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10 | Summary

Summary

Dendriticspines are very small protrusions on dendrites of excitatory neurons and function
as their main inpt sites. They arecommonly composed of a head af few hundred
nanometers in diameter and a thaer neck that can have a diameter ofess than50
nanometers. Thenvestigation of morphologies of these small structures is performed with
both light microscopy ah electron microscopy. The light microscopy provides the possibility

to quantitatively investigate spines but, due to the light diffraction limit, nosignificant

detail. Serial section lectron microscopy provides high resolution but, due to laboriand
error-proneness, lacks the feasibility to obtain quantitative morphologies. The Serial Block
face Scanning Electron Microscopy (SBFSEM) combines high resolution imaging with the
possibility of quantitative and fully automatedacquisition ofelectron mcroscopy images.

Thereby it is possible to acquire large data sets at saaleresolution.

My thesisfocuses o the acquisition, isolationand analysis of quantitative single spine
morphologies of previously identified and patclamped neuronsl usedSBFSEM to obtain

three dimensional image stackat a voxelsize of 25x25x30nm (xyz). To segment the
morphological information from the acquired image stacksjsed a custom and highly

LI N> £ £ St AT SR &2 7Fi6 | whiBhisicahpdsed ditsevar mBvitiaPfifteisNHzO G ¢
that are optimized to automatically segment and reconstruct single biodytau neurons

from large image stacks obtained from SBFSHM first reconstructions, however, showed
additional structures of the surrounding neuropdue to unspecific staining. That is why
developed establishedand valuated a new staining protocol that gives intense contrast to

the previously filled neuron and only faint contrast to the neuropiie staining protocol
showed repeatedly good contrastrfonultiple individual neurons in SBFSEM image stacks.
Next, | used SBFSEM to obtain image stacks of an entire Layer 5B neuron which has a
bounding box of 409x230x608um and a raw data size of 1.1 TB. | manually marked about

6600 dendritic spines on the neum and computed their layer distribution.

After | obtained multiple data sets from SBFSEM, the necessity to validate and check for the

NeurcSruct 8 SIAYSy G GA2Y (2 2 fequiRel &3 usdd D &sdaNstaridlard té | a
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reconstruct my data sets. Hencea 25.38um long dendritic stretch thatontained 106
dendritic spinesvas used ashe basis for validationReference tracingslerived from five
independent manual tracingsvere computedfor the useof & 3 NP (dNORiHé &afidation
was carried out orthe level of objects (spines) and pixsel(volume). The resultslearly
demonstratethat NeuroStructprovides a reliable and high quality reconstruction, which

matches and in some parameters evexceedghe qualityof manual tracings

Finally, thevalidated NeuroStruct pipelinewas expanded with an iterative spine pruning
algorithm, toallow theisolation of single spine morphologies for further analysis. Although

this work is at the beginning and suffers from initial problerhg, ¢ventual aim is to be able

to isolate tens of thousands of single spines and build up a dendritic spine database from
which spines can be clustered and biophysically characterized according to their
Y2NLIK2f 23A0FE FSI GdzNBa® ¢ K Aaddcdn Pring tégatiardhe 6 A £ £

guantitative light and high resolution electron microscopy approach.
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Chapter 1 Introduction

The mammalian brain is the most sophisticated organ of its body. It is a complex of
subdivisionsfrom which the biggest compartment, the cerebral cortex, is composed of
about 80 billion neurons interacting with each other via trillions of synapses in humans
(Azevedo et al, 200%HerculaneHouzel, 2009Pelvig et al, 2008 These numbers make its
unravding very complex and arduous. To be able to learn about the wiring and interplay of
this network, the rodent has been long since established as a model organism in science.
Mouse species are frequently used as their nervous system consists of milliaesrohs

that do not only maintain a comparable architecture to humans but also reduce the
complexity by an order of magnitud®oth & Dicke, 20055chuz & Palm, 1989The cortex

itself is subdivided into smaller areas responsible for computing different emotional,
cognitive, motor or sensory taskseflecting a functional localizatio(Passingham et al,
2002. As an example and field of work in this thesis, the somatosensory barrel cortex (BC) is
composed of even smaller computational subunits, each responsible for computing signals
received from one single whisker. Theseitsi are organized in columnar structures
composed of about ten thousand neuro(fSox, 2008 Petasen, 2007 Woolsey & Van der
Loos, 197D In order to understand the underlying principles of networks like this,
numerous strategies in morphology, behavior, physioJagyd conputational science are
being performed(Celikel & Sakmann, 200Druckmann et al, 20%1Helmstaedter et al,

2007, Helmstaedter et al, 20Q9.ang et al, 201taarkram, 2006 Oberlaender et al, 20Q9
Rushworth et al, 2001 Theindividual neurons within such a network receive input via
synapses which are composed of a presynaptic (axon) and postsynaptic (dendrite) side. Most
excitatory input to a dendrite is conducted through small protrusions called dendritic spines.
These sping were discovered over 130 years ago by Santiago Ramon y Cajal and have been

intensively investigated ever since.
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1.1 Dendritic Spines

1.1.1 Historic Discovery of Dendritic Spines

In 1873 Camillo Golgi published the famous unspecific dendrite staamgique which is

named after himself(Golgi, 1878 This staining, which is baseoh silver chromate
precipitation in dendritic arborswas learh and used bySantiago Ram® y Cajal to
investigate cell morphogies of the nervous systermunder the light microscope. Cajal
observed that the surface of Purkinje cells in the cerebelafrbirds 6X appears bristling

GAGK LRAY(Ga | ¢ RaparekeeeNdada dd puntaS & ééginas cortag . (Cajal,

1888). Although they had been previously observed by other scientists, Cajal was the first to
describe these protrusions as neuronal structures, and 1biyears after the publication of

the Golgi staining. Even Golgi himself observed structural protrusions but did not see their
physiological importanceAt the time however, the consensus was that #eestructures

were silver precipitates due tothe Galg a i F AyAy3ad . SOFdzasS 2F GKA
discovery caused a controversy in the scientific community between scientists who believed

in the discovery of new neuronal elemeniBerkley, 1895Edinger, 1893Monti, 18953

Monti, 1895h Retzius, 1891Schafér, 1899 Yy R (1 K2 & S (Dbdie? 18B6MBy¢rQ U

1895 Meyer, 1896 Meyer, 1897 von Kolliker, 1896 Eight years later he proved his theory

right by usng Methylene Blue staining to evidently demonstrate that spines are neuronal
structures and not staining artifac{€ajal, 1896aCajal, 1896 Uponthe identification of

dendritic spines as neuronal structures, Cajal realized that some axons had free endings
(Cajal, 1894 By this observation, he found the first piece of evidence for his fundamental

Gy SdzZN2 y R 2Zc@dedtFibgsScénBectiars between individual neurons in comparison

to the diffuse nerve network syncytium that was proposed by Joseph von Gerlach in 1872
(Gerlach, 18720 DSNI | OKQ&a (GKS2NEB 4l & akKlINBR o6& Ylye
AY KAad b20oSt fSO0daNEX 4KAOK KS aKIFINBR gAOK
0KS ySNI2dza aeaidsSyés 02 y({@old, RIEPI SIR (KR Sz3 i S dzMJ
neuron doctrine became more and more accepted over the years, the theory was not

proven until Sandford Palay identificithe synapses by the first ultrastructural electron
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microscopy investigations in 1956: ¢ KS | 6 A4Sy O0S 2F LINRG2LI | aYAC
contact surface between the two members of the synaptic apparatus is impressive
confirmation of the neuron doctrine emciated and defended by Ramon y Cajal during the

SINI & LI NI (Rafay, G9p\ & OSy (i dzNE £

1.1.2 Spine Morphology and its Impact on Function

With the establishment of electron

Presynaptic | Microscopy on biological tissue in the

. terminal
Neurotransmitter

1950s, ultrastructure of spines could be
vesicle

investigated and synapses could be proven.

PSD Over the decades, spine morphologies

Sl\":r’ﬁc were identified and many elements within
Cle
Spine the spine were disoered such as, the

head spine apparatus and the posynaptic

o density (PSD), which were both described

pine R 5
apparatus | Ay 9 ®D® DNB2& QA Gy, Y RY F N

Dendritic shaft 19593 Gray, 1959b (see Figure1.1). The

Spine neck
PSD is a complex of many proteins that

organizes the neurotransmitter receptors

Figure 1.1: Schematic drawing of a synap: In the syaptic cleft to conduct inner spine
gggf‘;ﬂ; Zgrr?;pq?éaé:;esi?;relevam elements signal processing(Banker et al, 1974
Cohen et al, 1977 The size of the PSD was
found to reflect the strength of a synapggondo & Okabe, 201Dkabe, 2007Sheng &
Hoogenraad, 2007 Grey also divided synapses into asymmetric (type 1) and symmetric (type
II) synapses, according to the stfethe PSD: Type | synapses have a thicker PSD and appear
therefore asymmetric in EM. They can mostly be found on spines, are excitatory and use e.g.
glutamate as a neurotransmitter (glutamatergic). Symmetric synapses are inhibitory and
GABArgic (Neurotansmitter: gaminobutyric acid; GABA) or glycinergic. These inhibitory

synapses are usually found on dendritic trunks and somata but not on spines. The spine
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apparatus is composed of smooth endoplasmatic reticulum (SER) and is assumed to play a
role in C&" regulation within the spindMajewska et al, 200Qaand, if missing, correlates
with alterations in longerm plasticity(Deller et al, 2008 In addition to the PSD and the
spine apparatus further elementsuch asmitochondria (Adams & Jones, 1982actin
(Fifkova & Delay, 1982endosomeqCooney et al, 2002and proteasomegEhlers, 2008

were reported. In 1969, Jones & Powell and Peters & KaiseAbaamof continued
ultrastructural EM studies and first dlsified dendritic spines by their morphology into
mushroom, thin and sessile (stubby) spiné3ones & Powell, 196%eters & Kaiserman
Abramof, 196 ¢ KA a OfFaaAFAOIGAZY A& &AGAff dzd SR
publications support the close relationship of morphology and function of the spine: The
volume of the head, for example, is directly proportional to the size of the (F&bre,
1978, to the number of postsynaptic receptors and the size of the presynaptic terminal
(Peters, 1987Spacek & Hartmann, 19830 the number of docked synaptic vesicles and to
the readily releasable pool of neurotransmittgdarris & Stevens, 198Blusser et al, 1998
Schikorski & Stevens, 200%pacek & Hartmann, 1983The size of the spine head was
shown to drectly correlate with the number of AMPA receptors in the PSD which influences
the capacity of the spine to be stabilized by ldegn potentiation (LTPjKasai et al, 2003
Matsuzaki et al, 2004 With the development of the twghoton microscopyDenk et al,
1990, it was also possibléo monitor dendritic spinesin vivo (Svoboda et al, 1997
Numerous studies using this method have shown that large spines are more stable than
small ones and thus, are able to persist overnths (Grutzendler et al, 20QZXKasai et al,
2003 Matsuzaki et al, 20Q4Trachtenberg et al, 2002Data on AMPA receptor density, L. TP
and spire size caelation led Kasai to hypothesize that there are spines for learning and
spines for memoryLargespines are more stable and persistent and are therefore deemed
(longterm) memory spines in that they form stable synaptic connections. Small or thin
spineshowever, are motile and instable and therefore build weak connections which might
be responsible for learninfiKasai et al, 2003 This hypothesis can be strengthened by the
observation that old animals bear motarge (memory) spines in comparisoto young

animals(Holtmaat et al, 200b

LY FTRRAGAZ2Y (G2 GKS &AAIYATFTAOFIYyd NBES@OIyOS 27

a functional interplay of the spine neck has also been shown. In 1952, Chang postulated that
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the spine necks offer considerable ohmic resistadce to their extreme slenderness.
Thereby, the synaptic weight of a synapse could be redCedng, 1952 Rall and Rinzell
provided computational models, which introduced spine plasticity and the theoretical
impact of spine necks on the nervous syst@all, 1964Rall, 1974Rall & Rinzel, 1971&all

