (ESI). In cryo-electron microscopy, it is desirable to fil-
ter out inelastically scattered electrons because inelastic scattering events are less
localized (e.g. plasmon interactions) and thus do not provide high frequency infor-
mation. Furthermore, the lower mean free path for inelastically scattered electrons
means that if an electron has undergone multiple scattering events, at least one
of them was with high probability inelastic. Notably, the characteristic angle is
much lower compared to to the characteristic angle for elastic scattering events.
Therefore, inelastically scattered electrons are scattered at much lower angles and
are not effectively blocked out by the objective aperture [78].

An energy filter can be employed to selectively remove electrons that do not have
the desired kinetic energy. This method is called zero loss imaging. As the filter
allows a spread of usually 20 eV, phonon interactions cannot be filtered out.

3.3 Image formation in the electron microscope

Two mechanisms play a role in contrast formation in the electron microscope:
phase and amplitude contrast. Amplitude contrast is also termed scattering con-
trast and stems from the removal of scattered electrons at the objective aperture.
In biological specimen, scattering contrast is very weak due to the low atomic
number of atoms present in proteins and lipids. Staining with heavy metal ions or
their salts, such as uranyl acetate, can increase the contrast. The electron beam
mainly interacts with the stain. The volume of the particle excludes the stain and
stands out brightly from the background. This technique is hence called negative
staining. However, the granularity of the salt limits the penetration of the salt
into the molecule, for example leading to cavities in the protein not being stained.
Uneven staining of the protein surface may further impede the interpretation of
the results. Lastly, the resolution that can be achieved is limited to the size of the
molecule used for staining and is typically around 20 Å.

Phase contrast

In cryo-EM of biological samples, where molecules consist of atoms with low atomic
number, amplitude contrast is not sufficient to successfully image the specimen.
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Phase contrast is influenced by the spherical aberration of the objective lens and
by defocussing the sample. Phase contrast can therefore be adjusted by the user
and dominates contrast formation in biological specimen.

To form phase contrast, the scattered electron has to experience a phaseshift ϕ.
For small phase shifts (small angles and low Z), we can describe the wave as:

Ψsc = Ψince
iΦ ≈ Ψinc · (1 + iϕ) (3.10)

Electrons scattered beyond an angle defined by the objective aperture are filtered
out. The objective aperture acts like a bandpass filter in Fourier space:

ΘOA(~k) =
{

1 if |~k| ≤ kmax;
0 if |~k| elsewhere.

(3.11)

Lens aberration and defocussing play an important role in phase contrast for-
mation. Their contribution can be summarized in the contrast transfer func-
tion (CTF):

CTF (~k) = 2sin
(
π

2 [Csλ3k4 − 2∆zλk2]
)

(3.12)

Wherein Cs is the spherical aberration of the objective lens and ∆z is the defocus
value. The CTF acts as an additional phaseshift in the back focal plane of the ob-
jective lense and can be mathematically described as a convolution. The resulting
electron wave is therefore:

ψfinal(~k) = F−1
{

ΘOA(~k)F {ψsc} · CTF (~k)
}

(3.13)

The recorded image depends on the intensity I = |Ψfinal|2. It can be shown that:

F(I) ∝ sin(π2 [Csλ3k4 − 2∆zλk2]) (3.14)

Therefore, not all frequencies are equally well transfered in the final image (see
fig. 3.2). To accommodate for this, CTF correction is routinely applied in single
particle analysis. In low dose electron tomography the low signal to noise ratio in
an individual image impedes defocus determination. To make matters worse, the
defocus value is not constant within one image due to the tilted specimen. CTF
correction is still possible but not employed widely [26, 104].
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Figure 3.2: CTF (blue) and envelope function (red) for a FEG microscope at 300kV
acceleration voltage. From [58]

3.4 Cryo-electron microscopy

Cryo-electron microscopy allows us to directly view many biological specimen with-
out the need of labeling or crystal formation. In addition to two dimensional
images, two methods exist to generate a three dimensional view of the specimen.
They both are based on the reconstruction of the three dimensional volume based
on two dimensional projections, described by Radon in 1917 [77].

If the object of interest is a stable protein or protein complex that can be purified,
single particle analysis (SPA) is often the method of choice. SPA makes use of the
different views of one molecule that can be recorded in a single image of purified
molecules. All views of the molecule are extracted (’picked’) and then aligned to a
three dimensional model. A temporary model is calculated and the projections are
re-aligned iteratively, until a stable solution has been found. SPA projects make
use of thousands to millions of projections of a protein. Nowadays the resulting
reconstructions of a protein can reach close to atomic resolution and can even
detect subtle conformational shifts [95].

Electron tomography (ET) has firstly been used in 1974 [44] and is widely used
in cellular tomography, where each specimen is unique. Tomography is also used
when averaging multiple protein complexes is not viable, for example when visu-
alizing the protein together with its environment.

In electron tomography, the sample is tilted in the microscope and a projection
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image is recorded at defined angular steps. The dose fractioning theorem states
that the final resolution of the reconstruction is the same as in an individual image
that has been exposed to the same electron dose as the sum of the projection
images [45]. The Crowther criterion [17] describes the highest obtainable isotropic
resolution depending on specimen thickness d and number of projections N:

r = πd

N
(3.15)

This is never attained in practical applications because the sample holder and
the increased specimen thickness at high angles restrict the tilting range. As a
result, a fraction of the Fourier space cannot be sampled and those frequencies
are missing in the final reconstruction. This leads to an missing wedge effect and
an elongation of the sample along the imaging axis. The dependence of the final
reconstruction on tilting step and tilting range is illustrated in fig. 3.3.

Even in the specimen plane the resolution is not uniform. Along the tilt axis it
only depends on the microscope and camera, as well as the number of images,
while the resolution perpendicular to it depends on the tilting range and step (see
fig. 3.3).

Both effects can be mitigated by acquiring two separate tilt series in between
which the specimen is rotated by 90◦. The reduced signal along the tiltaxis is
compensated by the rotation and the missing frequencies in Fourier space are
partly sampled. The missing information along the imaging axis becomes a smaller
cone instead of a wedge.

Different algorithms exist to calculate the three dimensional volume from the pro-
jection images. A projection of an object of thickness d samples a slice in Fourier
space of thickness 1/d. Therefore, when collecting projections at various angles,
spacial frequencies are not sampled evenly (see fig. 3.4). Apart from the missing
wedge region, the Fourier space up to the spacial frequency kC = 1/r is completely
sampled. As can be seen in figure 3.4, low spacial frequencies are oversampled. The
weighted back projection (WBP) algorithm takes this into account and weights the
frequencies accordingly. As the amount of oversampling depends on the specimen
thickness, and it thus has to be known to calculate an exact solution. A common
alternative reconstruction algorithm is the simultaneous iterative reconstructive
technique (SIRT). Here, an estimated reconstruction is generated. Afterwards the
projections of the initial reconstruction are calculated in silico (forward projec-
tion) and compared to the recorded projections. The differences between the two
sets of projections are then used to correct the estimated volume. This process is
repeated iteratively until the solution converges.
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Figure 3.3: Electron tomography scheme. Top: Influence of the CTF on a 2d image.
Middle: Projections are depicted both as a one dimensional image and line graph.
Bottom: Influence of the overall tilting range and increment on the reconstruction.
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Figure 3.4: Data sampling in Fourier space. The object is sampled at discreet angles.
Each projection of an object of size d samples a slice of thickness 1/d in Fourier space.
From [58].



Chapter 4

Correlative Microscopy

Light microscopy has greatly advanced our understanding in biology. Immunos-
taining can be used to identify proteins or lipids and advanced methods like su-
perresolution microscopy allow an even more precise localization of the protein.
Even the relative distance of protein domains can be studied with fluorescence
energy transfer (FRET) microsopy. While all of these techniques provide impor-
tant pieces to the puzzle, staining techniques always show the label and not the
stained target itself. Electron microscopy on the other hand can provide a detailed
view of the specimen’s structure but lacks the functional information that light
microscopy can provide. In addition, electron microscopy does not only show a
stained target protein or lipid but provides an open view in the target cell. This
can be a double edged sword because it can give new insights into the arrangement
or interaction between the target and its environment but it also can impede the
proper identification of the target.

Correlative light- and electron microscopy (CLEM) aims to combine the advan-
tages of the two techniques. It has been widely used in medicine where immunos-
taining and conventional electron microsopy are often used in sync, as well in
diagnosis as in research. In life sciences, common applications of CLEM are for
example the identification of cells affected by a drug or treatment or the localiza-
tion of an object of interest within a large cell.

Slow processes and fixed cells can often be stained and imaged before immobiliza-
tion by vitrification or conventional means. Fast processes and cells in solution
need to be fixed before imaging in the light microscope. While this is generally
unproblematic for chemically fixed samples, imaging after vitrification requires the
specimen to be kept below -150◦C.

There are currently two approaches to keep the specimen vitrified during light

16
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microscopy (LM). In an integrated approach the light microscope is inserted into
the column of the electron microscope [24]. While requiring substantial changes to
the electron microscope, this approach allows the user to quickly switch between
light and electron microscopy by rotating the grid by 90°.

A modular approach uses a light microscope in combination with an special speci-
men holder that is cooled to cryo-temperatures in order to preserve the vitrification
of the specimen. The user is not restricted to one electron microscope. Addition-
ally, changes to the light microscope do not require the column of the electron
microscope to be opened. On the flipside, the additional transfer step can lead to
deformation or even loss of the sample.

4.1 Correlative approach

This study made use of the Cryostage2 setup on a Zeiss Axiovert M200 microscope
[79]. The correlation method is described in more detail in section 8.5 in the
Materials and methods chapter. Briefly, landmarks that can be identified in both
light and electron microscopy images were selected and exported from ImageJ.
After that a python script written by Vladan Lucic was used to establish a two
step correlation: First between the LM images and a low-magnification electron
microscopy (EM) image (EM-overview image), then between the EM-overview
image and physical stage coordinates. It is possible to calculate both the physical
coordinates in the electron microscope from the position of features of interest in
the LM image and the other way round.

In order to test the precision of the calculation, we used fluorescent beads with 1
µm diameter on a standard EM grid. The fluorescent beads can easily be identi-
fied in LM and EM images and provide a means to directly verify the precision
of the correlation. The calculated error was 0.7 µm for the LM to EM overview
correlation. For the correlation of the EM overview image to EM coordinates we
calculated an error of 0.3 µm and 0.6 µm for the two implemented modes respec-
tively (see method section 8.5 and corresponding figure 8.2 for details). We used
the established correlation to calculate the coordinates of the fluorescent beads
and found the true error of the correlation from LM images to EM coordinates to
be below 0.4 µm.

In real data applications, the calculated error of LM to EM-overview correlation
ranges from 0.5 to 1.9 micrometer, mostly depending on the quality and precision
of the landmarks used to establish the correlation. The position of holes in the
carbon and cracks in the ice or carbon - if well preserved - can be determined with



18 CHAPTER 4. CORRELATIVE MICROSCOPY

higher precision than for example the corners of the gridbars. The pixel size of the
LM images also plays a major role. Results achieved using a 63x objective (NA
0.75) in the light microscope were slightly better compared to a 20x objective (NA
0.4).

The error of EM-overview to EM-search correlation was usually between 0.6 and
1.1 micrometer, although larger errors have been observed. The imperfect preci-
sion of the stage likely plays a significant role. We tested the stage precision by
arbitrarily moving the stage in x and y directions and measuring the displacement
from the initial stage position when the stage was set to return to the starting
coordinates. For movements between 10 and 100 µm, corresponding to the move-
ment within one gridsquare, we found a stage error of 370±184 nm and 336±209
nm in x and y direction respectively (mean ± std, N = 10). For larger movements
(200 - 500 µm) the error increases substantially to 299±135 nm and 1021±392 nm
in x and y direction respectively. In addition, the gold grids used in cell culture are
easily deformed. A support ring (Autogrid, FEI, The Netherlands) can be used to
stabilize the grid. It is possible to use the support ring before cryo-fixation of the
grid, but the liquid retained by the ring can obstruct large areas of the grid from
direct access by EM or even impede the proper vitrification during plunge-feezing.

Fluorescent probes are routinely used to identify proteins. We therefore compared
fluorescent intensities at room temperature and under cryo-conditions. For Hela
cells transiently expressing a GFP construct, we found a ratio of 0.41±0.37 (mean
± std, N = 10, p<0.05 by paired t-test) and for an mCherry construct 0.53±0.23
(mean ± std, N = 15, p<0.001 by paired t-test). Both dyes performed better
under cryo conditions than at room temperature. During low dose cryo-electron
tomography (cryo-ET) the specimen is typically exposed to a cumulative electron
dose of ~100 electrons per square Ångström. We illuminated a Hela cell expressing
a transient GFP construct in the electron microscope with an equivalent dose
at low magnification and compared the fluorescence intensities before and after
illumination. Fluorescence was reduced by 27% compared to cells not illuminated
in the electron microscope.
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4.2 Targeting Eph/Ephrin interaction in large
cells

This work was performed together with Dimitri Vanhecke1 in collaboration with
Maria Sakkou2 and Rüdiger Klein2

The development of the mammalian brain is a lengthy process with multiple stages.
In the initial phase, neurons have to travel to their designated brain areas and
form connections to the correct neurons. Both of these processes are regulated by
a myriad of proteins.

Among those are Ephrins and their respective Eph receptors (reviewed in [73]).
Eph-receptors belong to the receptor tyrosine kinase (RTK) family. While most
RTK interact with soluble ligangs, Ephrins are membrane bound extracellular
proteins and can be classified into Ephrin A and Ephrin B families. Members of
the Ephrin A family comprise a transmembrane domain, while Ephrin B proteins
are connected to the membrane via a GPI linker. Ephrin A ligands preferably
bind to Eph-A receptors and Ephrin B ligands respectively to Eph-B receptors.
However, exceptions to the rule do exist.

Upon contact with Ephrins, Eph receptors can activate a variety of cellular path-
ways. Apart from this forward signaling, Eph-Ephrin interaction allows reverse
signaling which is less understood [103]. The interaction of Ephrins with their
respective receptors usually invokes a repulsive response between the cells but
an attractive interaction does happen in some cases. For example, low levels of
Ephrin can promote attraction while higher levels promote repulsion [65]. Interst-
ingly, even initial attraction changing into repulsion in a time-dependend manner
has been observed [64].

After Hela cells transiently expressing fluorescently labeled Ephrin have come
into contact with Hela cells expressing a fluorscently labeled Eph-receptor and
undergo a repulsive reaction, the Eph/Ephrin complex does not dissociate but
is endocytosed as a whole in both cells. As this process has never been directly
visualized, we attempted to use cryo-CLEM to capture and identify Eph/Ephrin
endocytosis events.