& Rinzel, 1971y [..YfiHe adjustments of the stem resistances of many spihefcould
provide an organism with a way to adjust the relative weights of the many synaptic inputs
[...]; this could contribute to plasbA G & Fy R t SI Ny Ay 3(Ra#t & Rihzel,y S NIJ 2
19719. Crick supported the idea of a long and thin spine neck changing the weight of a
synapsgCrick, 1982 whereas, ten years later, this theory was doubted by Koch and Zador.
They assumed that the conductance of the spine neck is too large to provide effective
modulation of the synaptic current, and theretostrength, that is generated by the spine
head (Koch & Zador, 1993Instead they proposed that the spine produces a biochemically
isolated compartment as a result of the thin diameter of the neck. This barrier theory is
supported by other studiegHolmes, 1990Majewska et al, 200QaNimchinsky et al, 2002
Segal, 2005Svoboda et al, 1996The biochemical diffusion barrier plays a very important
role regarding C& regulation, which can act as a second messenger in various signaling
pathways with spine plasticity like memory and learn{ddvarez & Sabatini, 200Ethell &
Pasquale, 20Q3Hayashi & Majewska, 200Bonur & Ghosh, 200¥Korkotian & Segal, 1999
Majewska et al, 200QaVajewska et al, 200Qertner & Matus, 2005Segal, 1995Segal,
2005 Yuste & Bonhoeffer, 200X uste & Bonhoeffer, 20Q0& uste & Denk, 199% uste et al,
1999 Yuste et al, 2000 Furthermore to the morphological diffusion barrier, it was
observed, that spine apparatuses are preferentidigated at the base of the neck of
mushroom spines, whereas it is lacking in many thin spines. This suggests that this element
might regulate CH levels inside the spine. In electro physiological single spine stimulation, it
could be observed that caleiu only enters the stimulated spine head, while its shaft and
neighboring spines are unaffect¢idoester & Sakmann, 199Qovalchuk et al, 200 uste &

Denk, 199%

The listed examples show the close relationship of dendspme morphology to its
physiological function. The size and volume of the head and the length and diameter of the
neck are directly comparable to the strength of a synapse and therefore to the strength of

the connection between individual neurons. Invgstting dendritic spines in fine detail to
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describe these features, can lead to a better understanding on how the communication,
learning and memory works. In this thesis a new method on how to extract quantitative
single spine morphologies will be addses. To bring this method into context, approaches

of how spines are more or less quantitatively characterized will be introduced in the

following sections.

1.2 Light Microscopy

1.2.1 Techniques and Limitations

Since Cajal, there have been masglentists interested in spines and their morphologies.

The most commonly used method is light microscopy. However, already in 1873 Ernst Abbe
realized that the maximum achievable resolution, or light diffraction limit (d), is limited by

the wavelength othe light c 0 = G KS NI F Mhddhalfite dpertusé RriglE of thg” O
202S0OUAGPS—6a(Abbé, U873 2 A UK ( 2rkiloBjeRtives KVAALK), a
maximum resolution of 180nm can be calculated (GFP emission ¥ pncd0u X K26 S @S|
tissue scattering and different refraction indices of tissni€,and cover glass, the achievable
resolution limits at 20B00nm.Thanks to the adaptation of the green fluorescent protein in

GKS SINIe& mMophpnQa I yR lab&iSyneuians, dhe devdlopniedt ar®l¥ ISy
application of new microscopy metds was possible. Numerous different fluorescent
microscopy techniques have been developed to date. Since common epifluorescence
microscopy illuminates the whole tissue, phototoxicity, bleacharyl scattered light limit

the application for the analysis admall structures.Figure 1.2 illustrates the working

principle of the nowadays used fluorescence microscopy systems.

The longtime available confocal lasgranning ncroscopy (CLSM) uses a laser to raster the
tissue(Fine et al, 1988 Thereby only fluorophoresy (G KS € F aSNRa LJ K | NF
reduces bleaching and toxicity. Additionally, the light is collected via a pinhole, so that only

photons of the focal plane are obtained. This way, the longitudirakgolution can be
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ONRdZAKG G2 firactios rit. DiieAtd e limiRedl penetration of shewave
photons, the 1990 developed twphoton laserscanning microscopy (2PLSM) is commonly
usedin vivo(Denk et al, 1990Helmchen & Denk, 2005In addition to the advantage of
deeper tissue peetration, the energy needed to obtain fluorescence is lower, which
reduces phototoxicity and bleaching. The drawback of 2PLSM to CLSM, however, is that due
to the longer wavelength, the theoretical resolution is worse. Both systems are frequently
used oAy @SadGA3IlIGS aLAySa odzi GKSe& Olyy2i NBa:
stimulatedemissiondepletion (STED) microscopy was developed and apjpligdro andin

vivo to investigate dendritic spines. This microscopy can resolve structures down to 20nm
which isat the level of EM resolutiofDing et al, 2009Hell & Wichmann, 199/Naegerl et

al, 2009. The following section outlines how these light microscopy techniques are used to

investigate spine morphologies.

Confocal Two-Photon
Confocal Two-Photon STED STED
F J I

Figure 1.2: Schemata of the beam path of different fluorescence microscopy systems. F
systems the main fluorescence (green) lies in the focus point (green ball) but in con
microscopy the tissue over and under the focus point is also excited. This is w@tres$ the
high energy blue laser beam. The twwhoton microscopy, on the other hand, uses lomgve
infra-red and therefore low energy multphoton fluorescence. Only in the focus spot
photon density is high enough to enable the simultaneous absorptiof the energy of tw
photons to trigger fluorescence. Stimulated emission depletion (STED) can increast
resolution by depleting the exited fluorophores with an interfering photon doughn
leaving only a small hole were fluorescence can occur. Asoasequence, resolutions
20nm can be obtained. The excitation can either be singbeg multiphotonic (modified from
(Diaspro et al, 2009).
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1.2.2 Spine Morphology in Light Microscopy

To learn more about spine morphology, scientists use different approaches to characterize
these protrusims. Since normal bright field microscopy on opaque stained neurons suffers
from resolution problems due to the light diffraction limit and tissue scattering, most studies
are being carried out using high resolution fluorescence microscopy techniques. efowev
three studies on spine densities in bright field light microscopy are worthy of being
mentioned. Martin L. Feldman and Alan Peters demonstrated in 1979 that spines can be
counted in light microscopy if a correction factor for the obscured spines igsedpeldman

& Peters, 1979 This princife was used by Alan Larkman in 1991, to quantify spine
distributions on cortical neuronfLarkman, 1991 For an investigation of individual spine
morphologies, howeverthis method is not suitablelue totissue scattering and resolution
deficits. To realize the importance of quantitative spmerphologies, another bright field
study should be mentioned. In 2003, Sila Konur presented a study where she counted and
reconstructed 23000 spine morphologies in Camera Lucida to measure the diameter of the
spine heads in bright field microscopy and mad the spine size according to their
distribution without any classification of individual spines. Her measured mean values were
417-424nm+£122nm for all spinegKonur et al, 2008 At this point, it is important to
0SUKAY]l 2F !00SQa fl ¢ AYiINRRddzOSR Ay GKS 1l ai

Apart from monitoring spinesn vivoand in vitro to investigate plasticity and function as
described in section 1.1.2, there are some studies that try to characterize and cluster single
or multiple dendritic spines using high resolution light microscopy systems like CLSM,
2PLSMor STED which were described in the last sec{B®msco et al, 203,(De Simoni &
Edwards, 2006Hugel et al, 2009Naegerl et al, 20080'Brien & Unwin, 200&Rodriguez et

al, 2008 Roelandse et al, 2003Just recently, Janaina Brusco and colleagues usddazbn
microscopy to quantitatively describe and classify dendritic spines morphologiBaligco

et al, 2010. They analyzed approximately 1800 spines on dendritic segments from 16
different neurons of the amygdala and observed roughly 3% of spine morphologies that
could not be classified into one of the three classic gsoof thin, mushroom, or stubby
spines found by Kserman Abramof (seeFigurel.3(a.)). As previously mentioned, due to

GKS fAYAUSR NXa&2ft dzi gkt ynicr@cépy yai only Zesolved sirgk@ras [ | 4 >
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Figure 1.3: (a.): Spine classification ar
guantification using confocal microscop
adapted from (Brusco et al, 201D, (b.):

Volume reconstruction and original imag
obtained by STED microscopy, adapted fr
(Naegerl et al, 2008.

down to 200nm. STED microscopy is able
to push the lateral resolution further by
depleting fluorescence surrounding a focus
LI2AYG dzaAy3 | (seeFigurd K {
1.2 and (Hell & Wichmann, 1994 In this
means, the lateral resolution is
theoretically infiniesimaland inpracticea
lateral resolution of about 20nm has been
published(Ding et al, 2009Naegerl et al,
2008. The spines inFigure 1.3(b.) are
nicely resolved, nevertheless, there are
two major drawbacks to this method of
investigating dedritic spine morphologies:

(i) due to the high energy necsary for

STED, issues such as phototoxicity and bleaghienpil which makes quantitative analysis,

like Brusco et al. presentednfeasible (ii) The lateral resolution of 20nm is comparable to

EM, however the longitudinatzsolution cannot be improwkby this method, thus, due to

the light diffraction limit of 20BB00nm (commonlya stepsize of500nmis chosen) these

morphologies are basically twdimensional projections of the perpendicular viewing angle.

Sincedendritic spines are very thin and theiecks can be as thin as 30 nanometgtarris

et al, 1993, even this supraresolution microscopy is missing a lot of informatemarding

structures along the longitudinal axi order to measureccuratevolumes and sizes, it is

important to gather information in an isotropic manner. The electron microscopyei®hly

technique that fulfills the demand adbtaining spine morphologies at high resolution in all

three dimensions
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1.3 Electron Microscopy

Electron microscopy can resolve struasarthat are far below thdight diffraction limit.
Therefore electron microscopy is used to investigate neuronal structates higherspatial
resolution To use EMthe tissue has to be made electron dense (contrastedprder to

resolve cellular strudures. This is done by incorporating heavy metals into the tissue. In
principle there are twodifferent electron microscopy systems available: transmission
electron microscope (TEM) and scanning electron microscope (SEM). Since contrast of
biological samgs is in principle far better in TEM than in SEM and sectioning has not been

established for SEM, dendritic spine analyses in EM are performed esiagsectionTEM.

1.3.1 Serial Section Transmission Electron Microscopy

For over 50 vyears serial section

v Electron
et GUn

|2 |

@ has beerthe standard to identify and study
Condensor

ultrastructures three dimensionally (3D)

transmission electron microscopgs{EM)

Serial

Sectioning . oD (Gay & Anderson, 195&nott et al, 200%

(=50nm)

Figure 1.4 describes this method: serial

Objective
L . . .
o sections are cut from an osmiutatroxide-

fixed and thereby preontrasted
Projector
Allignment of
Serial Sections

Lens embedded tissue block.The individual

sections arecollected and transferred onto

imaging grids andpost-contrasted with

Figure 1.4: ssTEM: serial sections are cut frc uranium acetate and lead citrate. The
the embedded tissue block, mounted ) )

imaging grids and transferred to the TEM. TI mounted sections are placed into a TEM
beam path of the electron beam is the same
for light microscopy but the Ilenses a
magnets. Images 1@ taken sequentially with i
CCD camera and have to be aligned ¢

corrected for shrinkage and distortion befol 150keV. The working principle is that the
3D registration. )

and a high vacuum is applied. Images are

acquired using beam energies of -60
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high proton containing heavy metal atoms in the section refract the beam electrons and
only the electrons that pass througire detected by a phosphorus screen, on photographic
film, or nowadays via a CCD camera. ssT&Mery demandinglaborious,and time
consumingas every section has to be manually managed as described aBgvapplying

this method to large tissue blocks it is very likedat artifacts are introducede.g. cutting
artifacts (such as shrinking, steding, and disruption), losingections and postimaging
alignment issueqHoffpauir et al, 200y This is why most spine studies only seam
reconstruct small image stacks of a maximum of some tens of um of dendritic length.
Another drawback, in comparison to the lateral resolution of down to 0.1nm, is the
longitudinal zresolution. This is limited by the coherence of the cut slices whesh at
around 50 nm and can still make structures like particularly small spine necks pass
undetected(Harris et al, 2006 This resolution is, however, at least 4 timeghr than that

which can beachieved with light microscopy.

1.3.2 Spine Morpholog y in the Electron Microscope

Thanks tats high resolution, fine structures such as spines and most of their necks, can be
accuratelyanalyzed and reconstructed using EMarris et al, 2006Rostaing et al, 2006
Several studies have investigd spine morphologies and connected the morphology to the
physiological function (see section 1.1.2). In comparison to functional research, far fewer
studies have concentratal on spine morphologies and extract morphological 3D
reconstructions to obtairnvalues forvolumes, head and neck diameters a classification
(Arellano et al, 200;7Chicurel & Harris, 199Fiala et al, 2002Harris et al, 1992Harris &
Stevens, 198%chikorski & Stevens, 19%pacek & Harris, 1998Two independent studies

on spine morphology, almost 20 years apart, are displayedahle 1.1. Kristin Harris
investigated spine properties omippocampalCAl pyranids of the rat (Harris et al, 199

and a more recent studydm Jon Arano measured spine morphological variables on L2/3
pyramidal neurons ithe visual cortex in mousgArellano et al, 2007 Considering the fact,

that the measured values presented irable 1.1 are highly similar although the data is

derived fom different parts of the brain and from different species with different input
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Harris et al 1989 Arellano et al 2007
Feature N  MeantSD Range N  MeantSD Range
Synaptic PSD area (um?) 100 0.069+0.08 0.008-0.54 133 0.08+0.06 0.01-0.33
Spine volume (um?3) 100 0.062+0.08 0.004-0.56 133 0.09+0.07 0.01-0.38
Head 100 0.051+0.07 0.003-0.55 110 0.07+0.06 0.01-0.30
Neck 92 0.012+0.01 0.0004-0.07
Spine surface area (um?) 100 0.83+0.63 0.13-4.38
Head 100 0.61+0.57 0.10-4.24
Neck 92 0.24+0.17 0.02-0.89
Axonal varicosity (um?) 58 0.11+0.11 0.005-0.76
Vesicle number 58 223+245 3-1606
Spine length (um) 100 0.95+0.42 0.24-2.46
To PSD 100 0.82+0.36 0.16-2.13
Head 100 0.53+0.28 0.15-1.89
Neck 92 0.45+0.29 0.08-1.58 110 0.66+0.37 0.1-2.21
Neck diameter (um) 92 0.15+0.06 0.038-0.46 110 0.20+0.06 0.09-0.51

Table 1.1: Spine properties from two independent studies from different neurons, taken f
(Harris & Stevens, 1989and (Arellano et al, 2007.

patterns, these two studies illustrate three rather basic yet important issues: (i) numerous
parameters care measuredrom 3D EM reconstructions, (ii) the sub cellular structures can
be very small (neck diameter down to 38nm) and (iii) relatively small numbers (N=100; 110
133) of spines were analyzed. Harris obtained the 100 spines from dendrite stretches of 6
12um in lemth. Arellano states that he could obtain 15 series ranging from 21 to 52 serial
sections (5670nm thick)that would correlateto a length of 1.2€3.12um (calculated for
60nm thickness). Due to the laborious and espooneness of SSTEM and the subsequentl
registration, usually only short pieces of dendritic structure can be obtained for evaluation
(seeFigurel.5). Taken together, electron microscopy is the only présmaging technique

to resolve fine nanoscopic structures like spine necks in all three dimensions. However, the
disadvantagen quantitatively obtaining morphologies from long stretches of several um of
dendritic structure requires an enormous effdd obtain and processpost-procedures such

as shrinkage and torsion correction, alignmentand 3D registration. In addition, the
representativity of small stretches of some pm idtimately questionable, as the spine
density onone particular neuron can varynost likely the spine sizes are different for

different types of dendrites or regions. One strategy in this thesis was to obtain quantitative
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spine morphologiesimilar tothe studies of Brusco et al. or Kunar et al. but at a reasonable
three dimensionatesolution such as that presented in this section. Another attempt was to
scan an entire neuron at nanoscopic resolution to be able to investigate if there is a specific

spine distribution and a change in spine morphologies within one particular cell.

Figure 1.5: (a.) and (b.): Original crossections marking the apical dendrite (apand the
three reconstructed spines (S3); dark black precipitates owe to Golgi Staining; (c.): 3
reconstruction of the three spines present in (a.) and (bscale bar=1pm in (a.), 0.3 um in
(b.), and 0.6pum in (c.) (modified from(Arellano et al, 2007).

1.3.3 Scanning Electron Microscopy

The othermost well usedelectron microscopyédchnique isScanning Electron Micoscoopy
(SEN. In biological samples are two kinds of electrons of greatest interest that can be
obtained from SEM: (i) the secondary electrons (SE) and (ii) thesbattiering electrons
(BSE). SE are responsible for thpagraphic contrast of a sample, thus giving a plastic 3D
surface impression of the sample, whereas the energetically higher BSE results in a more flat
G LIK 2 G2 3NI LIK & ¢(GoriFtein (etkals 20§36 itlifell.80S schematically diagrams

the principle of an SEM. The emitter on top of the column emitslaot®n cloud which is

accelerated by the anode right beneath the electron gun. In comparison to a TEM the



25 | Introduction

high-voltage - BACKSCATTERED Ak PRIMARY ELECTRON BEAM
cable \| ELECTRONS 2
L7
_/’W
L wehnelt ¢ )
filament - ap L= ? J ECONDARY
anode — s L ELECTRON
electron beam — R sty > iz -”ﬁt y
condensor lens Y g AR ' OXIDE LAYER
spray \‘f W
apertures b IR 258
scanning coils adjustable
o aperture 0.6 T T -
objective lens
0 U (92)
backscattered . g Y
energy dispersive electron ¥ 05 - q ’ AL
x-ray detector detectors ' ® -1 Pb (82)
: | e askev | Au(79)
secondary \ 4 & =
electron —] s 3 . o 10 keV
detector sample infrare O 03}
chamber camera é O 20 keV
3 o2} aﬁ 0 30 keV _|
s
' E N = 40 keV
' 0.1 ~‘a‘ al
I\ 4 a9keV | (6)
: 0.0 1 | L
Y 0 20 40 60 80 100
4 to pumps c. Atomic Number

Figure 1.6: (a.): Schematic representation of an SEM (taken frofWittke, 2008); (b.):
Origin of SE and BSE (modified frofieverhart & Hayes, 1979, (c.): Backscattered electro
coefficient as a function of atomic number plotted for a range of beam energies from !
to 49keV; selected elements are marked, Atomicmmber Z in brackets (modified froi
(Goldstein et al, 2008.

acceleration energy0.1-30keV\) israther low. The electron beam passes down condenser
and focus lenses, and different apertures in the column sa tha focused beam hits the
target sample in the microscope chamber at the bottom. Arriving at the sample, the beam
electrons have in principle two possibilitidbey are either absorbed by the sample or they
trigger electrons inside or on the surfacetb&é specimen to escape and be detected as one

of the signals mentioned above. Two detectors, the Everithdrney SE detectqEverhart

& Thornley, 196pin the back of the chamber and the selthte BSE directly on top of the
sample, detect the electrons that are reflected by the sample. SE and BSE electrons derive
from different effects Figure 1.6(b.)). The SE are energetically low and defined as all
electrons escaping the sample with an energy less than §De&, 199). They derive from
loosely bound outer shell electrons from the specimen atoms that received enough energy
from the electron beam to be ejected and brought into motion. Thereby these electrons
themselves create a cascade and set other electrons inamadr escape the specimen,
where they are detected by the SE detector. The lower the acceleration energy of the
electron beam, the fewer electrons are evoked by deeper layers of the specimen and thus

the more intense the 3D surface representation. The &8&ronsare high energy electrons
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that escaped from the sample after hitting the surface amially rebound in a straight
Fy3tS FTNRBY (KS &ALISOAYSyQa adaNFIF OSd® ¢KS o6SkY
collisions between electrons and atoms of the specimen. Elastic scattering can be thought of
as a billiard model where the collision dfe electron with a larger atom changes the
trajectory of the electron. Therefore, larger atoms (with a greater atomic number, Z) have a
higher probability of producing an elastic collision because of their greater-sex$®nal

area. Consequently, theumber of backscattered electrons reaching a BSE detector is
proportional to the mean atomic number of the sampl@éoldstein et al, 2003 Thus, a
stronger BSE intensity correlates with a greater average Z in the sample, and weak contrast
I NBlFa KFEgS + £26SN | SN IS %o ¢KAA O2NNBEF G
is displayed for several atoms and energies-igure1.6(c.). This atomic number contrast

can also be used to identify specimen composition, however the difference becomes rather
minimal for elements above Z=%Goldstein et al, 2003 The sample preparation for SEM

and TEM is quite similawith the exception of two points(i) SEM samples need to be
completely blockstained as the block is not segmented before scanning (exception: ATLUM
(see below)) and (i) samples need to be electrically conductive and grounded.
Nonconductive specimens tend to charge the electron beam when scannednd,
especially for SE imagintiis causes scanning faults and image artifacts. Therefore, SEM
samples are usually coated with an ultrathin layer of conductive heavy material such as gold,
palladium, platinum, chromium or a thin layer of graphite. As mentioned above, the contrast
of biological samples is tremendously better in TEM than in SEM, and serial sectioning for
SEM is still under development, most of the dendritic spine analyses in EM are performed in
ssTEM. Recently however, serial section SEM (SSEM) is becoming popular asdforet
highi K N dz3 K LJdzii | dz(i 2AXdmétk Tapd REY SOG K$I a[ I GKS | £
(ATLUM) is supposed to cut thousands of serial sections (50nm thick) from an embedded
block of brain tissue and collect them on a long carooated tape on whiclthey are post
stained and imaged in an SE{ichtman & Hgworth, 201Q Ogura et al, 2010 The
advantage of 459M systems is its possibility to completely automatize the sectioning and
imaging of the sections. Since no human interaction is requiredtitherequired for image
acquisitionis reduced more regularand can be performed 24 houesday,7 daysa week

with no artifacts due to human interaction and transport of the sections. Other methods
that use a kind of SSEM are focused ion beam$HBI) anderial blockkace SEM (SBFSEM)



27 | Introduction

(Denk & Horstmann, 200&Knott et al, 2008 Both sgtems are completely automated and
raster scan the surface before sectioning inside the SEM. This allows automatic recording of
intrinsically aligned image stacks. The-EBM uses an ion beam to ablate a section of the
sample, while the SBFSEM uses a smarotome cutting down the surface. Imaging the
surface before sectioningnablesrecordng of sectiors thinner than 50nmasthe coherence

of the cutoff section is not an issue. In this thesis an SBFSEM was used to obtain the data
presented in this stugl Therefore, the method will be explained in more detail in the

following section.