1at that time MPI for Biochemistry, Martinsried, Germany; currently at Adolphe Merkle
Institute, Fribourg, Switzerland

2MPI for Neurobiology, Martinsried, Germany
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Eph-Ephrin interaction causes fragmentation of the cell mem-
brane

Two experimental setups were used in this study: The first was a cell-cell assay
with the two cell populations transiently expressing the Ephrin-B1 protein and
the Ephrin receptor Ehp-B2 respectively. The Ephrin-B2 receptor construct we
used lacked the C terminus (Eph-B2-∆C) and cannot be endocytosed by the host
cell. In the second assay cells expressing Ephrin-B1 were exposed to preclustered
soluble Eph-B2 receptors.

In both cases the Ephrin-B1 expressing cells were grown on poly-L-lysine coated
gold grids and the Eph-B2-∆C containing cells or the preclustered Eph-B2 were
added to the grids. After 10 minutes, cells were washed and the grids were di-
rectly plunge frozen. The cells added in the cell-cell assay often detached during
plunging, facilitating the access to the Ephrin-B1 expressing cells.

Even with extensive blotting, Hela cells often were not directly accessible by cryo-
EM. Cos7 cells are overall thinner compared to Hela cells and have a more favorable
cell profile. After initial attempts with Hela cells all further experiments were
performed with Cos7 cells. This allowed us to directly target the cell edge on the
grid without use of thinning steps. As far as we could tell from light microscopic
data and our limited EM data with Hela cells, there were no apparent differences
between Hela and Cos7 cells in our assays.

Cos7 cells showed a heavy fragmentation of the cell membrane after Eph-Ephrin
contact (see fig. 4.1), independent of the assay. In control cells expressing Ephrin
without being exposed to Eph receptors, we find a low amount of membrane frag-
mentation, likely occurring from auto-clustering of the Ephrin. The fragmentation
is much more pronounced after contact with Eph-B2 receptors and correlates with
the sites of Eph-Ephrin co-fluorescence. Surprisingly, we find many large vesicles
of 25 - 500 nm diameter with multiple membraneous layers. We expected to see
differences between the cell-cell assay and the non-membrane bound Eph-B2 but
found similar vesicles in both cases.

Events inside cells were much harder to target and we only could obtain a few
images. Most fluorescent spots either corresponded to regions with high cell mem-
brane fragmentation or were located too far off the cell edge to be accessible by
cryo-ET.

We next tried to target fluorescent signals outside of cells. Although rarely, we
found fluorescent signals outside of cells. In addition, we found vesicles with a
double membrane, even in assays with soluble cells (see fig. 4.2).
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Figure 4.1: Edge of a Cos7 cell in EM after a cell-cell assay. A: Stiched images of a
Cos7 cell. Locations corresponding to Fluorescent spots are marked with arrowheads.
B: Electron micrographs of locations marked by arrowheads in (A). The cell membrane
is heavily fragmented into vesicular structures. Scalebar 500 nm. C: Areas devoid of
fluorescent spots show a smooth surface. Electron micrographs correspond to locations
marked by arrows in (A). Scalbar 500 nm. D: Cryo-fluorescence of the grid square the
cell in (A) is located in. Cyan: Ephrin-B1, green: Eph-B2-∆C. Arrowheads mark the
same locations as in (A). Scalebar: 50 µm.



22 CHAPTER 4. CORRELATIVE MICROSCOPY

Overall, we could show that Ephrin-B1 and Eph-B2 interaction causes the cell
membrane to form vesicles of various sizes and frequently with multiple mem-
branes. At least a fraction of them must contain Eph-Ephrin complexes as sup-
ported by our CLEM data. It is known that most Eph-Ephrin complexes are
endocytosed and transported towards the center of the cell and it has been sug-
gested that double vesicles are formed during the endocytosis process. However,
we could not visualize these structures within the cell due to specimen thickness.
The structures found outside of cells do partly resemble the suggested structures
within the cell, however the fact that they often comprise more than two mem-
branes and are also found in assays where one cell was exposed to soluble Eph-B2
instead of a second cell expressing the protein opens up the possibility that it may
be an artifact of the assay stemming from Ephrin overexpression.
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Figure 4.2: CLEM of the Eph-Ephrin complex. A: Light and electron microscopy
image of Ephrin-B1 expressing Cos7 cell after contact with an Eph-B2-∆C expressing
cell. B: Slices from the tomogram taken at the position marked in (A) with an green
arrowhead. Scalebar 200 µm. C: Example of an external vesicle with double membrane
found near a fluorescent spot after the cell was in contact with soluble Eph-B2. Scalebar
100 µm.
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4.3 Locating presynaptic terminals in cultured
neurons

Neurons form a very dense mesh of neuronal processes on the grid. In order to
locate structures of interest, for example mature or orphan synapses, one needs
to scan wide areas of the grid, often switching between magnifications to get a
clear view of the process. We employed correlative light- and electron microscopy
(CLEM) to narrow down the location of such structures in advance. As neurites
are often dynamic and boutons can move along the axon we chose to perform
imaging in the light microscope after vitrification of the specimen.

FM dyes can be used to visualize synaptic endo- and exocytosis in neurons [34] and
can be used to label synapses and orphan synapses, presynaptic boutons that are
also capable of synaptic vesicle release [54]. FM dyes are styryl dyes that comprise
a lipophilic tail group, an aromatic bridge region that creates the fluorophore and
a charged head group. The dye binds lipid bilayer but cannot cross the membrane
due to the charged head group. When cultured neurons are stimulated while the
dye is present in the buffer it is internalized during synaptic vesicle recycling. The
dye remaining outside the cells is easily washed away and sites of endocytosis can
readily be identified. We applied a stimulation and staining protocol to facilitate
synapse detection in the EM. An example of neurons stained with FM dye and
imaged under cryo-conditions can is depicted in fig. 4.3, A.

After staining, neurons showed a punctuated fluorescent signal in cryo-LM. Costain-
ing with more specific synaptic markers showed that only a subpopulation of the
varicosities labeled by FM dyes were costained.

A precision of ∼ 1.5 − 2µm was often sufficient to locate presynaptic boutons as
they can be identified visually once the area has been narrowed down. However,
the density of neuronal processes does not allow us to correlate a fluorescent spot
unambiguously to a single process. An example of a correlation can be found
in fig. 4.3. Neurons at days in vitro (DIV) 9 were stained with FM1-43 and
imaged under cryo-conditions after vitrification (fig 4.3, A). For grid squares that
had both fluorescent signal as well as sufficiently thin, vitreous ice a correlation
was established. Fluorescent spots of interest that were targeted in the electron
microscope are marked with green dots in the LM (B) and corresponding low
magnification EM image (C). The location of tomograms taken on this grid square
is marked by red dots in (C). White arrowheads point out tomograms that where
acquired at positions correlating with fluorescent spots.

Synaptotagmin is a membrane protein present in synaptic vesicles. If the synaptic
vesicle fuses with the postsynaptic membrane, the luminal domain is exposed to
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the extracellular medium and can be targeted with an antibody [100]. An antibody
against the luminal domain of synaptotagmin-1 coupled to Oyster blue was used
to label varicosities that undergo synaptic vesicle recycling. Only a fraction of
varicosities labeled with a FM dye was also labeled positive by the antibody (fig.
4.4, B). Oyster blue puncta were less bright than FM1-43 puncta but showed
almost no background fluorescence. There may be several reasons for the lower
amount of Oyster blue staining: The antibody may not stain as efficiently as
the FM dye. The interaction surface of the luminal side of the synaptic vesicle
membrane is much larger than the binding region of the antibody to the exposed
luminal domain of synaptotagmin, making it more likely that a vesicle is stained
by FM dye than by synaptotagmin antibody staining. Another possibility is that
vesicles in at least a fraction of the presynaptic boutons undergoing synaptic vesicle
exocytosis and recycling may be immature and may still lack proteins present in
mature synaptic vesicles.

In order to assess the possibility of having a dye visible in both the light and the
electron microscope, a secondary antibody coupled to the quantum dot QD605 was
used to specifically target the synaptotagmin antibody. Unfortunately, QD605
puncta were even less bright than Oyster blue puncta, most likely due to the
fact that most of the synaptotagmin antibody was already internalized and the
secondary antibody could not bind to it. Cryo-EM of the antibody did not show
sufficient contrast for detection of the quantum dot in low dose electron microscopy
images. While in thin specimen quantum dots may be used for protein identifica-
tion or even to align a tiltseries, this was not possible in our case, where we wanted
to directly observe neuronal processes, presynaptic terminals and synapses. Un-
der low dose imaging conditions the signal to noise ratio was not sufficient to We
therefore did not further pursue the use of quantum dots for labeling.

Bassoon is transported along axons in developing neurons and recruited to nascent
synapses [85]. In order to locate these transport packages, cells were transfected
with a Bsn-GFP construct on DIV 7 using Lipofectamine transfection [18]. Suc-
cessfully transfected cells showed distinct puncta after 4 days of incubation (fig.
4.4, C). Background fluorescence was significantly lower compared to FM dyes (fig.
4.4, A) [21]. On average, only 3 cells per grid showed sufficient GFP expression.
Many of those cells were located on top or directly next to grid bars, impeding or
preventing potential tomogram acquisition. Considering the many steps necessary
until the cells can be imaged in the electron microscope and the requirement of
thin, vitreous ice surrounding the cell, Lipofectamine transfection rate was not
sufficient for correlative microscopy.
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Figure 4.3: CLEM of hippocampal neurons. A: Scan of the entire grid in cryo-LM.
Scalebar 500 µm. B: Blowup of the area marked in red in A. Green dots with dotted
circles mark selected fluorescent spots. Scalebar 50 µm. C: EM image at 175x mag-
nification. Red dots with circles mark location of tomograms taken, green markings
correspond to spots from B. Green dots with red/green circle mark spots where tomo-
gram and fluorescent signal colocalize well. Scalebar 50 µm. D Area of adjacent to
the arrowhead in C. Scalebar 5 µm. E,F Slice through tomogram taken at the location
marked by white arrow in C, and corresponding segmentation. Scalebar 5 µm.
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Figure 4.4: Fluroescent staining of cultured neurons. A: Fluorescent image of neurons
stained with FM1-43 dye. B: Neurons stained with FM1-43 and in parallel with a
primary antibody against synaptotagmin covalently coupled to Oyster blue. C: Neuron
transfected with Bassoon-GFP construct. Phase contrast (left), fluorescence (middle)
and composite image (right). All Scalebars 25 µm.



Chapter 5

Presynaptic boutons and axonal
transport in neuronal cultures

Neurons form the core of the central and periphal nervous system. They are elec-
trically excitable and able to pass this excitation to other neurons or to muscle
cells. This transfer of information happens at contacts termed synapses. Synapses
can be of electrical or chemical nature. At electrical synapses, the plasma mem-
brane of the two cells is in direct contact with each other and are connected via
gap junctions, allowing charged ions to pass. Electrical synapses are symmetric
and provide a direct link between neighboring neurons. They are thought to serve
the synchronization of neurons [43], but their role in the central nervous system
is still poorly understood [57]. Chemical synapses play the arguably more impor-
tant role in our nervous system. At a chemical synapse the presynaptic cell is
attached to the postsynaptic cell via an array of proteins, forming a synaptic cleft
of a defined distance. Upon stimulation, vesicles containing neurotransmitter fuse
with the plasma membrane in a region termed the active zone (AZ). The released
neurotransmitter diffuse through the synaptic cleft to the postsynaptic cell where
they cause ion channels to open, allowing the influx of ions and depolarization
of the cell. Chemical synapses can be of excitatory or inhibitory nature. They
are capable of synaptic plasticity, changing the strength of the synaptic transmis-
sion either in the short- or long-term in response to the activity of the synapse
itself (homosynaptic plasticity) or the activity of other synapses (heterosynaptic
plasticity). Strengthening of the transmission is termed potentiation and weaken-
ing is called depression. Long-term potentiation (LTP) and long-term depression
(LTD) are, among with the formation of new synapses and the loss of existing
ones, thought to form the basis of learning.

28
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5.1 Synaptogenesis

The formation of synapses is termed synaptogenesis. As one of the most funda-
mental processes during development and learning, it has been extensively studied
by by immunochemistry and genetic mutations [16, 99] as well as by conventional
electron microscopy [98] . While many molecules have been identified and mech-
anisms have been revealed, a lot of open questions remain [35].

The development of the mammalian brain is a lengthy process with multiple stages.
In the initial phase, neurons have to travel to their designated brain areas and form
connections to the correct neurons [12]. Both of these processes are regulated by
a myriad of proteins.

While Ephrins (introduced in chapter 4.2) can induce both cell adhesion or re-
pulsion, neuroligins, neurexins and SynCAMs on the other hand induce cell adhe-
sion. SynCAM 1 is also known as Cadm1 (cell adhesion molecule 1) or nectin-like
molecule 2. Four proteins belong to the SynCAM family. SynCAM 1-4 are lg
superfamily members and consist of a single transmembrane domain and three
extracellular Ig like domains [31]. SynCAMs 1, 2 and 3 can form homomultimers,
but SynCAM 1 binds preferentially to SynCAM 2, as well as SynCAM 3 to Syn-
CAM 4 [32]. SynCAM 1 promotes the formation of excitatory synapses, is involved
in synapse regulation and learning [81], and regulates neuronal growth cones [90].
In non-neuronal cells, transiently coexpressed SynCAM 1 and glutamate receptors
are sufficient to reconstitute glutamatergic synaptic transmission [7].

Presynaptic differentiation most likely starts prior to postsynaptic differentiation,
however, immunolabeling experiments suggest that stationary packages of post-
synaptic proteins can form postsynaptic ’hotspots’ that can readily recruit the
presynaptic machinery upon contact with an axon [37]. In a next step, various
synaptic proteins and synaptic vesicles are recruited to the contact site. Immature
synapses are functional but still sensitive to perturbations of the cytoskeleton. The
synapse now matures within hours to days until it has reached its final protein
composition and morphology.

Chemical synapses are often formed on specialized protrusions of the dendrite, so
called dendritic spines. These can adopt a variety of morphologies and are most
commonly categorized as thin (long neck with small head), mushroom shaped
(thin neck with large head) or stubby (short neck with no discernible head). The
dendritic spine functions as a compartmentalization of the dendrite, limiting for
example the influx of Ca2+ to an individual spine [83]. Dendritic spines have been
implicated in learning [82] and develop their final form during the maturation of
the synapse.
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Ahmari et al. [1] and colleagues proposed that proteins required for synaptogene-
sis were not transported individually, but in discrete packages. Later, it was found
that Piccolo was transported along with Bassoon and various proteins associated
with the presynaptic active zone [85, 106]. Among these proteins are syntaxin,
Munc13, Rim and calcium channel α-domain. None of the proteins found are as-
sociated with synaptic vesicles. Immunostaining EM studies revealed that Piccolo
is transported with vesicles with a diameter of 80 nm and a dark, granular lumen
[106]. Further experiments indicate that active zones consist of a unitary amount
of these vesicles and that they can be incorporated in nascent synapses forming
en passent [85].