1.3.4 Serial Section Block -face Scanning Electron Microscopy (SBFSEM)

The concept of SBFSEM, which was applied by Winfried Denk if280K & Horstmann,
200> KIFR |t NBIFRe& 0SSy LINELJRASR ightgn (Lieightdon, S NI &
1981). The principle of SBFSEM is an automation of the scanning and sectioning process.
Therefore, a custom build ultramicrotome is incorporateddesthe scanning chamber. The
images are acquired by a scanning microscope. The inner workings, however, are quite
different to an ordinary SEM. Since for common SEM the sample has to be coated with a
conductive layer, this is not possible for the surfaseit is sectioned inside the chamber.
Therefore a derivative of the SEM, the environmental scanning electron microscope (ESEM)
(Figure 1.7(a.)), is used for imaginghé surface. The ESEM can hendamentally
characterized as a leaky SEM since the different compartments of the microscopy have
different vacuum zones and the specimen chamber can be set to a very low vacuii (10
mbar). The low vacuum is set by a needédve that directs water vapor or gas into the
specimen chamber. With this technique, it is possible to investigate mat-dehydrated
possibly unfixedand norrcoated structures or even whole organisms in @énald, 2008
Naturally, the vapor interacts with the electron beam and the electrons to be detected. On
the one hand side, the water (or gas) molecules scatter the beam electrons asswib# a
escaping electrons, which results in a blurrofghe recorded image. On the other hand the
electron beam ionizes the vapor which helps to reduce the charging of the sample. Not all
beam electrons escape from the sample and charge the sample. YWdhall sticking

electrons are conducted by the coating of the surface. As this is not possible, the electrons
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charge the surface unless the ionized water molecules take away the claggeel.7(b.)
describes how the water (or gas) molecules in the chamber are ionized by the beam
electrons and electrons emitted from the surface. In addition, to each positively charged ion
a daughter electron is created as well. Theipes ions take up the charge off the negatively
charged sample surface, while the electron is accelerated towards the positively charged
solid state BSE detector. On its way, the electron collides with BSE and especially with the
low energetic SE, whickdds to additional blurring of the detected image. Thus, the dose of
vapor must be carefully adapted to ensure that no charging artifacts occur and that the
image is still sharp. To further optimize the signal to noise ratio for ESEM, the distance of the
sample to the BSE detector is minimized to only a few millimeters. The SBFSEM uses such an
ESEM. Therefore, the imaging and microtome built inside the chamber need to be
compatible with low vacuum conditions. IRigure 1.8(a.) the scanning chamber of the
microscope is displayed. The working principle is to scan the surface of the sample, then cut
down the surface, take another image and so on and so forth. This is deddog three
computers: (i) The microtome computer driving the cutting and moving the sampl&hgi

CO9L 6 YA OdppartOdrnpSter daking images and operating the ,EMd (iii) one
master computer telling the other two when to cut, move or takeimage. In this way, a 3D

image stack can be acquired.
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Figure 1.7: (a.): Schematic view of an ESEM,; (b.): influx of gas or water vapo
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Figure1.8(b.) shows photographs of a sample in the sample holder (1) and the diamond
knife (2) in the knife holder. Assuring that the sample staythénfocus plane, the knife is

not moving towards the sample in @sin common microtomes) but a piezenzotor is
moving the sample up and down, so that the surface alwaysainsin the correct focal
plane. To make a cut, the knife cuts forward and then retracts. A precisfostage moves

the sample over a user deBd scanning grid, so that mosaic images can be acquired and an
area larger than the field of view can be covered. Tyegwsition jitter lies below 10nm. The
solidstate BSE detector is localized to about 6mm over the sample. There are several
advantagesof SBFSEM in comparison to ssTEM but also two disadvantages. The
disadvantages are that due to theyxitter the lateral resolution cannot be as high as in TEM
and, as already mentioned, the contrast in SEM is principd#yior. The advantages on the
other hand are numerous. Since the surface is imaged before cutting, sections can be much
smaller than 50nm. In the first generation of SBFSEM the cutting size was also limited to
50nm, however, the second generation of SBFSEM can achieve cutting stepsmofad

lateral resolution of 12nm(Briggman et al, 20t1Denk & Horstmann, 2004 while the
SBFSEM used in this thesis scanned with a voxel size of 24x24x30nmrokpahnief benefit

of the increased longitudinal resolution benefit, the SBFSEM is highly automated and scans

around the clock without any user interaction. Since the sample block is intrinsically aligned,
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Figure 1.8: The SBFSEM; (a.): schematic drawing of the scanning chamber,;
Photography of the actual sample holder with sample (1) and the diamond knife in
microtome (2) (modified fron{Zankel et al, 2009.
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all postscan corrections for distortion, corruptioor loss are avoidedand postalignments

are not necessary. The speed of an SBFSEM is limited by the pixel dwell time (pdt), which is
the length of time that the electron beam remains on one single pixel. This time is basically
depending on the contrast dhe sample, the detector sensitivitand what signal to noise

ratio has to be achieved. The longer the pdt, the more BSE are triggered from the pixel and
therefore the more contrasted the image, but the stronger the charging of the insulating
sample willbe. Moreover, the acquisition time will increase. As an example, the pdt used to
gather images in this thesis was 8us/pixel which results in an acquisition time of about 30s
per image. To summarize, the SBFSEM technique allows one to obtain large gquantita
data at (almost) isotropic nanoscale resolution fully automatically without the drawbacks of
section distortion or alignment errors. For this thesis an SBFSEM was used to scan single
neurons that were previously identified in a light microscope afiddfiwith a tracer. A
specific staining protocol for these cells was developed, which is part of this thesis. In
parallel, to extract the information from the recorded data stacks, a computational approach
was developed in cooperation with the Stefan Laagd Panos Drouvelis at the
GLYGSNRAAOALI AYIFNE /SYGSNI F2NJ { OASYUGAFTFAO [ 2Y

1.4 Segmentation of Large Electron Microscopic Datasets

Most of the data acquired by EM is segmented by manual tracing to obtain the
morphological informationn the images and the most widely used tracing tool is the
FTNBES G NE LINE 3 NJFina, 20066id &/ HairiyBoQ1lt Has a simple 2Dslice

viewer and allows the user to maniliadraw boundaries of neuronal cells in EM images. Ju

Lu and colleagues extended the toolbox with a reggoowing method for semiautomatic
segmentation(Lu et al, 200p Some other open source and commercial software packages,

such as the NeuronJ pkigy F2NJ LYl 3ISW O6KOGUGLIYKKkNEOGSO DY
(www.bitplane.com), and AmiraV(sage Imaging)provide automéc segmentation and

tracking. Although such tools make routine reconstructions of single neurons and sets of
neuronal processes possible, it also became evident that for dscgke 3D datasets a

capacity for computerized processing of images is neces@eytalmio et al, 1998
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Briggman & Denk, 200€arlbom et al, 1994/azquez et al, 1998Consequently,@chniques

for automated or semautomated neuron reconstruction of images obtained by SBFSEM
were developedHelmstaedter et al, 20%1Jain et al, 2007Jurrus et al, 2009Macke et al,

2008. These studies focused on automation of tracing of neuronal processes in SBFSEM
image stacksthat were stained using a cell membrane targeted HIR¥B reaction. Macke

used an edge detection algorithm pairedth contourpropagation whereas Jurrus and
Helmstaedterdza SR YIF £ YI'y {yI 1S& a4 Ay RPetgriieund,i18ORR dz3 K
Peterfreund, 1999 Our aim is the complete computational tracing of thousandssifgle

spine morphologies in a volume ofdlorder of-mm? at nanoscale detafiom defined single
biocytinfilled neurons Previous to this work, Stefan Lang and Enke Tafaj developed a
custom segmentation algorithm that is able to extract morphological information from
single biocytidfilled neuron(Lang et al, 201)bHowever, neither segmentation nor staining

of the single neuron was sufficiently developed. Thus, reconstructions resulted in

Satzler 2009 Lang 2011

Figure 1.9: Segmentations on single biocytifilled cells by @etzler and Lang using tw
independent segmentation algorithms. Upper panels show reconstructions with artifac
red circles; lower panels show minimum and maximum (inverted)}pzojections of the
scanned neuron, many additional structures can be observedale bar in Lang et al: 10u
and 1pm (modified from(Saetzler et al, 2009 and (Lang et al, 2011b).
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segmentation artifats, due to staining deficitd={gurel.9). This was also true for a different
approach by Kurt Saetzler who developed an alternative computational approach in paralle
based on the same source dg@aetzler et al, 2009Both reconstructions eceegment large
structures that do not belong to the single neurdfigurel.9 red circles). In the minimum
projection from Saetzler as wedls the maximum projections (inverted) from Lang of the
source data, a variety of different structures in the background can be observed. Thus, the
first task in this thesis was optimizing the staining of single biodyka neurons for
SBFSEM.

1.5 Aimof this Thesis

Several studies have put spine morphology in context with their function. New methods like
SBFSEM allow one to obtain nanoscopic information from large tissue volume. This thesis
addresses the extraction of single spine morphologies frongls preidentified neurons in

GKS Y2dzasSQa az2yvYld2aSyaz2Ne O2NISE® ¢KS NBad# i

(1 An appropriate staining protocol for SBFSEM was found, optimized and
guantified.

(i) In parallel, the segmentation algorithms of the neurosaiudure from Lang et
al. (NeuroStrugt were optimized,expanded and validatedin cooperation with
Dr. Panos Drouvelissho alsoprogrammed therespectivefilters described in this
thesis

(i)  Finally, both, staining protocol and improved toolbox, could be utilized to obtain
guantitative nanoscopic data from nine individual neurons and from a single
layer 5B neuron scanned in entirety. Preliminary evaluation of the obtained data

is shown as arthe first initial single spine morphologies that could be extracted.
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Chapter 2 Materials and Methods

2.1 Methods

2.1.1 Tissue Preparation

2.1.1.1 Mice

In addition towild type C57Bl/@nice the transgenic mouse lIN€&LT25d2 BAGFP(GLT)
from GENSAT was usegwfw.gensat.ord. The line expresses GFP under the control of the
promotor foré@f @ O2a&f (G NI ya&7F S NI & Shatispspebifealty transcrit@a@ igf G | A y A

a small subset of thick tufted L5B neuroAslditionalinformation can be found ifGroh et

al, 2010.