Bassoon is another protein of the presynaptic cytomatrix involved in synapto-
genesis [105]. Using a GFP-tagged Basson mutant (GFP-Bsn), Dresbach et al.
could show that Bassoon strongly colocalizes with Piccolo and the 80 nm dense
core vesicles and that they originate from a trans-golgi compartment [21]. These
vesicles were hence termed Piccolo/Bassoon transport vesicles (PTVs). Bassoon
binds to Dynein light chains DLC1 and DLC2 as well as to Myosin V [25]. Fur-
thermore, if the DLC binding sites in Bassoon are mutated, PTV transport is
impaired, indicating that Bassoon is involved in linking the PTV and Dynein. On
the other hand, Syntabulin is known to bind to Kinesin I and syntaxin [91]. If
Syntubulin is knocked down, Syntaxin motility in axons is impaired [91], impli-
cating a role of Kinesin I in the transport of PTVs. By which mechanism and
molecules the transport vesicles are eventually recruited to a nascent synapse still
remains unclear.

5.2 Axonal varicosities

Neurons are known to form thickenings along their axons in vivo as well as in vitro
[51]. These thickenings are referred to as varicosities. Their frequency depends on
the axon type. In hippocampal neurons from the CA3-CA1 region, a frequency
of 3.7 ± 0.7 µm has been observed [87]. Studies utilizing conventional electron
microscopy have revealed varicosities filled with organelles as well as seemingly
empty ones [86]. The content of axons and varicosities has been described in
conventional electron microscopy studies, but few have made an attempt at a
thorough classification. One such effort is being made by Kirstin Harris’ lab, who
set out to create an atlas of the three dimensional ultrastructure of the brain on
their internet platform ’SynapseWeb’ (http://synapses.clm.utexas.edu/). They
have adopted a classification based on the early studies by Bodian in 1970 [8] in
order to classify axonal boutons according to vesicular content.
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Many axonal varicosities contain synaptic vesicles. The number of synaptic vesicles
is highly variable, as is their distribution within the bouton. A fraction of boutons
is capable of induced vesicle release and re-uptake despite lacking a postsynaptic
partner: In culture dissociated hippocampal neurons stained for the presynaptic
proteins Bassoon and VAMP2 at 14 - 21 DIV (days in vitro), over a third of
both the Bassoon and VAMP clusters are found away from dendritic contact sites.
Among those, 67% of Bassoon and 63% of VAMP2 clusters co-localize with puncta
of FM1-43 staining, indicating endocytosis after induced synaptic vesicle exocy-
tosis [54]. The requirement of extracellular calcium suggest a similar molecular
machinery as in mature synapses [63]. These boutons are often termed orphan
synapses and it has been suggested that they display an alternative method of
synaptogenesis. If and how this is related to the previously described PTVs is not
known. Fluorescent microscopy observations of orphan synapses developing next
to and fusing with synapses which possess a opposing PSD indicate that this form
of synaptogenesis or synapse modification might play a role later in development
[54].

5.3 Primary cultures of hippocampal neurons

Neurons of E19 and P0 rats were cultivated in low density (5−20 ·104 cells/35mm
dish) and observed in the light and electron microscope after 9 to 15 days in
vitro (DIV). To assess the viability of our neuronal cultures, we used immunoflu-
orescence staining against the presynaptic protein synapsin and the postsynaptic
PSD-95 (see fig. 5.1). By DIV 9 neurons show a dense network of neuronal
processes and start forming first synapses in low density cultures. Synapse den-
sity is lower compared to the literature [38], but due to our approach by direct
CLEM without thinning steps we are planting neurons with a 10 fold lower den-
sity. Although synaptogenesis strongly increases after two weeks in culture [38],
our neurons were grown at maximum two weeks in culture, again due to specimen
thickness considerations.

Cryo-fixation circumvents many artifacts present in chemically fixed and resin em-
bedded specimen [22] and preserves the structure or organelles and proteins. Two
cryo-fixation techniques are routinely applied to neurons: plunge freezing and high
pressure freezing (HPF). While the latter allows vitrification of thicker specimen
and was used to vitrify brain sections, it requires further thinning steps to make
the section accessible by cryo-TEM, such as cryo-sectioning or cryo-milling. Cryo-
sectioning is prone to damage the specimen and even if perfectly executed distorts
the sample through the force of the diamond knife used for cutting. Focused ion-
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Figure 5.1: Immunofluorescence of neurons grown in low density cultures stained at
DIV 9 (left) and DIV 14 (right). Green: postsynaptic PSD95, red: presynaptic synapsin.
Scalebars 100µm

beam milling (FIB milling) has been developed recently and allows the sample to
be thinned while preserving the ultrastructure. However, further optimization is
required to make it suitable for routine work with neuronal cultures. Direct plunge
freezing is only possible for thin specimen, as the cooling rate is not sufficient in
thick specimen to avoid the formation of ice crystals that damage the specimen
and can even prevent imaging in TEM.

Therefore specimen thickness is not only important in order to be able to observe
the specimen without further thinning but also for proper vitrification. While cryo-
light microscopic imaging can already give us an impression of the ice thickness
and may reveal contamination on the grid, vitrification has to be assessed in the
electron microscope. Improper vitrification often leads to broken or distorted
membranes and can be seen in the ice by creating ’shadows’ or reflections. We
therefore paid close attention to ensure data was only acquired from neurons with
smooth membranes and organelles.

An important aspect of neuronal cultures is that the neurons can be manipulated
by a variety of treatments. We mainly used FM staining to target presynaptic
boutons or synapses but also applied synaptotagmin staining and overexpression
of a protein labeled with a fluorescent dye. Examples are presented in chapter 4.3
and methods section 8.5. After staining with a fluorescent dye, cells were imaged
in the light and electron microscope. For the work presented in this chapter,
light microscopy was typically performed after vitrification to preserve the state
between light and electron microscopy as well as possible.
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5.4 Morphological properties of varicosities

Neurons plated in low density on a Quantifoil coated EM grid quickly grow neu-
ronal processes. At DIV 9, these have grown in a dense mesh of overlapping pro-
ceses. While soma of the cell and the surrounding region are too thick for direct
cryo-TEM observation, distal neuronal processes are thin enough to be accessible.
They frequently form varicosities or boutons of different sizes and shapes (see fig.
5.2). On a holey carbon film they are formed both in holes and on the carbon
support film. A variety of cellular organelles can be found in boutons including
mitochondria, smooth endoplasmic reticulum (sER), multi-vesicular body (MVB),
lysosomes, dense core vesicles (DCVs), synaptic vesicles (SVs), and a plethora of
membraneous compartments of different size and shape.

Tomograms were screened for varicosities and those were categorized by size, shape
and content. For further analysis we only selected varicosities that satisfied tech-
nical standards (signal to noise ratio, good vitrification, alignment and reconstruc-
tion) and contained significant biological material. The latter could be either a
larger number of synaptic vesicles or a combination of different organelles. If no
large amount of SVs was present, the varicosity had to have at least 3 of the fol-
lowing: Smooth endoplasmic reticulum, mitochondria, clear vesicles, dense core
vesicles, multivesicular bodies or other membraneous compartments. Dendrites
were identified by the presence of ribosomes and excluded from the analysis. We
cannot completely exclude the possibility of dendritic processes in our dataset but
the presence of synaptic vesicles and lack or ribosomes are a strong indicator for
processes being of axonal nature. After excluding processes of dendritic or unsure
nature our analysis comprised 76 axonal boutons out of 124 boutons categorized.

Distinction between big and small varicosities was done manually: Boutons with
more than twice the diameter of the axon were classified as big boutons. If the
bouton was not fully in the FOV this had to be estimated. Out of the 76 axonal
boutons 61 were categorized as big and 15 as small boutons.

Depending on the symmetry of the bouton we characterize big boutons as spindle
(28) or sack-like (22) boutons. Spindle type boutons wind around the central
microtubules or are symmetrical to it. Sack-like boutons clearly bulge to one side
with little volume left on the opposing side of the microtubules. Examples of both
categories are depicted in fig. 5.3. Some boutons could not be categorized because
they were either not fully in the field of view or they did not fit in either category,
e.g. varicosities at bifurcations.

We also utilized a classification from Kirsten Harris’ lab1 to categorize large bou-
1http://synapses.clm.utexas.edu/anatomy/axon/table.stm, adapted from [8].
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Type Content Count
S spherical synaptic vesicles 19
F predominantly flat or elongated synaptic vesicles –
P pleiomorphic vesicles with or without dense core vesicles 16
S/C colocalized spherical and dense core vesicles 17
F/C colocalized elongated and dense core vesicles –
P/t pleiomorphic vesicles and many intracytoplamic tubules (not sER) 5

Table 5.1: Types of varicosities

Type spindle sack other total
S 7 10 2 19
F – – – –
P 9 2 5 16
S/C 8 7 1 16
F/C – – – –
P/T 3 0 2 5
total 27 19 11 57

Table 5.2: Classification of spindle-type and sack-type varicosities

tons according to their vesicular content (see table 5.1). Interestingly, although we
do find isolated elongated vesicles in varicosities, we do not find boutons predom-
inantly filled with them. This suggests that a large number of elongated vesicles
may be an artifact of fixation or resin embedding.

’S’ and ’S/C’ type varicosities contain synaptic vesicles, usually more than 10 (80%
and 100% respectively). Considering only boutons categorized as clear spindle or
sack morphology, the majority of varicosities fall the ’S’ and ’S/C’ category. Spin-
dle type varicosities are more variable in their content compared to varicosities
with sack morphology: 56% of them contain predominantly synaptic vesicles with
or without dense core vesicles. In sack-like varicosities, this number rises to 80%
(see table 5.2). We categorize varicosities containing more than 10 synaptic vesi-
cles as SV-rich, independent of bouton size and synaptic vesicle density. In the
61 analyzed big boutons, 41 were SV-rich while of the 15 small boutons 6 were
categorized as SV-rich. Overall, SV containing boutons are predominant in our
dataset, with no significant differences between spindle and sack morphology.
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Figure 5.2: Neurons on the grid. A: EM image at 100x of neurons at DIV 9. Scalebar
100µm. B: Region in (A) marked by red rectangle at 4500x, individual images stiched
together manually. Scalebar 5µm. C, D: Individual images from B. (D) is rotated by
90°in regard to (B). Scalebars 2µm
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Figure 5.3: Example of different types of boutons. Left: Spindle like P/T type axon
with synaptic vesicles, tubular vesicles, membrane compartments and mitochondrion.
Right: Sack-like S-type axon with only spherical vesicles and smooth endoplasmic retic-
ulum. Scalebars 100µm.
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5.5 The cytoskeleton of axonal varicosities

The predominant cytoskeletal element in axonal boutons are microtubules. With
the exception of filopodia and very few, very small processes, microtubules are
present in all boutons. They are the main component of the cytoskeleton and an
important highway for transportation of proteins and lipids towards the growing
end of the processes. They most often occur in pairs or triplets with a median of
4 microtubules per varicosity. We tested if microtubule number follows a Poisson
distribution, but found that they do not if processes of all sizes are considered
(n = 130 axonal processes, fig. 5.4, A). Therefore, some underlying process must
regulate microtubule number in axons.

Only one out of five processes with more than 12 microtubules was rich in other
organelles, but such processes may be too thick for direct observation in the EM
and therefore elude us. In our data, these microtubule highways are usually devoid
of other organelles and only contain isolated or small groups of vesicles embedded
within a bundle of microtubules. Interestingly, microtubule disassembly is a very
rare event in neurons. In over 160 neurites captured in tomograms, only three
events of breaking or ending microtubules have been captured. At the same time,
curvatures as high as 2.04 µm−1 have been observed without the microtubule
breaking. This points to a very high and tightly regulated stability of microtubules
in distal axonal processes.

A luminal densitiy within the microtubules can be observed in most tomograms
with a sufficient signal to noise ratio (SNR), both as a continuous density over as
much as 100 nm and and a punctuated pattern (fig. 5.4, B, C). In the latter case,
the density seems to occur at rather fixed distances. To assess if there was a fixed
periodicity within the density, we selected microtubules from different tomograms
that were oriented in the xy-plane perpendicular to the viewing axis. The pixel
values of a line graph along the luminal density were saved and an automated
algorithm2 was used to extract local minima corresponding to luminal densities
(fig. 5.4, F). The distance between the minima was on average 13.4nm ± 4.9 (n
= 74 densities extracted from 5 microtubules from 3 tomograms, fig. 5.4, G),
similar to earlier reports [36]. As mentioned before, microtubule disassembly or
breakage is very uncommon in neuronal processes. The luminal particles may
play a role in regulating microtubule stability or flexibility, as high bending angles
lead to significant deformation of the microtubule cross-section. The inter-tubulin
binding sites could be stabilized by intraluminal proteins [92]. Another possibility
would be that they represent a slow transport mechanism. The depolimerizing
kinesin MCAK for example is known to diffuse through microtubules in order to

2argrelextrema from the signal module in scipy package
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target both the plus and minus end more efficiently [42].

Actin can commonly be detected in neuronal processes. We find both cortical
actin and actin bundles of 5-10 actin filaments. While cortical actin is found both
in axonal boutons and in filopodia, bundles of actin are mostly found in filopodia.
Only in two cases we found actin bundles in the lumen of boutons. They are
on average 80nm wide and consist of 4-12 filaments. The distance between actin
filaments in bundles is ~10 nm. In only two cases we identified actin in processes
with more than 10 synaptic vesicles. An actin scaffold surrounding presynaptic
boutons as suggested by Malkinson and colleagues for orphan synapses [63] was
not observed.

In filopodia, actin bundles can be detected in the filopodia itself and at its base
within the neuronal process. Actin is responsible for the proliferation of the filopo-
dia and axonal growth cones can extend in the order of 40µ/h. We used automated
segmentation in Amira [80] to segment and visualize the actin distribution within
and around the filopodia. Actin in within the filopodia is predominantly arranged
in bundles pushing the protruding membrane while actin at the base forms a loose
network of single actin strands and actin bundles (fig. 5.5). We only detect few
short actin filaments in the z-direction (direction of observation). This is likely
due to the low thickness of the specimen and the growth of the process on a two-
dimensional surface, resulting in a actin network that is build up mostly parallel
to the surface.

In fig. 5.5, A a small filopodium is depicted that grows on the carbon support
film, adopting a simple actin organizationn. In contrast, the filopodium in fig. 5.5,
B is growing over an adjacent neurite. The topology of the actin network hence is
much more complex, with actin bundles reaching into the lumen of the varicosity.

Recently Xu and colleagues reported an repetitive actin-spectrin pattern in cul-
tured hippocampal neurons with a periodicity of 182 - 194 nm [102]. They suggest
a pattern of actin ring interconnected and spaced by spectrin tetramers. At the
pixel-size we collected our tomograms, the field of view spans 1.5 µm. However,
we do not observe these actin/spectrin rings in our data. The putative orientation
of the actin ring follows the membrane and is perpendicular to the central axis
of the process in the specimen plane. Due to the missing wedge the observable
section of the ring is almost parallel to the optical axis of the electron microscope,
making it challenging to detect such a structure in our data. However, we also
could not observe a regular spectrin pattern along the plasma membrane. A possi-
ble explanation is the occurrence of these ring-like structures only in larger axons
or in axons of a stable diameter. As our data acquisition focused on varicosities
and smaller axons these rings might not be present in our dataset.
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Figure 5.4: Microtubules in varicosities. A: Number of microtubules in axonal pro-
cesses. B,C: Slices from tomograms of microtubules in varicosities. Arrow: stretch of
continuous luminal density. Arrowheads: punctuated luminal density. D: Slice through
a tomogram of microtubules at a fixed density threshold illustrates central density. Ar-
rowheads indicate punctuated pattern. Note that not all microtubules are sliced in their
central plane. E Threedimensional image of the microtubules from (D). F: Examples
of linegraphs used to measure the periodicity of the luminal density. G: Histogram of
luminal density spacing. Scalebars 100nm.
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Figure 5.5: Actin structure in filopodia. A: Left: Slice through a tomogram of a small
filopodium on the carbon support film. Right: correlation field for automated actin
detection. Lighter color represents higher correlation values. B: Left: Slice through a
tomogram of a filpodium crossing another axon. Right: Overlay with the actin detected
by the algorithm. Scalebars 200 nm.
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5.6 Smooth endoplasmic reticulum and other mem-
branous structures in neuronal processes

A continuous intracellular membrane network that spans almost all neuronal pro-
cesses was observed in all neuronal processes of sufficient signal to noise ratio.
The membranous network was morphologically characterized as part of the distal
smooth endoplasmic reticulum (sER). Its function is still not entirely clear but it
is postulated to be involved in protein transport or as a Calcium storage.

The network consists of thin tubular membranous structures that frequently ex-
pand in diameter to adopt a variety of shapes, from thin tubules or sickles to
voluminous sacks. It seems to form a continuous network. In most cases sER
closely accompanies the microtubules and can frequently be observed to engulf
them. Despite being in close proximity of the microtubules, in less than ten cases
of sER we could identify thin filamentous connectors between the sER and the mi-
crotubules. An example of sER engulfing a microtubule and also being connected
to it can be found in fig. 5.6. It can be difficult to distinguish between vesicles
and sER ’bubbles’ (yellow in fig. 5.7). Putative connections of the sER to 80nm
dense core vesicles and to packs of interconnected synaptic vesicles (see chapter
5.8) are present in a small subset of varicosities.

Multivesicular bodies (MVBs) are an important part of the endosomal pathway
and occur frequently in the soma and dendrites of neurons but are more rare in
their axons [5]. In our analysis of large axonal boutons, we found 12 multivesicular
bodies. They are either round (6 cases) or oval shaped (6 cases) and range in size
from 160 to 500 nm, with an average of 280 nm. The number of luminal vesicles
was between 4 and 27, with an average of 11. It does not correlate with the size
of the MVB. Budding or fusion events were observed in two cases, both in oval
shaped MVBs. A segmented MVB with an internal budding site can be found in
fig. 5.8. In contrast to a study performed in a human B-cell line, we did not find
a Clathrin coat at the edges of the budding sites [67]. Multivesicular bodies fuse
into lysosomes to degrade proteins. Lysosomes are more rare than MVBs, with
only two occurrences in our dataset.
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Figure 5.6: Smooth endoplasmic reticulum (sER) in varicosities. A: Segmentation of
a varicosity including sER (light blue), vesicles (yellow), connectors (red), and micro-
tubules (dark green). Note the filament connecting the sER and the microtubule (dark
blue). B: Segmentation from (A) rotated by 90° with vesicles and connectors removed.
C: Slices from the tomogram at the location where the sER engulfs the microtubule.
Scalebar 50 nm. D: Slices through a tomogram with the sER forming an open cavity.
Slices are additionally binned twice in z direction. Scalebar 50 nm. E: Slice through a
tomogram of long, stretched out sER. Scalebar 50 nm.
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Figure 5.7: A: Smooth endoplasmic reticulum (sER, red) bound to putative vesicles
(yellow) and connected to microtubules (dark green). B: Slices from the corresponding
tomogram. Putative connectors to the microtubule are marked by arrowheads. Scalebar
250 nm.

Figure 5.8: Multivesicular body with internal budding site, Scalebar 100nm
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5.7 80 nm vesicles

Figure 5.9: Dense core vesicles in varicosities. A: Radius histogram of all vesicles
identified as having a dense core. Vesicles with a diameter between 70 nm and 90 nm are
considered dense core vesicles (DCVs). B: Distance of DCVs to the nearest microtubule.
C: Distance of DCVs to the nearest microtubule as a fraction of the distance between
microtubule and plasma membrane.

Varicosities are rich in vesicular content. Apart from synaptic vesicles with an
average diameter of ∼ 40 nm, vesicles with a radius of around 80 nm occur fre-
quently. In all neuronal processes we find in total 54 vesicles with a radius between
70 nm and 90 nm.

Conventional electron microscopy studies have revealed vesicles of ≈ 80 nm size at
axo-dendritic contact sites that show signs of early synapse formation [98]. After
staining for conventional EM vesicles show a granular electron density in their
lumen and are occasionally decorated with electron dense spicules. They are often
termed DCVs. Vesicles of the same size and appearance have been described to
be associated with synaptic vesicles in axonal varicosities of developing neurons
[89]. After periods of strong synaptogenesis they are depleted from the axons [89]
and contain Piccolo, Bassoon and other proteins of the active zone [106]. They
are believed to carry protein and lipids required for the formation of active zones
[6]. Due to their cargo, they are also referred to as Piccolo/Bassoon transport
vesicles (PTVs).

We categorized all vesicles with an radius between 70 and 90 nm as light core,
putative dark core and dark core vesicles. In addition to the vesicles we screened
all tomograms for the presence of vesicles of all sizes with a dark lumen. The
dataset in this study comprised a total of 64 vesicles with a dark lumen. The
average diameter was 40.7± 8.2 nm (mean ± std). Among them were 42 vesicles
with a vesicle diameter between 70 nm and 90 nm (see fig. 5.9, A), from here
on referred to as dense core vesicles, or DCVs. We focused our analysis on those
DCVs, because they likely represent PTVs and are functionally different from
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Figure 5.10: Radial profile of dense core vesicles. Upper row: Slices through a dense
core vesicle with a prominent halo on the luminal side of the membrane. Right: Radial
profile. Bottom row, left: Slice trough a DCV without a halo and corresponding radial
profile. Bottom row, right: 100 nm vesicle without a dense core. Scalebars 50 nm

Type total DCVs n varicosities
Large varicosities 33 21
(SV rich) 30 19
Small varicosities 4 3
(SV rich) 1 1

Table 5.3: Dense core vesicles in varicosities. DCVs that are not accounted for in the
table occurred in tubules.

the dense core vesicles 100 nm in diameter that are responsible for neuropeptide
release in mature synapses [40].

Dense core vesicles appear both in small and big boutons, as well as in tubular
processes. Most of DCVs were located in large boutons with more than 10 synaptic
vesicles present (see table 5.3).

The lumen of DCVs appears darker than the surrounding cytosol with a varying
level of granularity. The luminal face of membrane is followed by a lighter region .
This can readily be seen when calculating the averaged radial profile of the central
slice through a vesicle (see fig. 5.10, upper row). By using this method, we find a
lighter halo on the luminal side of the membrane in 30 out of 42 DCVs. In some
cases, protusions decorating the vesicle can be distinguished. They range from
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very short stubbles to ∼ 18 nm long proteins (see fig. 5.11).

While some DCVs are in close proximity of or even connected to microtubules,
most appear randomly distributed through the lumen of the varicosity. We mea-
sured the distance of each DCV to the nearest microtubule by calculating the
distance from its center and subtracting the radius, allowing us to get a reliable
measure of distance in three dimensions. A histogram of the distance of DCVs to
the nearest microtubules shows a peak at 100 nm (fig. 5.9, B), however this does
not take the size of the varicosities into account. An analysis of the distance to
the nearest microtubule relative to the distance between microtubule and plasma
membrane points to a distinct population closer to the microtubule (fig 5.9, C).

Figure 5.11: Proteins decorating a dense core vesicle. Scalebar 50nm
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Figure 5.12: Example of a dense core vesicle connected to multiple synaptic vesicles.
Scalebar 50nm.

5.8 Transport processes in Axons

In the developing neuron, the proteins and lipids required for synaptogenesis and
synapse maintenance are constantly transported towards the distal processes. We
were specifically trying to locate such transport processes in our tomograms. We
did not restrict our analysis to big boutons but also investigated small boutons
and processes without varicosities. All processes were screened for vesicles or other
organelles connecting to microtubules.

Dense core vesicles (DCVs) have been implicated in synaptogenesis (see section
5.7). We find that some of these DCVs in proximity of microtubules form connec-
tors. Of all DCVs, 9.5% connect to microtubules. This fraction rises to 17% if we
only consider DCVs closer than 100 nm to microtubules. However, not all connec-
tors might be detected by visual inspection as the three-dimensional positioning
of putative connectors and the signal to noise ratio impede their detection. As
mentioned in the previous section 5.7, DCVs are most commonly located ~100 nm
apart from the microtubules. Kinesin I is the most likely candidate to transport
PTVs, but likely other proteins are involved in linking the DCV to the motor
protein [91].

33 out of 42 DCVs were found in varicosities with 10 or more synaptic vesicles and
11 DCVs showed putative connections to synaptic vesicles (fig. 5.12). We find a
mix of short connectors and longer filaments, with an average length of 38 ± 3.1
nm (mean ± sem, n = 31 connectors). Notably, this is significantly larger than the
average length of connectors between synaptic vesicles. While we do see more very
long connectors by visual inspection between DCVs and synaptic vesicles than
among synaptic vesicles alone, all statistical analysis on the connectors among
synaptic vesicles was done by an automated detection algorithm that often fails to
detect very long connectors. Therefore, a direct comparison between the connector
length among synaptic vesicles in boutons from our statistical analysis (see ch. 5.9:
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Figure 5.13: Small groups of tightly spaced vesicles (typically 4-8 ves.) often appear
to be organized in strings of synaptic vesicles (left) as well as cluster-like packages
(middle). Both are frequently aligned with smooth endoplasmatic Reticulum (sER) or
microtubules (MT). In some cases, larger vesicles or dense core vesicles are also present
(right). Scalebars 50 nm.

12.6 ± 1.7 nm, mean ± sem) and the connector length between DCVs and synaptic
vesicles is not possible.

While DCVs close to microtubules occur either alone or in pairs, synaptic vesicles
close to microtubules often occur in packs of five to ten vesicles. They appear to be
interconnected loosely. Vesicle packs are present in two conformations: A string-
like and a cluster-like confirmation (see fig. 5.13 left, middle). Packs of synaptic
vesicles seem to engage and disengage microtubules, as similarly ordered packs of
vesicles can also be found a considerable distance apart from the microtubules.

Larger vesicles and membrane sacks being connected to microtubules are also vis-
ible. Similar to the PTVs with a dark core described in the previous section,
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tubular vesicles are also thought to be involved in the transport of newly synthe-
sized proteins in axons [68]. In particular we found four cases of tubular vesicles in
close proximity to or even surrounded by microtubules. Other, SV sized vesicles
present form a row. Cluster-like configurations have not been observed. However,
we could not detect any connectors among the vesicles. It is known that vesicular
cargo frequently detaches and reattaches during the transport process, so tubular
vesicles further than 100 nm from the microtubules are also candidates for trans-
port vesicles. However, neuronal processes are full of membrane compartments of
varying size and shape, so tubular vesicles further than 100 nm from microtubules
were not considered as putative transport processes.

In summary, we were able to capture and visualize putative transport events in
situ. PTVs both connected to synaptic vesicles and isolated as well as packets of
synaptic vesicles are the major type of transport observed in our dataset, while
tubular structures appear less frequently.
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Figure 5.14: Example of a segmented bouton for analysis. Connectors detected by
automated analysis are depicted in red. SV: synaptic vesicle, mito: mitiochondion, sER:
smooth endoplasmic reticulum, MT: microtubule, DCV: dense core vesicle. Scalebar:
500nm

5.9 Analysis of presynaptic boutons

When stimulated, a fraction of varicosities in neurons grown in culture will undergo
vesicle exocytosis and re-uptake [54]. However, the number of synaptic vesicle and
active zone associated proteins in these orphan synapses is much lower compared
to synapses [54]. The fact that vesicle exocytosis in orphan and mature synapses
can be strongly attenuated by Tetanus toxin, and thus rely on VAMP2, indicates
that both rely on a similar molecular machinery [54]. In Aplysia neurons, synaptic
vesicles move in concert with the varicosities in an actin dependent manner [63].

We selected a subset of big boutons with a high number and density for analysis.
13 technically good boutons with with sufficient contrast for automated detection
of connections among the vesicles and to the membrane were chosen. Among them
were two dual-tilt tomograms, two tomograms collected on the carbon support film
and on tomogram collected on a direct detector instead of a charge coupled device
(CCD) camera. After manual segmentation of organelles, membranes and the
median disk of vesicles, connectors among synaptic vesicles and tethers between
vesicles and the enclosing membrane were automatically detected [29]. An example
of a segmented bouton can be found in figure 5.14 and an overview over the selected
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Figure 5.15: Synaptic vesicles in presynaptic boutons. A: Histogram of the number
of synaptic vesicles in varicosities with more than 10 synaptic vesiclesW. B: Examples
of connectors in presynaptic boutons. Scalebar 100 nm. C: Example of a small bouton
with many vesicles. Scalebar 200 nm.

boutons is presented in table 5.4.