2.1.1.2 Slice Preparation:

A mouse o028 (+1) days age waanesthetized using Isoflurane (@gharma). When agonal
respiration could be observed, the mouse was quickly decapitated and the brain was
prepared in ice cold slicing stilon (in mM: 125 NaCl, 25 NaH{Q@.5 KCI, 1.25 NaPQ, 1
MgC}, 3 myainositol, 2 Napyruvat, 0.4 ascorbic acid, 1 CaGl MgCJ, 4.5g glucose) being
oxygenated with Carbogen (95%®%C@. The brain was transferred to a microtome
(HM650V, Microm) andectioned thalamocortically into 300um thick slices according to
(Agmon &Connors, 1991 Cut off slices were kept in an oxygenated storage buffer (in mM:
125 NacCl, 25 NaHGQ.5 KCl, 1.25 NaPiQ, 1 MgCJ, 2 CaG| 25 glucose) at 37°Grf1h and

then put atroom temperature R7) until use.


http://www.gensat.org/
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2.1.1.3Filling of Single Neurons

Tissue Processing

. H20; H0
S~ 7y DABPolymere

| ‘m‘i% i

Figure 2.1: Workflow from patching a single neuron over DAB staining, EM contriagf, anc
mounting the sample

The acute slice was put on a pdygine coated coverslip and transferred into a perfused
slice chamber in the patch setup. The microscope was equipped with an LED excitation for
the detection of GLT positive cells (GFP) and the fluorophore Alexa 594p(Rseit in the
intracellular solution. The targeted neuron was patched with a freshly pulled gapsite
with a ~3VOhm resistance and filledgith an intracellular solutiorfin mM: 135K-Gluconate,

10 Hepes, 10 PhoreatineNa, 4 KCI, 4 ATRg, 03 GTPXontaining (2% Biocytin (Fluka)
and 100pum Alexa 594 (Sigma) wholecell filling After 15 minutes of passive diffusion of
the pipette-loaded solution, thepipette was removed and theell was left in the setup for
an additional 15 minutes to wash outtexcellular biocytin. The slice was then immersion
fixed in CB containindg% PFA overnigh{O/N) at 4°C in a flat glass vial. It was taken care,
that the slice was flat and covered with fixativdthough samples wereventuallyused for
EM, no glutaraldeyd (GA) was used in the initial fixation, sinedter GA fixatiorthe follow-

up DAB staining did not wonroperly. Forthe EMstainingdescribed in this thesis nditeing

a membrane staining but a cytosol staininpe membrane integritywas negligible.
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Nevertheless, the tissue was GA fixed aftiee DAB staining to prevent micifoactures due

to osmolar tensions during contrasting and dehydration.

2.1.1.4 Staining Protocols

2.1.1.4.1 DAB Staining

The filled cells were stained for light microscopy witB,3-diaminobenzidine
tetrahydrochloride (DAB) using the avidbiotingperoxidase method (Horikawa &
Armstrong, 198) as follows:Tissue slices were fixedter fillingin CB(0.1M NaCacodylate,
ph7.3)containing 4% PFA/N at 4°C in glass vials. The following day, slices were transferred
to 24-well plates and washed in CB 3 tintlEs mineach.To block endogenouseroxidases,
3%H0, was applied for 15 min. followed by&times washing step in CB. After all bubbles
had vanished, every single slice was incubated in 1 ml AS (Antibody Solution; CB containing
0.5% TritorX100, 50ul A and 50ul B/5ml of Vectastain &N at 4°C. The next day, slices
were washed 6 times in CB to wash out the AS and bring the slides to room temperature.
After washing, every single slice was incubated in 1ml DAB Solution (CB containing 0.7mg
DAB per ml) for 25 min. in the dark. The reactwas started by adding 1ml of DAB solution
containing HO; (6.6ul/ml from 0.3%kD, solution) to one slice. The staining was controlled

in a light microscope. The reaction was stopped by transferring the slide into a fresh well
containing CB. Thereafterhé next slice was developed. After washing 4 times with CB,

slices were transferred into CB containing 2.5% GA until contrasting for EM.

2.1.1.4.2 EM Staining Protocols

Before the tissue was contrasted in EM, the single neuron was cut out of the slice in a
trapezoid shape under a stereomicroscope using a scalpel. {fApezoid shape was
necessaryfor stability and orientation on the steel pin. A schematic flow from gllover

staining to mounting is presented kigure2.1.
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2.1.1.4.2.1 Osmiunhetroxide + UranylAcetate Staining;

Filling of this neuron was different, as it was penhed in viva The neuron was filled with
biocytin using current pulse@e Kock et al, 20Q7oshi &Hawken, 2006Pinault, 1996
Pipettes were filled with (immM): 135 NaCl, 5.4 KCI, 1.8 GaCMgCd, 5 Hepes, pH 7.2 with
NaOH, and 20ng/ml biocytin. Bath solution contained 0.9%a@l. Recordings were made
using an Axoclamp 2B amplifier (Axon Instruments, Union City,CA, USA) in combination with
a Lynx 8 amplifier, band filter settings 300 and 9000 Hz. Data were acquired using the
Ntrode Virtual Instrument (custom written software, Bruno, Columbia University, New
York, USA) for Labview (National Instruments, Austin, TX, USA). The animal was then
transcardially perfused with 0.9% Saline until the animal bleed out, then the solution was
changed to 0.9% Saline containing 4% PFA tiiilneck was stiff. Hence, the brain was
removed and fixedO/N in PB containing 4%PFA. The next day, the brain was sectioned
tangentially to the barrel cortex in 100um thick slices. Slices were DAB stained as described

above except using PB.
EM contrastingvas performed as follows:

The cutout tissue block was washed 3xtith PB, and hencpostfixed with2% Os@(EMS)

+ 15% Kferricyanide+ 6.46% Succrose O/N. The next day the sample was dehydrated using
ethanol (EtOH 30%/50%/70%AC80%/90%/100%20min each) followed by 10min of
propylenoxid (PO). In between the dehydration 7888%, the sample was incubated for 1h

in 1% Uranylacetate/1%Phoshowolfram in 70% EtOH. Thereafter, the sample was infiltrated
by Epon through incubation in PO:Epon 3:1 (3h), 1:), (B8 (O/N) and 100% Epon (3h).

Afterwardsthe probe was mounted and oriented on a steel puredat 60°C for 48h.

2.1.1.4.2.2 Osmiufetroxide Only Staining:

Filling the neuron was performed as described in 4.1.2, except that no A@kawas
present in the intracellular solution and PB was used to fix the slide. DAB staining was the

same as described above except that PB was used instead of CB.
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After washing 3x10min PB, the tissue block was hestfixed with2% Os@(EMS) + 5%
K-ferricyanidefor 2h and washed in ¥D 3x10min. Dehydration was performed in methanol
(MeOH 25%/70%/90%/100% 2x30m@ach. Epon infiltration was performed through
MeOH:Epon incubation in 1:1 (O/N), 1:3 (3h) and 100% Epon (3h). Afterthargdsobe was

mounted and oriented on a steel pend curedat 60°C for 48h.

2.1.1.4.2.3 Osmiurfetroxide+ LeadGtrate Staining:

This staining protocol became the new standard, so most of the neurons presented in this
study were stained as follows: Neurons were filledhe slice as described in secti@ri.1.3.
GLT positive cells were identified by fluorescence (GFP). DAB Staining was performed as

described above.

The cutout neuron was washed 3x10min CB, the tissue block was hmostdixed with 2%

OsQ (EMS) + b%K-ferricyanidefor 1h and washed in dgassed (boiled for >30min, cooled

and stored in airtight tubes (FalconyH | 4 € SFad GKNBS GAYSa F2N w
appliedO/N (Reynolds, 1963 The next morning samples were washed 5 times Hyalesed

H,O, followed by dbydration using EtOH (30/40/560/70/80/90/96/2x100% 1fin each)

and 2x2min propylenoxi@PO). Subsequently, the samples were incubated infiltrated with

Epon using PO:Epon 3:1 (3h),1:1 (3h), 1:3 (O/N) and 100% Epon (3h). Hence, the sample was

mounted on a steel pin and cured at 60°C for at least 48h.
t NSLI NI GA2Yy 2affer(be®id &KknhigilR @82 [ SI R

30ml degassed ddH20 was filled in a 50ml tube (Falcon). 1.33g-NiitRtte and 1.76g of

Na-Citrate was added anchixed for 30 min on a shaker. Subsequently, 8ml of 1N NaOH was
added drop wise to the solution and shaking was continued for another 15 min. Thereafter,
the tube was filled up to 50 ml with dgassed H20 and pH was measured to be 12. Solution

was always pepared freshly before use.
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2.1.2 Electron Microscopy

2.1.2.1 Mounting

Sincethe sample was pitchblack after contrasting for EM it was important to keep the
orientation of the embedded neuron. Therefore, the neuron was cut out imapezoid
shape, so that the apical tuft was always on the long side and the basal dendrites on the
short one (sedigure2.1). A steel pin was surrounded by a rubber tyireciselyfitting the

pin head resulting in a closed compartment on top of the steel pin. This compartment was
filled with Epon and cured for 48h at 60°C. When the Epon was cured, the rubber tube was
removed leaving a cylindrical Epon barrel. A gap was savtedhe barrel, leaving a pocket

for the trapezoidshaped sample. A fresh rubber tube was put around the barrel and the gap
was filled up with fresh Epon. The trapezoid sample was placed in the pocket and the pin
was placed back into the oven where thpo was cured for 48h at 60°C. This way, the
sample was placed in the middle of the steel pin, stabiliaed oriented from basal (top) to

tuft (bottom).

2.1.2.2 Trimming

After the Epon of the mounted sample was completely cured (>48h), the samplakers
out of the oven and shaped to a rough pyramid by a trimmer (EM Trim2, Leica) and
subsequently with a diamond knife on a microstome (Ultracut S, Reidhed) for the final

trapezoid shapdéseeFigure2.2).
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Figu[e 2.2: Trimmed SarerAIe,Aready to be set into the SBFSEM, Left Ifanel §hows t~hg ste
xEOE OEA 1101 0AA OAIADIOA BECEBADPDAWAITIT £ AOO-
shaped sample containing the tissue probe (black); scale bar=1mm and 250um.

2.1.2.3 Mounting the Sample in the Microscope

The trimmed probe was placed into the sample holder and tlapezoidshaped sample
was oriented concentrically in a custom nomular using two positioning screws. Following

this, the sample holder wgslacedinto the microtome of the SBFSEM aadjustedto a low

Diamond Tip \

. N\
Lamp with shade different angles

Diamond knife

reflection of knife planes
on the sample’s surface

Figure 2.3: Approaching the samp A O xAOAO OEA ETEZAd 4EA (
tip is watched while approaching the sample to get as close as 1um.
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z-position. The knife was attached to the knife holder and the sample holder was brought
closer to the diamond by a saw, watching closely through a stereo microscoprre2.3).

By keeping a close watch on the reflections of the knife it is possible to approach the sample
down to 1pum. When the knife is in close proximity, a continuous cutting cycle is started
approaching the knife in 300nm steps. Continuous cutting is monitored through the stereo
microscope and stopped as the whole surface gets cut. Two additional 50nm cycles are
performed to polish the surface and check for cutting again. Subsequently, the chamber is
closed and vacuum is applied. The needle valve for the water vapor was found to be in the

right position at 2.5 turns to end up with a vacuum ofZ@nbar after-24h.