In presynaptic bouton, i.e. boutons that have a high number and density of synap-
tic vesicles, we detect connectors among the vesicles as well as tethers between the
vesicles and the plasma membrane. We find that 58% of synaptic vesicles are con-
nected, with an average of 1.8 ± 0.2 connectors per vesicle (mean ± sem). While
the length and coarse morphology of the connectors are similar to those formed in
mature synapses, the interconnectivity of the vesicles less pronounced compared
to mature synapses. The fraction of connected vesicles and the amount of con-
nectors per vesicle are both lower compared to our results from synaptosomes.
Furthermore, the clusters of vesicles are smaller compared to mature synapses:
We only find 14% of vesicles are in the largest cluster.

In order to test if vesicle arrangements similar to the synaptic vesicle packs de-
scribed in section 5.8 exist in boutons with a high amount and density of synaptic
vesicles, we performed a clustering analysis based on vesicle connectivity and vesi-
cle distance. The cutoff for clustering by distance has to be chosen by visual
inspection. A value of ~15 nm was used for most tomograms. Both clustering
methods produced similar results with small differences in cluster size and shape.
The detected vesicle clusters were mostly in the shape of the ’cluster’-type, and
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Category N boutons SV analyzed Proximal SVs Connectors Tethers
Under 100 SVs 9 845 77 326 136
Over 100 SVs 4 413 10 1129 30
DCV 6 515 57 342 110
no DCV 7 743 30 1131 56
total 13 1258 87 166

Table 5.4: Overview of analyzed presynaptic boutons.

Figure 5.16: Clustering analysis of synaptic vesicles. Vesicles with the same color are
interconnected. Scalebar 250 nm

only few string-like vesicle arrangements were found in the 13 boutons. Cluster-
ing by distance proved to be better in identifying strings of vesicles, because this
clustering method does not depend on the sv connectivity.

The number of connections among the vesicles scales with their total number and
density in the varicosity. We split our dataset into two categories: boutons with
more than 100 SVs and boutons with less than 100 vesicles3. In varicosities with
over 100 synaptic vesicles, 65.6% of SVs are connected to at least one other SV
while in varicosities with less than 100 SVs only 42.4% are connected (p < 0.001
by paired t-test, see fig. 5.15, A). In varicosities with many synaptic vesicles,
we therefore find a fraction of vesicles that are interconnected close to mature
synapses (75%, compare ch. 6.4).

The number of connectors per synaptic vesicle also depends on the total number of
3Over 100 SVs per bouton: 4 boutons, 845 SVs in total; less than 100 SVs per bouton: 9

boutons, 413 SVs in total.
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Figure 5.17: Statistical analysis of varicosities. In all graphs: Dark grey: over 100
SVs per bouton, n = 4 boutons, 845 SVs. Light grey: less than 100 SVs per bouton, n
= 9 boutons, 413 SVs. Pattern: Data from wild-type synaptosomes, see chapter 6. A:
Fraction of connected SVs. B: Number of connectors per synaptic vesicle. C: Amount
of vesicles in the largest cluster.

vesicles. In boutons with more than 100 SVs, vesicles have on average 2.14± 3.08
connectors per vesicle, while in boutons with less than 100 SVs vesicles are on
average only connected by 1.01± 1.82 filaments (p < 0.001, fig. 5.15, B).

The presynaptic boutons selected for analysis differ not only in total vesicle num-
ber, but also in the other organelles present in the bouton. We can therefore
classify and analyze the dataset according to different features present in the vari-
cosities. It has to be taken into consideration that the total number of varicosities,
and ideally, the total number of synaptic vesicles analyzed in each category are
balanced. This limits the parameters for classification.

We categorized the presynaptic boutons according to the presence of dense core
vesicles (DCVs)4, where we follow the definition of DCVs from chapter 5.7: vesi-
cles with a dark lumen and a diameter of 70 - 90 nm. We found that in boutons
lacking DCVs synaptic vesicles are more highly interconnected compared to bou-
tons containing DCVs. In varicosities containing DCVs, only 43.1% of SVs are
connected to at least one other SV, while this fraction rises to 68.2% in varicosi-
ties lacking DCVs (p < 0.001, Chi-square test, see fig. 5.18, A). The number of
connectors per synaptic vesicle is significantly increased as well: in the presence
of DCVs, SVs are connected on average by 1.09 ± 0.14 connectors (mean ± sem,
n = 515 connectors), while in the varicosities without DCVs this number rises to
2.24± 0.09 (mean ± sem, n = 743 connectors, p < 0.001 by Kruskal-Wallis test).

In big boutons, synaptic vesicles are clustered towards the middle, leaving few
vesicles in close proximity to the membrane. In the 13 boutons included in the

4DCV containing varicosities: 6, with 515 SVs in total; varicosities without DCVs: 5, with
743 SVs in total.
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Figure 5.18: Statistical analysis of varicosities. In all graphs: Dark grey: DCVs
present, n = 6 synapses, 515 SVs. Light grey: no DCVs present, n = 7, 743 SVs.
Pattern: Data from wild-type synaptosomes, see chapter 6. A: Fraction of connected
SVs. B: Number of connectors per synaptic vesicle. C: Amount of vesicles in the largest
cluster.

analysis, we only find 87 proximal vesicles5. This equates to 2.15± 3.15 proximal
SVs per µm2 membrane and 15.83 ± 17.42 proximal SVs per µm2 membrane for
over and under 100 SVs containing boutons respectively. In mature synapses we
find many more proximal vesicles, typically in the order of 80 to 100 proximal SVs
per µm2 active zone (see section 6.3). While the number of proximal vesicles per
µm2 membrane is significantly lower in varicosities compared to mature synapses,
one has to take into consideration that the calculation for varicosities uses the
entire membrane enclosing the varicosity that is visible in the tomogram while the
calculation for synaptosomes uses the active zone as a measure where vesicles are
concentrated. Depending on the vesicle distribution there can be large parts of the
membrane that do not have any vesicles close to them. In contrast to big boutons,
small tube-like varicosities often have many vesicles very close to the membrane
due to the physical restriction of the membrane (see for example fig. 5.15).

Analyzing the differences in vesicle distribution in dependence of the presence of
DCVs shows the importance of checking the results for individual boutons, es-
pecially if they are varying in many parameters as size, other organelles, total
vesicle number and vesicle distribution. Looking at the number of proximal vesi-
cles we find no statistical significant difference: In DCV containing boutons we
find 15.8±5.6 (mean ± sem) proximal vesicles per µm2 membrane and in boutons
without DCVs we find 8.04± 6.6 (mean ± sem) proximal vesicles per µm2 mem-
brane. The larger error in the latter category stems from one single bouton that
is more closely confined by the surrounding membrane than most other boutons.
Excluding this one bouton the mean number of proximal SVs in boutons without
DCVs is reduced to 1.5 ± 1.10 per µm2 membrane (mean ± sem, p < 0.05 by

5Total numbers: over 100 SVs: 10, n=4; under 100 SVs: 77, n=9.
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Student’s t-test).

It is known that at least a subset of presynaptic boutons lacking a postsynaptic
partner are capable of synaptic vesicle release. In order to undergo exocytosis and
release their neurotransmitter, synaptic vesicles are tethered to the membrane of
the active zone in mature synapses. We therefore investigated if similar tethers are
present in presynaptic boutons. As noted before, the number of proximal vesicles
in presynaptic boutons is small compared to mature synapses. Therefore, we only
find a small total number of vesicles tethered to the membrane. In all analyzed
boutons together, 41 out of 87 proximal vesicles are tethered (47%). In boutons
containing DCVs, where more proximal vesicles are present, we find that 60% of
the proximal vesicles are tethered to the membrane, while boutons without DCVs
are almost devoid of tethered proximal vesicles.
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5.10 Shedding light on presynaptic boutons

Using cryo-electron tomography (cryo-ET) we can directly visualize developing
neurons in vitro. While the axonal growth cone is often too big to access entirely -
often measuring more than a micrometer in diameter [74], we can capture growing
neurites and their filopodia. As a structural technique, the functional information
cryo-ET can provide is limited. This limitation can be lifted by complementing
the EM data with fluorescent labeling of proteins of interest. While we could cap-
ture many putative transport processes and boutons rich in synaptic vesicles in
our data, further work on the correlative approach is necessary to unambiguously
identify transport packages like Piccolo-Bassoon transport vesicles in cryo-ET to-
mograms. The light microscopy resolution and the correlation precision need to
be improved to identify individual processes in the dense carpet of neurites.

In order to successfully target synapses in cultured neurons, advances will have to
be made in the three dimensional correlation of features in the light and electron
microscope. Synapses in the distal regions were too sparse to be routinely detected
in our low density cultures and the proximal region was inaccessible without fur-
ther thinning steps. Focused ion beam milling (FIB milling) allows thinning of
samples down to ~100 nm thickness by preparing lamella or wedges of the sam-
ple. Capturing a synapse within a 150 - 300 nm thick lamella requires precise
location of the synapse in three dimensions. While this was not possible with our
setup comprising a Zeiss inverted light microscope together with the Cryostage2,
it may become an option with the CorrSight, developed by TIL Photonics. In
addition, FIB milling requires two additional transfers yielding a higher risk of
contamination or loss of the sample.

We could show that varicosities are abundant structures varying greatly in size and
content. Many of the organelles present in varicosities are linked by filamentous
connectors. These appear to be ubiquitous structures in neurons ranging from
short connectors among synaptic vesicles to longer filaments linking for example
the smooth endoplasmic reticulum (sER) to microtubules. These filamentous con-
nectors are likely of different origin, but even connectors among synaptic vesicles
may differ between presynaptic boutons and transport packages and may serve a
unique function.

Synaptic vesicles interconnect in a similar manner in presynaptic boutons and in
mature synapses. However, the size of synaptic vesicle clusters in these boutons
is smaller. In addition, fewer vesicles are located towards the plasma membrane
or tethered to it. It remains to be seen whether the connectors among synaptic
vesicles in presynaptic boutons and mature synapses consist of an identical protein
composition as those in mature synapses. We cannot say for sure if all of the
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presynaptic boutons analyzed represent orphan synapses, because a correlation
with FM-dye fluorescence was not established for all tomograms in our dataset.
Furthermore, not all locations of FM-dye puncta correlated with boutons that
fall under the ’presynaptic bouton’ category. While synaptic vesicles and in some
cases dense core vesicles (DCVs) are present in almost all varicosities correlated
to FM-dye puncta, their density can vary greatly.

The differences in presynaptic boutons depending on the presence of DCVs point
to a putative functional difference during synaptogenesis. Dense core vesicles occur
either isolated or connected to synaptic vesicles (see ch. 5.7) and only rarely to
other organelles. After phases of strong synaptogenesis, they are depleted from
axons in developing neurons suggesting that they are transport vesicles involved in
synaptogenesis [89]. It is likely that the DCVs observed represent Piccolo/Bassoon
transport vesicles (PTVs). The lack of DCVs in some boutons is most likely not
the result of them already fusing with the membrane, a step that is thought to
occur during formation of the synapse, but presynaptic boutons lacking DCVs may
represent an earlier or more immature type than those with DCVs. The packing
further away from the membrane and the higher interconnectivity also support
this idea.

Our correlative data is not sufficient to distinguish the role of dense core vesicles
in growing neurons. While we did not establish a correlation with fluorescent data
for all tomograms included in the analysis, we find tomograms collected at spots
of FM-dye fluorescence in both categories, with and without DCVs. This suggests
that the vesicles both with and without DCVs can undergo membrane fusion and
vesicle recycling.



Chapter 6

α-Synuclein studies

6.1 α-Synuclein and Parkinson’s disease

The publication of the results of this chapter is in preparation. It is a collaborative
effort with Karen Vargas1, Chriss Westphal1, Ruben Férnandez-Busnadiego2 and
Sreeganga Chandra1. Karen Vargas and Nikolas Schrod share first authorship.

Author contributions:

Karen Vargas* Immuno-EM, Biochemistry

Nikolas Schrod* Cryo-electron tomography and analysis

Chriss Westphal Biochemistry

Ruben Férnandez-Busnadiego Preparation of synaptosomes

Vladan Lucic Study design, supervision of N.S.

Sreeganga Chandra Study design, supervision of K.V. and C.W.

Parkinson’s disease affects over 4 million worldwide with a prevalence that strongly
depends on age [76]. Parkinson’s disease is characterized by muscular tremor and
rigidity, as well as slowed movement and postural instability [47]. The dopamin-
ergic neurons in the substantia nigra undergo apoptosis as the disease progresses.
In addition to motoric impairments, this can lead to neuropsychiatric symptoms
in patients.

1Yale University, New Haven, CT, United States
2Formerly Yale University, now MPI for Biochemistry
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Figure 6.1: The structure of α-synuclein. α-synuclein forms a broken amphiphatic
helix upon binding to a lipid bilayer. From [94]

Parkinson’s disease was first described in 1817 by the english doctor James Parkin-
son’s, in an empiric study of six subjects, one of which he only observed from afar
[72]. In the following years, many advancements in the description and treatment
of the disease were made, pioneered by Jean-Martin Charcot who also suggested
the name to the disease. He also established the treatment of Parkinson’s dis-
ease with belladonna alkaloids [71]. Their anticholinergic effect made them the
treatment of choice for a long time, together with surgical treatments, until the de-
velopment of Levodopa (or L-DOPA). Although being firstly synthesized in 1911,
Levodopa did not enter clinical trials until 1967 when it lead to a new era in the
treatment of Parkinson’s disease. Early surgical treatments were mostly unsuc-
cessful until Irving S. Cooper accidentally severed the anterior choroidal artery
during a brain surgery in 1953 [14]. The resulting reduction in tremor and rigidity
was significant and led to a wider prevalence of this therapy despite a mortality
rate of about 10%. The advent of surgery came to a halt with the widespread
therapeutic use of Levopoda.

Frederic Lewy discovered aggregates in the brain of deceased Parkinson’s patients,
later termed Lewy bodies. They consist mainly of α-Synuclein, an 140 kDa protein
abundant in the central nervous system. α-Synuclein forms an broken amphiphatic
helix when bound to lipid bilayers with an affinity that depends on the membrane
curvature (fig. 6.1). In vitro studies suggest that α-Synuclein can not only sense,
but also induce membrane curvature [66, 75, 97]. Most cases of Parkinson’s are
idiopathic, however, mutations in several proteins have been linked to the disease.
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Among them are the parkin and most notably α-Synuclein where five point mu-
tations have been identified. The A30P point mutation disturbs the amphiphatic
helix and reduce the binding affinity to lipid bilayers [48, 55].

It is still under discussion if α-Synuclein aggregates or its oligomers are toxic to
cells, but it has been shown that α-Synuclein fibrils injected in a healthy mouse
brain can act in a prion like fashion and induce aggregation of native α-Synuclein
in a similar pattern as observed in Parkinson’s [61]. It is widely believed that
α-Synuclein is an unordered monomer if not bound to a membrane, but it has
also been suggested that it instead forms an iso-tetramer in its unbound state and
that its ability to do so is impaired in mutations that are known to cause Parkin-
son’s disease [4]. Despite its prevalence in Parkinson’s disease and abundance in
the central nervous system, the physiological function of α-Synuclein is not well
understood.
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6.2 Investigating the function of α Synuclein

Due to the prevalence of Lewy-bodies in Parkinson’s disease, numerous studies
have been conducted in animals overexpressing α-Synuclein or lacking one or all
variants of the protein. Despite the abundance of α-Synuclein in the central ner-
vous system, the effects of an Synuclein triple-knockout are relatively mild. An-
imals lacking all three forms of Synuclein die of younger age and exhibit minor
motoric defects that correlate with the animal’s age [39]. Classic electron mi-
croscopy revealed a reduction in resting pool vesicles in α-Synuclein knockout
mice [11], while others reported only a reduction in the area synaptic vesicles were
occupying without a change in numbers [39]. Synuclein-null-mice have higher basal
transmission and a higher evoked response compared to their wildtype littermates.
In response to the knockout, some synaptic proteins are up- or downregulated.
Among the upregulated proteins are synapsin, complexin and amphiphysin, while
the Synaptobrevin-2 is progressively downregulated with age [10].

The effects of α-Synuclein overexpression strongly differ between the expression
of human α-Synuclein and mouse α-Synuclein in mice. While the effects of mouse
α-Synuclein overexpression are negligible, mice overexpressing the human variant
are being used as a model organism for Parkinson’s disease.

Overexpression of α-Synuclein in mice leads to a reduction of the levels of var-
ious proteins, most of which are upregulated in TKO mice. Notable additions
are Synaptobrevin/VAMP21 and Synaptophysin that are downregulated. The
SNARE2-complex protein SNAP253 and synaptotagmin are expressed at elevated
levels in α-Synuclein overexpressing mice [69].

In order to investigate the function of α-Synuclein in the healthy brain, we an-
alyzed synaptosomes from animals lacking all three isoforms (triple-knockout,
TKO) and compared them to wild-type (WT) animals. In addition, we inves-
tigated different overexpression systems: overexpression of human α-Synuclein
(αOX), overexpression of human α-Synuclein on a TKO background and overex-
pression of the A30P mutation variant of α-Synuclein.

Synaptosomes are purified synapses from the neocortex. They retain their py-
siological function for hours and are small enough to be directly accessible to
cryo-EM. Importantly, they retain their ultrastructure and the filamentous con-
nectors interlinking the vesicles (termed ’connectors’) and linking vesicles and the
active zone membrane (termed ’tethers’) [30].

1vesicle associated membrane protein 2 (VAMP2)
2soluble NSF-attachment protein receptor (SNARE)
3synaptosomal associated protein, 25kDa (SNAP25)
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Figure 6.2: Segmentation of a synaptosome prepared from α-Synuclein triple knockout
mice. A: Slice through tomogram. Scalebar 200nm. B: Synaptic vesicles with connec-
tors (left, middle) and tethers (right). Scalebar 100nm. C: Segmented vesicles (yellow),
active zone (grey), tethers (blue) and connectors (red)

We analyzed all tomograms of healthy synapses, namely those that included an
enclosed presynaptic compartment, a complete postsynaptic density, a mitochon-
drium, intact spherical synaptic vesicles and a signal-to-noise ratio that allowed
the detection of connectors in between the synaptic vesicles. A summary of the
analyzed data can be found in table 6.1.
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Treatment Animals Synapses SVs Connectors Tethers
Wildtype (WT) 3 10 760 1176 56
Triple-knockout
(TKO) 3 7 718 820 182

Overexpression
of human α-
Synuclein (αOX)

2 6 535 1089 53

αOX on TKO
background
(αOX on TKO)

2 9 756 2055 195

Overexpression
of A30P mutant 3 10 830 1593 173

Table 6.1: Overview of synaptosomes selected for analysis
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6.3 The morphology of synapses is not affected
by α-Synuclein deficiency or overexpression

Firstly, we compared the overall morphology of the synapse among the different
genotypes. Synaptosomes retain the native structure of the synapse [30]. In
order to remove the influence of synapse size, we analyzed the first 250 nm from
the active zone. Synapses of all genotypes showed normal vesicle distribution,
characterized by the accumulation of vesicles in direct vicinity of the membrane
(termed ’proximal vesicles’), followed by an intermediate zone (45-75nm from the
AZ) with a significantly lower density of vesicles. The distal zone at > 75nm
contains the majority of synaptic vesicles and has a higher vesicle density than
then intermediate zone (see fig. 6.3, A).

We next surveyed the amount of proximal vesicles at the active zone. If these
vesicles are tethered to the membrane they can be primed for neurotransmitter
release. The density of synaptic vesicles, their interconnectivity and tethering
to the membrane are crucial indicators for synaptic vesicle release. We found the
distribution of proximal synaptic vesicles to be largely unaffected by the alteration
of α-Synuclein levels. Only in the case of α-Synuclein overexpression on a wildtype
background, there is a slight reduction of proximal vesicles per 1µm2 AZ-surface4

(see fig. 6.3, B).

The mean minimal distance of proximal vesicles to the active zone is unaltered
among the genotypes. However, it strongly depends on whether the vesicle is teth-
ered to the membrane or not (see fig. 6.3, C, D). In a healthy chemical synapse,
vesicles are pulled towards the active zone membrane to undergo fusion and neu-
rotransmitter release. Therefore the dependence on tethering already indicates
that no genotypes suffer from major neurotransmitter release defects. Interest-
ingly, in mice overexpressing the A30P mutation, we find a unique dependence of
the distance to the active zone on the connectivity of proximal vesicles. Vesicles
connected to other vesicles are significantly closer to the AZ compared to WT
synapses and compared to unconnected vesicles5 (fig. 6.3, E). This indicates that
lipid binding of α-Synuclein influences vesicle distance to the active zone.

4WT : 98.05 ±14.7; αOX: 64.56 ± 11.5, mean ± sem, p=0.1, Student’s t-test
5connected: WT: 9.89 ± 1.07; A30P: 7.94 ± 0.40, p < 0.01, Student’s t-test; not connected:

A30P: 10.40 ± 1.59, p<0.05, Student’s t-test
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Figure 6.3: Morphology of α-Synuclein mutant synapses. A: Mean synaptic vesicle
occupancy, averaged over all synapses of each genotype in dependance of the distance to
the active zone (AZ). B: Amount of synaptic vesicles per 1 µm2 AZ membrane surface.
C: Mean minimal distance of synaptic vesicles to the AZ. D: Mean minimal distance
of synaptic vesicles to the AZ in dependence of tethering. For all genotypes tethered
vesicles are significantly closer to the AZ than vesicles that are not tethered (p < 0.005,
Student’s t-test). E. Mean minimal distance of synaptic vesicles to the AZ in dependence
of connectivity. In A30P overexpressing mice connected vesicles are significantly closer
to the AZ compared to wild-type (p < 0.005, Student’s t-test) and compared to vesicles
not connected in A30P mice (p < 0.05, Student’s t-test).
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6.4 α-Synuclein is involved in the formation of
connectors among synaptic vesicles

Mice lacking all three Synuclein isoforms have less connectors among synaptic
vesicles compared to animals with normal Synuclein levels6. Additionally, they
have less connectors per vesicle compared to wild-type mice7 (fig. 6.4). All animals
that overexpressed α-Synuclein showed an increase in synaptic vesicle connectivity
and an increase in the number of connectors pxer synaptic vesicle. Notably, the
loss of connectors in the TKO is overcompensated if α-Synuclein is overexpressed
in TKO mice. This overcompensation can also be seen in the amount of vesicles
that are in the largest cluster of interconnected vesicles. While 31% ± 7% (mean ±
sem) of vesicles are in the largest cluster in wildtype, this amount is reduced to 17%
± 11% (mean ± sem, not significant, Kruskal-Wallis test) in TKO and increased to
60% ± 6% (mean ± sem, p<0.01, Kruskal-Wallis test data not shown) if human
α-Synuclein is overexpressed on a TKO background. α-Synuclein is therefore
involved in the formation of connectors among synaptic vesicles, either by being
a constituent of the connectors or by involvement in their formation. Synapsin
was proposed to be a major constituent of connectors suggesting a functional
overlap with α-Synuclein. Synapsin is up-regulated in α-Synuclein triple-knockout
mice, most likely to compensate for the loss of α-Synuclein. Synapsin levels may
contribute to the overcompensation of the amount of connectors in α-Synuclein
overexpression in TKO mice.

For proximal vesicles, the neither overexpression of α-Synuclein nor removal of
Synuclein changed the vesicle connectivity or number of connectors significantly.
However, overexpression of α-Synuclein showed a background dependent behavior:
We observed an increase in connectivity in synapses from mice overexpressing α-
Synuclein on a Synuclein-null background (p < 0.01, fig. 6.4, C) while α-Synuclein
overexpression on a WT background only slightly increased connectivity. In α-
Synuclein TKO synapses we observed a slight decrease. In order to investigate if
Synuclein knockout and α-Synuclein overexpression were independent factors we
performed factorial statistical analysis and found a significant interaction (p <
0.05, factorial design ANOVA). This suggests that the connectivity of proximal
vesicles depends on the interaction of the α-Synuclein overexpression and the
background level of Synucleins.

6Fraction of connected SVs: WT: 0.75, TKO 0.64, p<0.001, aOX on TKO: 0.86, p<0.001;
aOX: 0.79, p<0.05; a30p: 0.81, p<0.001; all tests Chi-square test

7WT: 2.17 ± 0.08; TKO: 1.78 ± 0.09, p<0.001; aOX on TKO: 3.14 ± 0.10, p<0.001; aOX:
2.41± 0.10, p<0.05; a30p: 2.80± 0.09, p<0.001, all values mean ± sem; Kruskal-Wallis test
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Figure 6.4: Vesicle connectivity in α-Synuclein mutant synapses. A: Fraction of total
vesicles that are connected to at least one other vesicle. B: Average number of connectors
per synaptic vesicles. C: Fraction of proximal vesicles that are connected.

6.5 α-Synuclein overexpression impedes vesicle
tethering and release

Considering the number of vesicles and their distance to the active zone show only
small variations among the genotypes, we next investigated how the vesicles are
tethered to the membrane of the active zone.

Deletion of all three Synuclein isoforms leads to an increase of tethers formed be-
tween synaptic vesicles and the active zone. Tethering is not significantly increased
if human α-Synuclein is overexpressed in mice, but in case of the A30P mutant
a small increase is observed8 (fig. 6.5). The amount of tethers follows a similar
pattern and is also increased in both TKO systems and in A30P overexpression9.

The increase in tethering is already a structural indicator of release competence,
but to supply the energy necessary to undergo membrane fusion and neurotrans-
mitter release, multiple short tethers have to be formed. Vesicles with more than
two connectors constitute the structurally defined readily releasable pool (RRP)
[29]. The number of vesicles belonging to the structural RRP is increased in TKO
and αOX on TKO synapses10. This is a strong indication of elevated release

8Fraction of tethered SVs: WT: 0.55; TKO: 0.79, p<0.005; α synuclein overexpression on
triple-knockout background (αOX on TKO): 0.86, p<0.001; aOX: 0.71, n.s.; A30P: 0.72, p<0.01,
Chi-square test

9N tethers per proximal SV: WT: 0.98 ± 0.17; TKO: 2.17 ± 0.20, p<0.001; aOX on TKO:
2.80 ± 0.27, p<0.001, aOX: 1.37 ± 0.20, n.s., A30P: 1.92 ± 0.20, p< 0.005, all values mean ±
sem, Kruskal-Wallis test

10Fraction of SVs in RRP: WT: 0.125, TKO: 0.357 p<0.005, aOX on TKO: 0.464, p<0.001;
aOX: 0.158, n.s.; A30P: 0.311, p<0.05; Chi-square test
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Figure 6.5: Vesicle tethering in dependence of α-Synuclein. A: Fraction of vesicles
close to the active zone (proximal vesicles) that are tethered. B: Average number of
tethers per proximal vesicle. C: Fraction of proximal vesicles that have more than two
tethers, thus constituting the structurally defined RRP. D, E: Segmentation of proximal
vesicles and tethers in a typical WT (D) and TKO (E) synapse. In WT synapses we
find more untethered vesicles (marked by *) compared to TKO synapses.

competence in all α-Synuclein knockout genotypes.

As vesicles are primed for release, they are pulled towards the active zone and form
additional tethers. We found no changes in overall tether length in dependence
on α-Synuclein. However, in healthy synapses the distance to the active zone
correlates with the amount of tethers [29], but a correlation does not exist in case
of αOX synapses (see fig. 6.6). This points to a release defect present in mice
that overexpress native α-Synuclein. Notably, the correlation is preserved in the
A30P mutation, indicating that membrane binding of Synuclein is important for
the release defect observed in αOX synapses.
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Treatment r confidence slope
WT -0.38 0.03 -0.18
TKO -0.41 0.007 -0.24
αOX on TKO -0.53 0.00 -0.32
αOX -0.22 0.27 -0.07
A30P OX -0.41 0.00 -0.26

Figure 6.6: Correlation between the proximal vesicle distance to the active zone and
the number of tethers.

6.6 The many roles of α-Synuclein

Overall, we observed that overexpression or knockout of α-Synuclein affects the
synapse on multiple levels. Immuno-EM on fixed synaptosomes (Karen Vargas,
Chandra Lab) showed gold-labeling both at the presynaptic membrane (16.7%)
and on synaptic vesicles (74.6% of all gold-labeling).

We find that α-Synuclein contributes to the formation of connectors between
synaptic vesicles in synaptosomes, both in the proximal and the distal region
up to 250 nm from the active zone. Our finding that the connectivity among
synaptic vesicles is decreased in synapses that lack α-Synuclein and increased in
all conditions where various forms of α-Synuclein were overexpressed, suggest that
both human and mouse α-Synuclein is involved in the formation of connectors.
Synapsin is widely believed to be one of the most important proteins involved
in connector formation [13] and is upregulated in TKO, likely compensating for
the removal of Synuclein. Diao and colleagues showed in an in vitro assay that
α-Synuclein can cluster vesicles together with Synaptobrevin/VAMP2 [20] while
Nemani and colleagues found that α-Synuclein overexpression inhibits the reclus-
tering of vesicles after release [69]. Together with our data, this suggests that
synapsin plays the critical role for reclustering, with α-Synuclein putatively sta-
bilizing the connectors.