2.1.2.4 Image Acquisition

Images from all samples were recorded at a pixel dwell time of 8us.iage had a
resolution of 2048x1768 pixels. For all stacks the magnification was 6000x which resulted in
a physical pixel size of 24.4x24.4nm and a fiéiew of 50x43.2um. Image spacing (cutting
step) was 30nm. As an overview, after every cut, before mosaic acquisition of the high
resolution images, a low magnification image was taken at a magnification go8AMO.

These images were used for oriatibn on where in the tissue structure could be found. All
images obtained by the SBFSEM were saved locally and subsequently on a network drive

where they got securely saved.
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2.1.3 Evaluation of the Osmium Tetroxide + Lead Gtrate Staining Protocol

Evaluation of the staining protocol was performed as follows: 8 images stacks containing 10
independent neurons, all stained with the protocol described in secBdnl 4.2.3, were
analyzed. For every neuron an image stack was chosen which conttaieed dendritic

structure and at least 333 images (10um).

Grey values were extracted using ImageJ (National Institutes of Health, USA,
http://imagej.nih.gov/ij): From that stack every B0image was opened and a straight
500pixel line was manually drawn oleying background and structure for every image in
the stack. Grey values (gv) along this line were extracted and saved as text files. Thereafter,

the line was imprinted on the image for visualization.

The collected gv fileh¢lding 500 valuesfor each mage) were sequentially importedtm

al Gf 6 6¢KS aForiewed tédbuteimentay &utb theeshold (T) was calculated
The midline of the five darkest and the five brightest values was found to be sufficient
except for sample 120910F. In this sdenpthresholdwasachievedby taking the midline of

the darkest and the mean of the 200 brightest values. Values above (brighter than) T were
declared background values and their med. Values below T were declared signal and
their mean &&. From thesevalues the difference (|8|) and standard deviations of S
(std(S)) and B (std(B)) were calculated. After all gv measurements of one cell were calculated
for the individual slides, the average-BB, and standard deviations were calculated. All

calculatedvalues were exported in an Excel sheet (Microsoft Office).
Subsequently, adistribution was performed on the collected data using this formula:

sY 0s

The individual results for every slide and sample are presented in the tables present in
Figures3.12-21. A pvalue was calculated for the average sampiélt f dzS & dz¥alug3 G KS
Calculator for a Student¢ Sa (0 ¢ F NP Y (Sbdery 202{The{o2etalSavdrages ¢S

B|, 's and ") were calculated taking the means of the individual samples and are

summarized imable3.1.
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2.1.4 NeuroStruct

All reconstructions were performed with the computational toolbox NeuroStruct as
illustrated inFigure2.4. Thebasictoolbox was published ifLang et al, 201D0bhowever,
some filters were adapted and the pipeline was expanded byRMConnectivity Filter
which is described in Section 2.1.4B3iefly, the image stack is inverted and preprocessed
by a tophatfilter to smoothen the background pixels. Thereafter the images are segmented
according to a manually set parameterz ¥ 2 f { lg-BliRg/paddinglfilter that fills up
segmentation hées if the hole is completely surrounded by segmented foreground pixel. As
a final step, the R\Connectivity filter only accepts voxel, which are within a certain radius
(R) and consist of a minimum volume (V). For every segmentationas adapted
individually, while R and V were found give good results with R=60 and V=600 for all
segmentations. All filters are loaded sequentially over a shell script. Variations for the
preprocessing (tophafilter) and segmentation filter are described belowFilter
progranming wasperformed by Dr. Panos Drouvelis, while | conducted the segmentations

and wrote the shell script®ll surface reconstructions are isosurfaces created in Amira from

Figure 2.4: NeuroStruct: Image stacks as results for the individual filters within thpepeline
are shown Stacks (raw image stack), Invert (inverted image stack), Tophat
(preprocessed image stack), Segmentation, Holefill (2D holes filled);Gnfilter (Radius
and Volumedepending filtered image stack), Isosurface created with Amira.
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the binary image stack resulting from the -Rd@nnectivity Filter.

2.1.4.1 Preprocessing

After inverting the image stack, a preprocessfitigr wasused to prepare the images for
segmentation by extracting the signal plateaus of the neuronal structures in an independent
fashion from their grayalue intensity level and by taking advage of the available

knowledge of their size and shape characteristics.

C2NJ 0KAA& LIzN1J2aS | Y2 Nlapetbrsdille A99Pwasused: LK i 0 &
0 @ 0
where f is the inverted original image g(f) is the morphological opening operator of the

imagef by a square structuring element (SE) B x bpixels andhg is the resulting output

image. The size of the SE depends on the size of the underlying structure to be resolved and

—b=121
b

— signal in ()|

<«
L L
itensity level

background removal

ignal’s

L L L L
20 40 60 80 100

d. e. f.

Figure 2.5: Impact of the SE on the dendritic backbonéa.): Inverted image with dendrite
crosssection, the orange line(b.): Tophat filtered image for b = 41 pixels;c(): Tophat
filtered image for b = 121 pixels;d.): green: original signal profile (orange line in &.)),
black arrows: dendritic signal borders, red: subtracted background for b=41, bl
subtracted background fo b=121; (e.): reconstruction of b.); (f.): reconstruction of(c.).
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must be slightly larger than the size of the features that are extrac&dce dendritic
backbone and fine architectures like spines differ in size, two indeperidehit filterings
were performed.¢ KS {9 & X (b$ 4lvpixeis) os¥d ifLang et al, 2010bwas
sufficiently lage to extract the spine featuredHowever, his size was not sufficient to
extract the edges from the signal in the dendritic crgsstion which resulted in a
sometimes not properly filled dendritic backban€igure 2.5 shows the segmentation
difference for the dendritic backbone usitige SE size df = 41(b.,e.) and a largeSEof
b=121 pixeln ..,f.).In (d0 G KS & Ascéhlé vatu@n@riatibiNdloAg the orange line in the

original image (3 is ploted in green.
Image Stack Preprocessing the dendritic backbone with a small
SE I§ = 41 led to an unevenlysubtracted
/ G \ background variesd(, red curvg and the signal
Tophat 41 Tophat 121 edges (black arrows) were not clearly
distinguishable. This results in an incomplete
Segmentation Segmentation segmentation of e dendritic stem (8. By
applying a tophat filter with a SE siaes 121 pixels
Holefilling Holefilling (3x3pum?) (c.) which is slightly larger than the
\ / dendritic crosssection size, the signal edges are
Merge preserved. For this SE the removed background
RV-Connectivity ((d); blue curve) is constaand the dendritic stem
Filter is correctly segmentedf). To achieve the best

Figure 2.6: Schematic overview on tt reconstruction of all spines and the dendritic

segmentation flow (shell script) 0" garhor, it was found to expand NeuroStruct two
NeuroStruct used in this thesis.

reconstructions and merge them  after
segmentation. The improved NeuroStrympeline which was used in this thesis is shown in

Figure2.6.
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2.1.4.2 Segmentation

The usedD nonlinear operatorfor the extraction of the foreground neuronal structure is a
reduced version of the operator described(irang et al, 2011blt is based on a global user

defined graylevel threshold valué and anadhoclocal threshold criterion tailored on the
G2EStWa ySAIKOoO2NK22Rd® ¢KS FT2NBINRdzyR @2EST a

"Q d Q¥ —-zZa}N0O @ QB O O

where Q@ is the graylevel value of the voxefi,j,k) with coordinated,j on imagek, M(J is

the mean value of the gralevel values of the voxels defined in a neighborhood of the
addressed voxeld with dimensions 15x15x3 (width x height x axial direction). The
neighborhood extends in three imagehis neighborhood is showmiFigure2.7(a.) fora
single imageVoxels are categorized as foreground candidates by satisfying two criteria:
firstly, if their graylevel value is largethan or equalto ' and, secondly, based on the local
threshold criterion, that at least one of their;) neighbors(b.) has a grajevel value
larger than the mean gralevel value M@. If both conditions are fulfilled, the voxel is
foreground, otherwise it idackground.In orderto obtain a proper reconstruction of the

neuronal structure, theglobal parametet was chosen individually for easkegmentation

a. h.

Figure 2.7: Neighborhoods usedn the segmemation algorithm; (a.): Neighborhood 15x1:
defined on an arbitrary image k. The neighborhood 15x15x3 involving the images, Kk anc
k+1 is used for the calculation of the mean grdgvel value of the foreground candida
voxel located at the centeof the neighborhood (red color); b.): Neighborhood Ns used tc
examine if any of these voxels has a greater value than the mean geasel value calculaed
on the 15x15x3 neighborhood.
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2.1.4.3 Expansion of NeuroStruct: the RV¥Connectivity -Filter

In some cases, spine necks cannot be segmented. This might be due to an incomplete
staining of the thin connection or result from the neck being so thin, that its diameter
cannot be resolved by the 25x25x30nm voxel resolution. For this reason, a filteo o
implemented that discriminates artifacts within close proximity of the dendrite and spine
heads that are not connected, but which belong to the neuronal structure. The filter is set
after the holes in the segmentations are padded.this step the sgmented voxels are
classified ito three categories based on their threBmensional (3D) connectivity
properties: (i) largest 3D connected components, (i) 3D connected components residing
within a two-dimensional (B) radius ' RQfrom the largest comporas and possessing a
voxel size greater thaWQand, (iii) the rest of the 3D connected objectsisldigorithm is

based on a transitive vertex graph of g@neighborhood of voxef
(i) Filtering of the largest 3D connected components

Theimages of tle data stackare processed imag&ise and the connectivity properties are

initially defined at the image levek. For every foreground voxel, an imalgeal ID is

assigned based on whether the previously visited voesyhbors Figure 2.8(a)) are

present in thebackground or foreground. If one neighborirnsthe foreground, the current

visited voxel receives the ID of that neighbor. If both neighbors hgwewdously assigned

L5 GKSy | at20Ft AYlF3IS 02y il AYySNE 6m5 G(GSYLIR
is updated. After the connections are identified, the voxels are updated with a uniquely
FaaA3JYySR L5 o0lF&aSR 2y (K& HYE&KE ® CG¥YNASOOREY vy SK
(Figure2.8(a.)), (except for the first one which is the image with the initial)libe algorithm

checks if every currently visd foreground voxel is neighboring a foreground voxel from the
previous image-1 (Figure2.8(a.)). If st a3t 20t O2yySOGAGAGE O2y
space $ updated, that keeps track of whichréground voxels are connected.tlme end, the

imagelocal assigned IDs are updated with the ones from the global 3D Hsjzame

container. For every ste@a single binary image is processed at a time, which makefdtiére
independentof the size of the dataThelargest 3D componeni{sn terms of voxel coun@re

defined on the basis of how many voxels are assigned to every ID. These IDs are earmarked

in a separate containefhis step can be summarized into the pdecode below:
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assign unique IDs to the connected voxels (N4-Neighborhood) in the first image hg
initialize global connectivity container

for every image hy

{ Assign IDs to the image hy
for every pixel of the image hy
{
if the visited voxel is neighboring the one from the previous image hy.;
update the global connectivity container
}
}

go through the image stack again and assign unique IDs from the global connectivity
container (connected voxels on a Ng-Neighborhood)

count the voxels of every ID and store the IDs of the largest connected components