α-Synuclein can bind to VAMP2 and promote the assembly of SNARE complexes
[10] while at the same time electrophysiologial measurements showed reduced level
of basal neurotransmission and a lower evoked response after prolonged stimulation
in α-Synuclein overexpressing mice [69]. This is supported by our data, showing a
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mild release deficiency. In order to fuse with the membrane, multiple short tethers
have to be formed between the vesicle and the active zone. In a healthy synapse we
therefore find a correlation between the distance of proximal vesicles to the active
zone and the amount of tethers that is absent in mice overexpressing human α-
Synuclein. This indicates that α-Synuclein may stabilize the initial step of tether
formation but inhibit the progression towards priming the vesicle for exocytosis.
The A30P mutant does not show the same release defects pointing towards the
importance of α-Synuclein’s lipid bilayer binding affinity to inhibit priming of the
vesicles for exocytosis. Light microscopic studies did indeed show that overex-
pressing the α-Synuclein A30P mutation variant did not inhibit synaptic vesicle
exocytosis [69]. In TKO mice we find more vesicles tethered to the membrane and
a higher fraction of vesicles in the readily releasable pool. This indication of an
increase in release competence fits well with earlier reports [39]. It may occur due
to the increased expression of other proteins involved in the formation of tethers
or it may point to an active role of α-Synuclein in regulating release probability.



Chapter 7

SynCAM and the synaptic cleft

This work has been performed together with Geoffrey Kong1 in collaboration with
Thomas Biederer’s lab2 and Tom Blanpied3. The results are in published in: "To-
pographic Mapping of the Synaptic Cleft into Adhesive Nanodomains" [19]
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ration

The development of the mammalian brain is a lengthy process with multiple stages.
In the initial phase, neurons have to travel to their designated brain areas and
form connections to the correct neurons. Both of these processes are regulated by
a myriad of proteins.

Among those are Ephrins and their respective Eph receptors (reviewed in [73]).
Ephrins are membrane bound extracellular proteins and can be classified into
ephrin A and ephrin B families. Members of the Ephrin A family comprise a
transmembrane domain, while ephrin B proteins are connected to the membrane
via a GPI linker. Ephrin A ligands preferably bind to Eph-A receptors and ephrin
B ligands respectively to Eph-B receptors. However, exceptions to the rule do
exist.

Eph receptors fall under the large family of receptor tyrosine kinases and can
activate a variety of cellular pathways. Apart from this forward signaling, Eph-
Ephrin interaction allows reverse signaling which is less understood ([103]).

The interaction of ephrins with their respective receptors usually invokes a re-
pulsive response between the cells but an attractive interaction does happen in
some cases. For example, low levels of ephrin can promote attraction while higher
levels promote repulsion ([65]). Interstingly, even initial attraction changing into
repulsion in a time-dependend manner has been observed ([64]).

Neuroligins, neurexins and SynCAMs on the other hand induce cell adhesion.
Neuroligin is a postsynaptic protein that is sufficient to induce the formation of
presynaptic sites by binding to the presynaptic protein neurexin ([33]). There are
three forms of neuroligin. Neuroligin-1 if found at exitatory synapses, neuroligin-2
at inhibitory synapses and neuroligin-3 at both. All of the neuroligin proteins
form homodimers. Dimerization is required to promote synaptogenesis and likely
also required to induce presynaptic differentiation via neurexin clustering ([88]).
Synaptic plasticity is also influenced by neuroligin. Interestingly, the effect seems
to require a difference in neuroligin levels among the cells ([56]).

SynCAM 1, the founding member of the SynCAM superfamily, is a 100 kDa
protein consisting of three Ig domains with multiple glycosylation sites that can
modulate the adhesion between SynCAM superfamily members [32]. During devel-
opmental stages SynCAM proteins make up 0.5% of the total synaptic membrane
proteins [81]. The synaptic cleft contains a dense mesh of proteins connecting
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Treatment Synapses
Knockout 8
Knockout control 7
Overexpressor 5
Overexpressor crontrol 5

Table 7.1: Dataset of tomograms used for analysis

the pre- and postsynaptic membrane. Although we know many proteins of the
synaptic cleft, their distribution among and especially within synapses is often
unknown. We therefore investigated the effects of deletion or overexpression of
the synaptic adhesion molecule SynCAM 1 on the synaptic cleft.

7.1 SynCAM shapes the edge of the synaptic
cleft

In cryo-electron tomography, the synaptic cleft appears as a dense network of
proteins with a complex topology [60]. In cryo-electron micrographs the heavily
crowded cleft shows the highest density near the midline, slightly shifted towards
the postsynaptic membrane (fig. 7.1B). In order to investigate the influence on
SynCAM 1 levels on the morphology of the synaptic cleft and the protein distribu-
tion within the cleft we recorded tomograms of vitrified synaptosomes from mice
either lacking SynCAM 1 or overexpressing the protein. Our dataset comprised
25 tomograms in total (see table 7.1).

We first surveyed the changes in cleft morphology in SynCAM 1 knockout mice.
Deletion of SynCAM 1 does not alter the width of the synaptic cleft. We divided
the cleft in four layers, from the postsynaptic to the presynaptic membrane (see
fig 7.1 C, top). It is important to note that in cryo-electron tomograms absolute
greyscale values cannot be compared without normalizing them first because dur-
ing reconstruction, the mean of the greyscale values of the resulting tomogram is
set to a predefined value. We therefore used the density of the membrane and
the average density of the synaptic cleft to normalize our data. Averaging the
greyscale values of each layer for a synapse and then combining all synapses of
each genotype didn’t yield a distinctive phenotype. However, when we further
separated the cleft region into columns (see fig. 7.1 C, bottom) we found that in
SynCAM 1 Ko mice, the outermost column contains less protein than than the
inner columns, while WT mice showed the opposite behavior (fig. 7.1 F).
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Applying the same method to investigate the effects of SynCAM 1 overexpression
we found no significant increase in overall protein density in the outermost column.
The cleft profile was well preserved in case of SynCAM 1 KO (fig. 7.1 E), with
the highest protein density in layer 2. In contrast, overexpression of SynCAM 1
obliterates the density difference between layers 1 and 2 in the whole cleft and in
particular in the outermost column (fig. 7.1 I, J).

Immuno-EM of high-pressure frozen sections of the CA1 hippocampus region from
adult mice done by our collaborators confirmed that SynCAM 1 localizes towards
the outer edge of the cleft. SynCAM 1 was found mostly on the postsynaptic
membrane (46± 6% of total synaptic labeling). In sections from SynCAM 1 KO
mice, labeling was reduced by 84± 4%, confirming the specificity of the antibody.
Less labeling was found towards the center of the cleft, the post-synaptic cytoma-
trix, and at the presynaptic membrane. When the radius of the cleft is normalized,
quantification of the location of labeled postsynaptic SynCAM 1 showed a distinct
peak towards the edge of the PSD (normalized to 1 in fig 7.2 B).

7.2 SynCAM 1 and Eph-B2 localize to distinct
areas within the synaptic cleft

Fluroescently labeled HOMER can be used to define the area of the PSD [62].
In addition to investigating the the location of fluorescently labeled SynCAM 1
relative to the area defined by HOMER labeling, our collaborators also looked
at the location of a second protein present in the cleft of excitatory synapses:
The tyrosine kinase receptor Eph-B24. 74 ± 9% of HOMER puncta contained
either SynCAM 1, Eph-B2 or both. 88 ± 1% of SynCAM1 puncta colocalized
with Eph-B2 and all of the Eph-B2 puncta showed a SynCAM 1 signal. Going
from conventional confocal microscopy to STED microscopy, it becomes apparent
that SynCAM 1 localizes towards the edge of the area defined by the HOMER
labelling, while Eph-B2 puncta are localized deeper within the HOMER labeled
region (see fig 7.2, C, D).

3D-STORM [46, 96] was used to further investigate the three-dimensional subsy-
naptic distribution of SynCAM 1. 79% of synapses with HOMER labeling showed
SynCAM staining within 500nm of the PSD border and SynCAM 1 puncta show
a strong peak between 100 nm and 200 nm from the PSD border. Again, simulta-
neous Eph-B2 staining showed a different distribution further away form the PSD
border and more towards the center of the synapse. 3D-STORM also enables

4An introduction to Eph receptors and Ephrins, their ligands, can be found in chapter 4.2



7.3. DISCUSSION 75

the quantificication of the area of SynCAM 1 and HOMER puncta. SynCAM 1
puncta likely consisting of multiple Syncam 1 molecules seem to label a specific
subpopulation of synapses: The volume of HOMER clusters colocalizing with such
SynCAM 1 clusters was almost twofold the volume of HOMER clusters colocaliz-
ing with no or small SynCAM 1 puncta (13.1 ± 2.3 · 106 nm3 and 7.2 ± 0.8 · 106

nm3).

SynCAM 1 promotes the number of excitatory synapses [7, 31]. It is therefore
conceivable that the distribution of SynCAM 1 can be altered by synapse activ-
ity. Indeed, application of a long term depression (LTD) inducing protocol and
subsequent immunolabeling for SynCAM 1 and PSD-95 showed an increase in the
area of SynCAM 1 puncta by 27± 5%.

7.3 Discussion

It was shown previously that the cleft consists of a filamentous network [60]. How-
ever, the composition of the cleft and the distribution of proteins within the cleft
were still unknown. Cryo-electron tomography revealed that SynCAM 1 knock-
out leads to a loss of protein in the outer cleft region and in mice overexpressing
SynCAM 1, the typical density profile of the protein mesh within the cleft was
abolished in the same cleft region at the edge of the cleft. Together, this points to
a distinct subsynaptic distribution of SynCAM 1 towards the edge of the synaptic
cleft. Although no complete structure of SynCAM 1 exists, the suggested tertiary
structure of three equally sized extracellular lg domains likely masks the increased
protein density in layer 2 of the cleft present in all genotypes except SynCAM 1
overexpressor. The distinct density profile of the synaptic cleft is therefore likely
shaped by other proteins. A strong candidate would be Neuroligin, a postsynaptic
membrane protein that binds to the presynaptic Neurexin. They form a density
closer to Neuroligin [93, 101] and may be the main contributors to the central
density we observe.

The localization of SynCAM 1 towards the edge of the synaptic cleft was confirmed
in immunolabeling experiments in high-pressure frozen hippocampal sections and
is consistent with the shortened PSDs and active zones in SynCAM 1 knockout
mice [81].

Eph-B2 and SynCAM 1 localize to distinct areas in the cleft as shown by im-
munofluorescence. It is conceivable that Eph-B2 acts earlier in synaptogenesis
while SynCAM 1 is needed to stabilize and maintain the synapse. The location
towards the edge of the cleft and the known involvement in the regulation of
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synaptic strength supports possibility of SynCAM 1 actively or passively recruit-
ing proteins to the cleft.

Taken together, the three complementary techniques used in this study could
show that SynCAM 1 and EphB2, and possibly other synaptic adhesion molecules
localize to different areas within the synaptic cleft. The dense filamentous network
in the cleft is therefore likely organized in molecular subdomains with distinct
origin and function.
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Figure 7.1: A: Top and sideview of a synaptic cleft segmented at a fixed greyscale
value. B: Top: Tomographic slice depicting the synaptic cleft. Bottom: central density
visualized by applying a threshold filter. C: Definition of cleft layers 1-4 from post- to
presynaptic side and four concentric columns within the cleft. Dashed lines mark the
columns. The outermost column is shown in grey. D: Representative cleft images from
WT and SynCAM 1 KO synaptosomes. The less densely populated region towards the
edge of the cleft is marked by arrowheads. E: Cleft density profile. Greyscale values of
the four layers of the synaptic cleft in the outermost column, averaged over all synapses
of each genotype. F: SynCAM 1 KO synapses have a higher grayscale value differential
and hence lower relative protein density in the outermost column compared to the three
central columns. For normalization, cleft mean was set to 1 while membrane mean was
kept at 0. G: Representative cleft images from tomograms of WT (top) and SynCAM
1 overexpressor (OX) (bottom) synaptosomes. The elevated central cleft density of the
control is barely visible in OX synapses. H: Flat cleft density profile of SynCAM 1 OX
synaptosomes. Greyscale values across the four layers of the outermost cleft column are
shown. Mean values of individual layers were calculated as in (E) for control (left) and
OX synapses (right). I, J: Layer differences in were determined by subtracting grayscale
values of volumes depicted in lighter gray from darker gray volumes. SynCAM 1 OX
synapses have higher density in layer 2 relative to layer 1 in the outermost cleft column
compared to controls. Normalization as in (F) (N=5 synapses each). Tomograms in
(B), (D) and (G) are shown at a depth of 4 voxels (9.2 nm), scalebars 50 nm. Modified
from [19]
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Figure 7.2: A: Immuno-EM of SynCAM 1 in high pressure frozen sections of the
adult hippocampal CA1 region. Arrowheads indicate immunogold-labeled SynCAM 1
on the postsynaptic membrane at the edge of the cleft. B: Postsynaptic SynCAM 1
distribution. Distance of gold-labeled SynCAM 1s to the PSD center were measured,
normalized to 1 corresponding to the PSD radius (N=97 micrographs, 3 mice). C:
Dissociated hippocampal neurons at 14 div were subjected to sequential immunostaining
for (upper row) surface SynCAM 1 (magenta) and PSD-95 (green) or (lower row) surface
EphB2 (magenta) and Homer (green), and imaged by 2-channel STED microscopy. PSD
borders calculated based on STED localizations are shown in the center and right panels.
Scalebars 400 nm. D: Surface SynCAM 1 and EphB2 localizations were determined in
STED images as in (C) and distances were measured from the PSD border defined by
PSD-95 and Homer localizations, respectively. SynCAM 1 localization density (red)
reached a maximum at the border of the PSD (green). SynCAM 1 localizations within
the PSD were rare. EphB2 (blue) exhibited the most prominent localizations within
the PSD and a minor peak at the border. Localization densities were normalized to the
highest value. SynCAM 1 data were from 696 PSDs in 86 imaging fields and EphB2
data from 111 PSDs in 10 fields. Modified from [19]
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Materials and Methods

8.1 Neuronal cultures

Hippocampal neuronal cultures were prepared as described previously [3, 49]. In
short, hippocampal neuronal cultures were prepared from E18 rat embryos or P0-
P2 newborn rat pups. Animals were decapitated. The whole brain was extracted
and moved to ice-cold calcium and magnesium free HBSS (CMF-HBSS, Invitrogen,
14185-052) buffer containing 5 mM HEPES (Invitrogen, 15630-080). The same
buffer was used for all further steps, unless otherwise denoted. After removal of
the meninges the hippocampi were dissected and transferred to pre-warmed buffer
containing 0.25% trypsin (Invitrogen, 25300-054). After 20 min in a 37◦ waterbath
the trypsin was removed by washing three times with ice-cold buffer, with 5 min
rest at room temperature in between washing steps.

Cells were dissociated with a normal Pasteur pipette (10 - 15 times) followed by
a Pasteur pipette fire polished to half the diameter. After trituration, cells are
passed through a 70 µm cell strainer before cell counting.

Grids were coated overnight in poly-L-Lysine solution and washed twice with
autoclaved MilliQ water for 2-3 hours each. Grids were immersed in culturing
medium at least one hour before plating and stored in the incubator at 37◦ and
7% CO2.

Cell were plated with a density of 2.5 · 105 cells per 35 mm dish in neuronal
plating medium (MEM with Earl’s salt and L-glutamine (Invitrogen, 11095-080)
containing 0.6% wt/vol Glucose (Sigma, G8769) and 5% FBS (Gibco, 10082139)).
After 5 hours medium was changed to either B27 supplemented medium or pre-
conditioned neuronal maintenance medium.
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B27 supplemented medium [9] was prepared with Neurobasal (Invitrogen 21103-
049) supplemented with GlutaMAX (Invitrogen 35050-061) and B27 serum free
supplement (Invitrogen 17504-044).

Glial cultures were prepared from P1 rat embryos as described in [49]. After
decapitation the whole brain was extracted and meninges were carefully removed.
The cerebral hemispheres from 2 - 3 animals were isolated, collected and cut into
small pieces using a scalpel before being transfered into CMF-HBSS containing
0.25% trypsin and 1% DNAse I. The cells were incubated in a 37°C waterbath for 5
minutes, swirling the tube occasionally. After trituration with a 10 ml pipette (10 -
15 times), the solution was returned to the waterbath for another 10 minutes before
the final trituration using a 5 ml pipette (10 - 15 times). Cells were centrifuged
for 7 minutes at 120 g in order to remove enzymes and lysed cells. Afterwards
they were filtered through a 70 µm cell strainer. Cell density was determined
using a hemacytometer and 7.5 · 106 cells were plated per 75 cm2 flask. When ∼
70% - 80% confluence was reached, cells were harvested by changing the medium
to trypsin/EDTA. After a short incubation (~3-5 min), cells were collected and
centrifuged at 120 g for 7 min. Cells were afterwards plated at a density of
7.5 · 106 cells per 75 cm2 flask. In order to generate preconditioned medium, glial
medium was exchanged to neuronal maintenance medium (MEM with Earl’s salt
and L-glutamine (Invitrogen, 11095-080) containing 0.6% wt/vol Glucose (Sigma,
G8769) and N2 supplement (Sigma 17502-048)) after the glial cultures reached ∼
70% - 80% confluence. After 15 - 20 hours, medium was harvested and used for
hippocampal neuronal cultures.

Neuronal cultures were grown in the incubator at 37◦, 7% CO2. Most cultures
were frozen at day in vitro (DIV) 9, during the time of strong synaptogenesis [38].
It has been reported, that neurons show distinct cytoplasmic transport packages
at DIV 7 [1, 21]. To give the neurons more time for synaptogenesis, we also froze
cultures at DIV 14.

8.2 Transfection and immunostaining

Transfection with Lipofectamine Briefly, the medium was replaced with
fresh Neurobasal (Gibco, Invitrogen, Carlsbad, CA, USA) containing 2% B27
(Invitrogen) supplement and 2mM Glutamin (Invitrogen). The old medium was
stored in the incubator. Per dish 50µl Optimem with 2% Lipofectamine (v/v) and
2% DNA (w/v) was added. After pipetting the medium twice to mix it, the sam-
ple was incubated for one hour. Afterwards cultures were washed with Neurobasal
before reapplying the old medium.
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FM staining Cells were stained either with a styryl dye (FM1-43 or FM4-64,
Invitrogen, [15]). All buffers were prewarmed to 37°C. After replacement of the
culturing medium with HBSS, cells were allowed to rest for about 10 to 20 minutes.
Afterwards, cells were first washed again with HBSS, followed by application of
10µM FM1-43 and 100mM KCl in HBSS. After two minutes, residual flurophores
were removed by washing with 10ml HBSS.

Co-staining of synaptotagmin. For staining with the synaptotagmin anti-
body (Synaptic Systems, Cat. No. 105 311C3) and QD605, cells were incubated
with the antibody for one hour prior to FM1-43 staining. After FM1-43 staining
cells were incubated with the secondary antibody for one hour. Afterwards the
cells were washed with 10ml HBSS.

8.3 Synaptosome preparation

Synaptosomes were prepared from six to eight week old mice as described in [23].
Briefly, animals were sacrificed by cervical dislocation and then decapitated. The
cerebral cortex was removed and placed in ice-cold homogenization buffer (HB:
0.32 M sucrose, 50 mM EDTA, pH 7.4 with cOmplete Mini EDTA-free, Roche;
7 tablets in 70 ml HB). After removal of white matter and blood vessels, the
cortex was submerged in 3 ml HB and homogenized at up to 700 rpm in a teflon-
glass homogenizer. The homogenate was centrifuged for two minutes at 2000 g
to remove large debris and unbroken cells and the supernatant was centrifuged at
9500 g for 12 minutes. The pellet containing the synaptosomes was further purified
by a Percoll (GE Healthcare) gradient (3%, 10%, 23%). The fraction between 10%
and 23% was collected and diluted in Ca2+-free Hepes buffered medium (140 mM
NaCl, 5 mM KCl, 5 mM NaHCO3, 1.2 mM Na2HPO44, 1 mM MgCl2, 10 mM
glucose, 10 mM Hepes, pH 7.4). Percoll was reomved by centrifugation at 22000
g for 10 min and resuspension in HMB supplemented with 1.12 mM CaCl2.

8.4 Plunge-freezing

Cultures Cultures were plunged with a manual plunger. Single dishes with up
to four grids were moved from the incubator to the plunger. Individual grids were
fixed in the plunger using Dumont negative action tweezer. 4 µl of pre-mixed gold
fiducials (10 nm and 15 nm beads, concentrated 5-10x from stock solution) were
added to the grid while mounted in the plunger. Depending on the amount of
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liquid retained on the grid after removal from the dish, the blotting time had to
be adjusted by feel. Typical blotting times were 4-7 seconds.

After plungefreezing, grids were inserted into Autogrids (FEI, The Netherlands)
using a transfer chamber developed in the department.

Synaptosomes Plunge-freezing of synaptosomes was performed as previously
described ([29]). Part of the dataset was plunged using an automated plunger
(Vitrobot, FEI).

8.5 Correlative microscopy

Cryo-light microscopy (cryo-LM) was carried out using the Cryostage2 [79] (see fig.
8.1) mounted on a Zeiss Axiovert 200M light microscope and connected to a liq-
uid nitrogen pump (Norhof LN2 Microdosing system, Series #900, Maarsen, The
Netherlands). The stage was cooled for an additional 15 min after the tempera-
ture stabilized at -186◦. Images were acquired using the Zeiss Axiovision software.
The MosaiX and Z-stack modules were used to produce maps of the entire grid.
Phase contrast maps and fluroescent maps were acquired seqentially to speed up
the process. Whole grid maps were acquired using a 20x Ph2 objective (numer-
ical aperture 0.4) and selected regions were additionally imaged with a 63x Ph2
objective (numerical aperture 0.75).

Figure 8.1: a) Cut-away view of the Cryostage2. b) Magnified view of white circle in
a). Scalebar 40 mm. Inset not drawn to scale. From [79])
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Figure 8.2: Correlation between light and electron microscopy. A: Cryo-phasecontrast
and cryo-fluoresence image of a grid containing 1 µm fluorescent beads. Scalebar: 20 µm.
B: EM overview image. Dashed lines illustrate how the overview images were shifted
in the ’move overview’ mode. Scalebar: 10 µm. C: Top and middle: search images
corresponding to the blue squares in (B) used for the ’move search’ mode. Bottom:
Correlated location of fluorescent bead from (A, bottom). Scalebar: 2 µm

Due to grid bending, z-stacks spanning more than 60 µm were common. To
facilitate navigation, a maximum intensity z-projection was created in ImageJ.

Upon loading the grid in the electron microscope, a map of the entire grid was
acquired at low magnification (170x - 250x) using the TOM Acquisition package
[52]. If a region of interest identified in the cryo-LM images was suitable for
imaging in the electron microscope, the correlation was performed for this region.

ImageJ and a Python script developed by Vladan Lucic [59] were used for the
correlation. The correlation was carried out in two steps. First the correlation be-
tween a low magnification image in the electron microscope (EM-overview image)
and the light microscopy image (LM image) is established. Afterwards, a corre-
lation between the EM-overview image and the stage coordinates of the electron
microscope is established.
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The correlation between the LM images and the EM overview image can be done
in two ways. One possibility is to use landmarks visible in both images, for cracks
in the carbon film or contamination. Grid bars can also be used but are less
ideal as they are obfuscated by the ice in the EM-overview image. For the second
method, a pattern composed of holes in the carbon support film is marked in
the EM-overview image and in the LM image. This pattern is used to calculate
the rotation, magnification change and possible shearing between the images. An
additional single spot is then used to calculate the translation. This method is not
as precise as the first one, due to the calculation of the translation by only one spot.
However, this is sometimes necessary if not enough landmarks can be identified or
the landmarks have not been preserved in light and electron microscopy images.

Next, a correlation between the EM-overview image and the physical stage coor-
dinates has to be established. Currently, two methods are implemented for that
purpose: In the ’move search’ mode, the coordinates of landmarks in the EM-
overview image are used to establish a direct correlation. In a second method the
stage is shifted and additional EM-overview images are taken. The correlation be-
tween the EM-overview image and the stage coordinates of the microscope is then
determined using the shifts and the corresponding pixel shifts of one landmark in
the EM-overview images.

For the actual correlation, a position of an object of interest in a LM image was
used to calculate the corresponding position in the EM stage coordinate system.
In some cases the correlation proceeded in the opposite direction, namely to use
the EM stage coordinates where a tomogram was recorded in order to calculate
its position in the LM image.

8.6 Electron Tomography

Tomograms were acquired using a FEI Tecnai CM300 microscope or one of two FEI
Tecnai G2 Polara microscopes, all equipped with an FEG and an energy filter. The
FEI tomography software was used during acquisition. For α-Synuclein studies
the magnification was chosen to correspond to a object pixel size of 0.47 nm. For
neuronal cultures a object pixel size of ~0.8 nm was used for most tomograms.
The area used for focus adjustment and tracking was shifted by ≈ 5µm along the
tilt axis. Tracking after image acquisition was sufficient in most cases.

Tomograms at the earlier stages of the project were acquired using two half series
starting from 0◦ to the negative and positive maximum angles (∼ ±65◦). Later
this scheme was changed to two series, one starting from −40◦ to the maximum
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positive angle and the second one from −40◦ to the maximum negative angle.
The angular increment was set to either 1.5◦ or 2◦. For the synuclein project
the applied defocus was -7 µm. For tomography of neuronal processes a defocus
between -8 µm and -12 µm was applied.

8.7 Reconstruction and postprocessing

Tomograms were mostly reconstructed using the TOM package in Matlab [70].
Some tomograms from neuronal cultures were reconstructed with the Imod recon-
struction package ETOMO [53].

In TOM, fiducial gold markers were manually tracked. Bad gold fiducials were
removed if a sufficient amount of markers was available so that an error between
one and two pixels was achieved for most tomograms.

A weighted back projection (WBP) algorithm was used for reconstruction. For
the analysis, an analytical WBP approach was used. To facilitate segmentation,
we additionally generated a reconstruction using an exact WBP algorithm with
an 800 pixels setting for specimen thickness. That way, low frequencies, such as
membranes, were enhanced in the reconstruction.

To improve downstream computation times, tomograms were cropped in all three
dimensions to contain only relevant parts. Cropping was performed using a small
script for EM package [41].

To reduce the noise in tomograms while preserving the signal as good as possible,
anistotropic nonlinear diffusion (AND, [27, 28]) was used. Parameters and de-
noising steps were chosen to achieve best preservance of the signal and not strong
noise reduction.

8.8 Statistical Analysis of synaptosomes and presy-
naptic boutons

In synaptosomes tomograms were binned 4x, yielding a final pixel size of 1.87
to 1.88 nm, depending on the microscope. The active zone, the synaptic vesicle
median disc and the area of analysis were manually segmented in Amira (Visual-
ization Sciences Group). In varicosities the is no defined active zone. There the
entire membrane, microtubules, smooth endoplasmic reticulum, mitochondria and
other organelles were segmented in addition.
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Tethers and connectors were detected using the Pyto package (a software package
written in Python), combining the watershed transform with connectivity based
segmentation [29]. Analysis of synaptic vesicle size and distribution, their tether
and connectors was all carried out using the Pyto package. For both datasets, the
confidence tests used in analysis were Student’s t-test for Gaussian distributed
values, Kruskal-Wallis test for values not following a normal distribution and Chi-
square test for values in discrete bins. Pearson’s coefficient and t-test were used
for correlation analysis. In all graphs, confidence values are indicated as: * : p <
0.05; ** : p < 0.01; *** : p < 0.001.

For all Synuclein projects, data acquisition and analysis was performed blind of
condition.

Dense core vesicle profiles were created with ImageJ, using the Radial Profile Plot
plugin (http://rsb.info.nih.gov/ij/plugins/radial-profile.html). A circle with the
same center as the median disc of the DCV is marked in the tomogram. The
radius of the circle is chosen to be at least 5 pixels larger than the radius of
the DCV. The plugin is then used to average the pixel values along concentric
circles. For figures or in cases where the resulting graph was not clear the slice of
the tomogram used was first interpolated to 5x size, improving the formation of
averages along concentric circles.



Acronyms and abbreviations

AZ active zone

cryo-EM cryo-electron microscopy

cryo-ET cryo-electron tomography

CCD charge coupled device

CLEM correlative light- and electron microscopy

CTF contrast transfer function

DCV dense core vesicle

DIV days in vitro

EM electron microscopy

ET electron tomography

FEG field emission gun

FIB focused ion beam

LM light microscopy

MTF modulation transfer function

MVB multi-vesicular body

PTV Piccolo/Bassoon transport vesicle

RRP readily releasable pool

sER smooth endoplasmic reticulum

SNARE soluble NSF-attachment protein receptor

SNAP25 synaptosomal associated protein, 25kDa
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SNR signal to noise ratio

SPA single particle analysis

SV synaptic vesicle

TKO triple-knockout

αOX α synuclein overexpression

αOX on TKO α synuclein overexpression on triple-knockout background

VAMP2 vesicle associated membrane protein 2 , also called synaptobrevin

WBP weighted back projection

WT wild-type

t-test Student’s t-test, used for Gaussian distributed values

KWT Kruskal-Wallis test, used for values not following a normal
distribution

Chi2 Chi-square test, used for values in discreet bins
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