(ii) Filtering of the components in the proximity of the largest 3D connected components

During this step, the whol@anage stack is processed again imagse and the remaining

(unmarked) voxelsd) are tested under two conditions. The first condition i&-@&, Nd S R

X w3 m0K B MBEuclidean distance on a fixed im&geounded to the nearest integer

of larger or equal valug(Soille, 1999and R is a gén integer input parameter. lifrigure

2.8(b.) the criterionused to declare objects in the vicinity of the marked structures in the

imagelocal space isllustrated In thisfigure it is also shown how this criterion can be

exterded to include a Euclidean distance>Befined in the 3D image space, by exploiting

the vector representation of the vox¢éDs. The second condition is fulfilled if the 3D object

corresponding to this ID takes up a volume larger tha@)V¥ V (input parmeter). The

volume in the binary image space is defined as the number of the foreground connected

voxels. If both conditionare met, these IDs are markethe final step processes the whole

stackfor a second time imagevise and all voxels of which IDs nmwemarked- largest 3D

connected components and 3D connected components in their vicinity depending on R and

V ¢ are declared as foreground voxelShe number of largest components (category (i)), R

and V are variables set by the user.
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After the connectivity analysis, the segmented objects are categorized into the three
categories (Figure 2.8(c.)). The first category corresponds to the identified dendritic
branches and the attached spines. Voxels of the second category belong to possible spines
which are not attached but in locgkoximity d the dendritic backbone. The third category
represents false, unwanted objects from staining and segmentation artifatiat are
excluded after the application of the filter. The accepted voxels are subsequently written

into .tif images

(i-1,) P 4 ’V’X(irnj'*:k’) Image k'’
’
, “Rip

(i)

Image k

Image k-1 Image k

Figure 2.8: Neighborhoods ued in the connectivity filter; &.): Neighborhood N3 used by tt
connectivity filter. The neighbors within the same image k (red color) define

connectivity locally at the binary image, the nelbor of the previous image ¥ is used fo
the 3D connectivity of the binary image sta¢Kb.): lllustration of the radius criterion uset
to declare 3Dconnected objects in the vicinity of the marked structures. In this work
radius criterion R is basedn a 2D Euclidean norm defined on the imadecal space k. A
extension of this criterion in the 3D image space is shown. Individual voxels are magr
for visualization purposes (c.): Schemes of the three desighated object categor
identified dendritic branches and attached spines (green); objects within a distance
maximal R and a voxel volume of at least V (yellow); objects with a distance larger th
or a voxel volume smaller than V (red). Accepted objects and rejected objects are m.
with filled and hollow arrowheads, respectively.
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2.1.44 NeuroStruct Validation Metrics

2.1.44.1 Object Space

For definition purposes we generally describe the validation by using the initial letter X for

the tracing that was validated against the reference tracing (RT). The validation metrics are
defined in two spaces: 3D object space by visual investigation of the 3D reconstructions and
3D image space by using the binary images of the tracings. In the 3D object space we

distinguished three types of foreground objects:

I. True objects: useful informain, i.e. dendrites and spines (sdg&gure 2.9(a.), filled

arrowheads).

Il. False objects: unintentionally identified objects, usually stained artifacts Kepae

2.9(a.), hollow arrowheads)
lll. Loops: toroidal shapes formed in the 3D space

False objects and loops were both defined as artifagects. Objects in general were
diginguished into: Positive (objects of X coinciding with RT) and Negative (objects of X not
coincide with RT). Thus, positive and negative objects of X were always defined by RT.
Tracings X and RT were allowed to have both true and arifajeicts. As truebjects of X

bwe¢ 4Gt 2aA0AQS4d FYR we¢ abS3IFGAGBSE GNHzS 2025
between the two was not necessary. This, however, was not the case for adijpetts as

illustrated in Figure2.9(a.). Two arbitrary tracings@Xand X2) could not have more true

objects than RT as the number of true objects was defined there. However, the
corresponding false objects of tracingg)®nd X2) could arbitrarily vary. Because artifacts

were present in all tracings, two different tracings.(X¢2)) obey the following relationship:

® Y'Y CW YUY ®w Y'Y W Y'Y
VY

The following relationship holds for the artifacts:
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@ Y'Y W Y'Y
A YUY A YUY YUY h
where ® Y'Y is the set of the true RT positive objects of datas&t, ¥nd

Y'Y is the set of the true objects defined by default for RT.

RT X(RT) X(RT)

a. b.

Figure 2.9: (a.): Exemplary object space of reconstructions R, X(1) and X(2). True ob
(green color) of X(1) and X(2) exist either in the R space or not, whereas their numbe
false objects (red color) may vary, thoughb.): Part of a slide (z = 400) showing the |
positive (white color) and R2 negative (black color) pixels of the automated tracing !
The background has a neutral gragcale value 128.

2.1.44.2 Image Space

The 3D image space was defined as the number of 3D connected foreground voxels of
identified structures. We defined the excess voxel operator of two binary images A with
respect to B, by applying an image subtraction operation defined as:

5 G LAR®Q 6 Q
mQai Q

at which A[i] is the pixel i of the image A. This operation showxeess of the voxels in A
with respect to B without considering any @ss voxels of B in terms of Ahe subtraction
operator (RTg X) defines the X(RPBositivevoxels, whereas (X RT) outputs the X(RT)

Negativevoxels. IrnFigure2.9(b.) the R2 positive and R2 negative voxels of one section of the
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dataset NSire presented in white and black color, respectively. The voxel volume of the
false objects was estimated by measuring the voxel difference between the manually or
computationally traced data and thelata acquiredafter the application of the RV

Connectivty Filter for R = 60 and V = 600 voxels (these are the parameters used for the

computation of the NSt dataset).

2.1.5 Spine Pruning

The RMWConnectivity Filter was modified as a structure separator to save the largest
components in separate .Tiff stackde spine pruning was performed by an algorithm that
identifies spines andcuts them off at their root at the dendritic backboneAt a first run
through the algaithm scansseparatesbetween spines and dendrites based on a 2D
criterion, definedon the processed iage. This criteriowlefines2D connectivity based oa

N4(v) neighborhood and marks the largest connected

RV-Connectivity componentas dendtic backbone Subsequently the
Filter

algorithm scansiteratively through the image stack in
order to connect pieces of foreground voxels that are
either direct neighbors (this means topr bottom-) or
within the dendritic border of the previous dendritic

image The working method used ithat at the first

iteration definesthe dendritic border of the previous
dendritic image whereas all the rest of the iterations
scan for direct spineneighbors. 10 iterations were
sufficient to export the pruned backbone and the cut
off spines as .Tiff stacks in different folders. However,
the exported cutoff spines were found to be
incomplete as norconnected spine heads were left

out of the segmented spines.h@&refore, the pipeline

was adjusted so that the pruned dendritic backbone
Figure 2.10: Flowchart of the spin )
pruning expansion in NeuroStruct was subtracted on a pixel level from the whole-RV
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ConnectivityFiler output files. This way, the spines end up separated from each other. To
clear the images fronby the subtractioncreated binary noise, the stacks were volume
filtered to only remain volumes larger than 1500 voxels. Subsequently, the individual volume
clusters were cropped and saved separately in .Tiff stacks according to their bounding box.
This way every assumed Bpi structure is saved in an individual .Tiff stack for further

analysis.

2.1.6 Spine Density

When the Neuron TK100909A1 was readily segmented, th€dectivity Filter output

.Tiff stacks were opened individually in Amira. Aosurface was created. N the
Ad2adaNFIF OSs GKS AYRAGARdAZ £ &aLAySa oSNBE YI NJ
After every spine was clicked, overlapping reconstructions were loaded and checked for
overlaying landmarks; doubles were deleted and the landmark file waslsas an .ascii file
holding thelocal coordinates of every spine within a stack. Subsequently, all 184 landmark
files were loaded in Amira and each one was aligned with the correspondingligred
voxelcloud file of the stack reconstructions. The shifmordinates were applied to the
landmarks and the aligned landmarks were saved as an .ascii file holdingldhel
coordinates of every spine within a stack. Subsequently, All 184 global landmarks files were
merged into one .ascii file holding the gldlmmordinates for all 6672 spine landmarks. This
file was imported into Matlab. The landmarks were binned, according to thedordinate,

in 5um bins and in the manually determined layer83um (L1), 8@.85um (L2), 18@45um

(L3), 346465um (L4), 46620um (L5A)and 521 615um (L5B), respectively.
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2.2 Material

2.2.1 Buffers

Standard Buffers for fixation, DAB staining and EM contrasting were based on 0.1mM Na
Cacodylate and 0.1 mM Phosphatebuffer.
For all buffers and solutions the pH was adjusted’.3 (HCI/NaOH) and the osmolarity to

320mOsm (sucrose).

Slice Solution \ Storage/ Intracellular Solution
Perfusion Solution

[MmM]
NaCl 125 K-Gluconate 135
NaHCQ@ 25 Hepes 10
KCL 2,5 NaCl 125 PhosphocreatineNa, 10
NalhPQOQ*1H,O 1,25 NaHCQ 25 KCI 4
MgCh*6H,0O 5 KCL 2,5 ATRMg-salt 4
Myo-Inositol 3 NaHhPQ*1H,O 1,25 Guanosintriphosphate 0,3
Na-Pyruvat 2 MgCh*6H,0O 1 add Biocytin 23 mg/ml
Ascorbic acid 0,4 Glucose 25 abb 100uM Alexa594 (optional)
CaCl2 1 CaCl2 2

add 4.5g Glucose/l

e

[mi]
Glycid Ether 100 10
2-Dodecenylsuccinic acid anhydrid 4.5
Methylnadic anhydrite 6
Benzyl dimethylamine 0.6

2.2.2 Chemicals

Name Company

NacCl AnalaR NORMAPU
NaHCO3 Merck
KCL Merck
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NaH2PO4 Merck
MgCI2 Invitrogen
Myo-Inositol Fluka
Na-Pyruvat Sigma
Ascorbic acid Caelo
CaCl2 Merck
Glucose Merck
K-Gluconate Sigma
Hepes Biomol
PhosphocreatineNa2 Sigma
ATRMg Sigma
GTP Sigma
Biocytin Sigma
Alexa Rior® 594 hydrazide, Nsalt for microinjection Invitrogen
Na2HPO4 Merck
Na-Cacodylate Serva
DAB Serva
Poly-D-lysine hydrobromide Sigma
round coverglasses 15mm Menzel
Sucrose Roth
p-Formaldehyd Merck
Glutaraldehyde, 25% EM grade Polyscience
TritonX-100 Merck
Isofluran cp-pharma
NaOH (for Reynold's Lead) Sigma
OsmiumTetroxide 4% Agueous Solution EMS
Lead(lll) citrate Trihydrate Fluka
Uranyl Acetate EMS
Glycid Ether 100 Serva
2-Dodecenylsuccinic acid anhydride Serva
Methylnadic anhydrite Serva
Benzyl dimethylamine Serva
+SOGlFadlrAy ! 800YA(d a9f A Vectastain
Ethanol absolut (for dehydration) RiedeiDeHaen
H202 Merck
3ml glass vials VWR
1.5ml and 2 mi Eppendorf
15ml and 50 ml Falcon
25-well plate Costar
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2.2.3 Light microscopy

2.2.3.1 Patch Setup

Comment Company
Imaging
Microscope BX51WiI Olympus
Objective LUMPIlanFI 40x/NA=0.8 Olympus
Objective PlanC N 4x/NA=0.1 Olympus
Camera IRDIC IRCCD Imaging PCO
Camera Fluorescence  CooIlSNAP HQ2 Photometrics
Light source Fluorescence  precisExite (490nh%95nm) CoolLed
Filter Green U-N421020 HQ:GFP NB  Chroma
Filter Green + DIC U-MGFP/XL Olympus
Filter Red U-N41027 CAL CRIM Chroma
Filter DIC U-MDICT3 Olympus

Motor Controls

X/Y Table SMI Luigs&Neumann
Pipette motors SMI Luigs&Neumann
Oscilloscope HM3036 Hameg

Amplifier Axopatch 200B Axon Instruments
Computer Optiplex 780 Dell

Software For Images VisiView Visitron

Miscellaneous
Puller For Pipettes Model R97 Sutter Instruments Co.
Slicer For acute slices HM250V Microm

Bo-glasscapillaries with filament (Hilgenberg)

length[mm] hdziaARS Wall
thickness[mm]
75 2 0.5
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2.2.3.2 Neuromorph Setup

Type Comment Company
Imaging

Microscope BX51 Olympus
Objective UPIlanFL N 40x/NA:1.3 C Olympus
Camera QICAM Qimaging

Motor Controls

X/Y Table Marzhauser
Z-stepper Marzhauser

Miscellaneous
Computer Optiplex 780 Dell
Software For Images Surveyer OASIS

2.2.4 Electron microscopy

2.2.4.1 SBFSEM

The SBFSEM used in this thesis was an FEI Quanta FEG200 with a custom door (Microtome)
and solid state BSE detector. The system was publish@ekirk & Horstmann, 2004

2.2.4.2 SEM

The additional SEM images used for contrast screening in chapter 2.1.3.1 were acquired by a

Hitachi S3400N.

2.2.43 TEM

The TEMmages used for contrast screening in chapter 2.1.3.1 were acquired by a JEOL JEM

1230. Thickness of thin sections was approximately 70nm.
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Chapter 3 Results

The aim of this study was to use SBFSEM technique to reliably obtain quantitative
morphologicalinformation of one specifiand previously identifiegheuronwith nanoscale
resolution. Labeling single neurons with biocytin through passive diffusion of intracellular
solution from a patch pipette, is a long established method and was therefore usalddo
label the cells for EM. As mentioned in sectibd, the staining protocol present at the
beginning of this thesis wamacceptable for scanning very large datasets of mms3, as many
artifacts interfee with the reconstruction of the filled neuron inelatively smallpms3
volumes. In addition to the development and validation of an adequate staining protocol,
the reconstruction software had to be adjusted, extended and validated to guarantee for a
reliable output of data. In the end, data from ten indival neurons could be obtained and
even one entire L5B neuron was reconstructed at a voxelsize of 25x25x30nm from a one

teravoxel dataset.

3.1 Development of a Staining Protocol for Single Biocyfilled Neurons for
SBFSEM

The first part of this thesidescribes how a staining protocol, primarily for the Serial Block
FaceScanning Electron Microscopy (SBFSEM), was developed, established, quamntified
optimized though large and reliable data could be produced. For the approacisualize
spines of oe specific neuron on an ultystructural level, the single neuron of interesad

to be labeled first. As a reliable and commonly used method, wbelkfilling of a neuron

via a patch pipette was chosen. The neuron is patched and filled in an acutevihca

tracer (biocytin) and the fixed slices then stained with daminobenzidine (DAB). The DAB
polymer is a brown and opaque precipitate, which makes it suitable for light microscopy
(LM), however it provides only poor contrast in electron microsd@yl), due to its lack of
electron density. EM contrast is achieved by labeling structures with electron dense heavy

metals such as gold, silver, osmium, uranium or |&8Hdilstsome metals are usually applied
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s~ NH2
DAB Monomer

NH2

Oxidative
Polymerization

Oxidative
Cyclization

Osmium binding

Figure 3.1: Sketch of the oxidatie polymerizatior
to indamines; @.): and cyclization to phenazine:
(b.): of DAB. Both reactions are driven by -
which is facilitated by the addition of HO,. The
reactions are accelerated by the horseradi
peroxidase (HRP) which was bound to tt
intracellular tracer biotin via conjugation (set
Materials and Methods);(c.): describes the O
fixation of double bindings (modified from
(Seligman et al, 1968Seligman et al, 196)).

after sectioning of the embedded tissue
block, this is not possible for SBFSEM
since the surface of the block is imaged
0ST2NE RAaOFNRAY3

contrasting methods need to be carried

A

0dKS

out en bloc The DAB polymer bears
many C=C double bonds in its indamine
and phenazine ring system whicare
preferable targets for the heavy metal
osmiumtetroxide (OsQ) (Figure3.1 and
(Seligman et al, 1968 As Os@Qtargets

all double bonds in the tissue, it
concurrently binds to double bonds in
proteins within the neuropil The aim
was to optimize the EM staining
protocol so that (i) the filled neuron
shows a significantly higher contrast
than the  surrounding  neuropil
(increasing the signal to noise) and (ii)
the number of interfering artifacts (e.g.
metal and

charging, preciates)

unwanted structures (e.g. myelin or capillaries) are reduced to a minimum to make the

subsequent automated segmentation easier.

3.1.1 The Selection of usable Cells for SBFSEM inLight Microscopy

Developing and establishing a specific staining protocol for single filled cells for electron

microscopy (EM) is tricky and laborious as every condition that is changed in the protocol,

requires at least one filled neuron. To cpare the results of different EM stainings and to

rule out differences due to earlier staining steps, it is essential to start off with a comparable
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sample quality. The decision as to whether or not a cell was taken for EM contrasting was
made based on theyuality of the DABstaining. However, a neuron could already be

excluded if the filling itself had failed.

3.1.1.1 Monitoring the Filling of the Neuron

The diffusion speed of biocytin fiapid (2mm in about 10 minutegConn et al, 1999. Thus,

15 minutes were more than sufficient to fill the entire dendritic tree of a L5B neuron. For
monitoring the diffusion of tk intracellular solution within the neuron while the slice was in
the patch setup, a small amount of fluorophore Alexa594 was added to the intracellular
solution. In this way it was possible to check for a proper fiNigist the pipette is still
attached (Figure3.2). The soma was visible after32minutes and the apical dendrite, if
visible through the tissue, became visible after roughti05ninutes. Although, du¢o the
cutting angle, the apical tuft (a.) was not visible in all cells, however, the cell body and basal
dendrites gave a good indicati@as to whether the intracellular solution was diffusing well
(b.). Cells that did not show a satisfying fill (c.)ufesl in anequally unsatisfying staining
result for the intracellular tracer biocytin and were discarded. Note that due to the slicing

angle the axon was usually cut off and will not be regarded in this study.

C.

Figure 3.2: Fluorescence of Alexa 594 to monitor the diffusion of the intracellular solut
in the patched neurons(a.): apical dendrite, spines are well visibleg(b.): soma and base
dendrites. The basal dendrites appear dimmer barse the very bright soma outshines t
rest of the frame;(c.): dim soma andresidual pipette solution is visible in the extracellule
space; this might result in a dark background smear after the DAB staining.
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3.1.1.2 DAB Staining

The DAB staining is the final quality check of the stained neuron before contrasting for EM.
Comparable qualities are crucial before continuing with the EM stainingefegralreasons.
Firstly, neurons that are diversely stained might result in irregular EM contrast and secondly,
artifacts due to extracellular DAB or ghalls (cells that unintentionally took up biocytin)
could interfere with the eventual segmentation of tlstructure. Every slice was analyzed
under a brightfield microscopdo verify slice continuation or eliminationFigure 3.3
compares minimum-projections of DAB sta@d neurons that were either discarded &)

or retained (e.) for EM contrasting. The reasons for excluding neurons are numerous: no
intense filling (a.), extracellular DAB which is visible as a dark smear background surrounding
the soma (marked with a safl star in b-d.), ghostcells visible as apical dendrites (b.) or cell
bodies (c.), or a cuff apical dendrite (scissor in d.). A clean DAB staimiitigout the
aforementioned flaws is shown in (e.). This quality reflects the standard for use of EM
contrasting. If only one neuron scanned atny onetime in the SBFSEM, a lot additional

unstainedvolume is scanned. Therefore, in later attempts, up to three cells were filled in

Figure 3.3: Examples for characteristics which led to elimination of DAB stained cellsda)
and a cell that qualified for EM contrasting (e.); small star=background, arrowhead=gf
cells; scissor=cut apical denie.
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close proximity of each other. To avoid increasing the scanning areeetl®emust be very
close to or on the same longitudinal axis as the apical dendrite. Filling multiple adjacent
neurons increases the risk of introducing artifacts. Only if all cells swetablyfilled with no

background smear present, was the sample usedurther contrasting.

3.1.2 Screening for a Proper Staining in the SBFSEM

After the selection of appropriate samplefor the subsequently continued heavy metal
staining was made, cells were cut out, dhestained and mounted on a stegin as
descibed in Sectior? (Materials & Methods). The mounted sample walacedinto the
SBFSEM and image stacks were recorded. Further quality characteristics such as contrast,
slice ability, staining of unwanted structures and charging of the sample were analyjzed
protocol is designed to specifically increase the contrast of the previous filled and stained
neuronal structure. Therefore, the term artifact is used for any undesired structure (e.g.
myelin, astrocytes or other large endogenous structurégjure3.4 illustrates examples of

poor quality images, such ageak contrast (a.), artifacts (b.gharging(c.) and one cross
section with a desirable staininguality d.). A sample can have decent contrast but too
strong of a charge. This might be due to a shortage of overall metals or an excess of energy
of the electron beam. Therefore, the electrons cannot be discharged from the sample which
consequentlyresults in bhck areas on the image (a.) and (c.). If the contrast quality of a
staining was sufficient to segment the structure from the dataset, a reconstruction using
NeuroStruct was compute{Lang et al, 2011b This reconstruction was further analyzed
visually in 3D using Amira and the quality of neuronal structures like dendritic backbone and
dendritic spines were judged subjectivelidure3.5). The reconstruction analysis is pivotal
since the visualassessmenis the primary validation ofthe stained structure.The main
criteria were the ease of the segmentatigohoosing adequate paragters, number of re

dos, etc.) andhe consistency of the surface or how many structures like spine necks were
missing. Because only one distinct whole single neuron is filled with biocytin and stained, a
spine head that has no connectionust belong to that particular neuron. Dendritic spine

necks can be absent from segmentation due to two reasons: (i) lack of resolution (voxelsize:
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Figure 3.4: Artifacts in stained samples in the EM; (a.): The image shows an example
weak contrasted neuron:red and blue histogram resembles the grey value distributi
indicated by the red and blue bar, reggtively. The tissue is moderately charged (star
(b.): Sample of large unintentionally stained structures (arrowheads); (cij: mosaics art
scanned highly charged areas (stars), in particular at the borders and corners, are vis
as these are scanmetwo or four times, respectively; (d.): cross section of desired qua
only the filled neuron shows distinct contrast, no charging and no additional structures
visible; scale bar =10um

25x25x30nm) or (ii) insufficient staining which can be deduced from the quality of the

reconstruction.

Several buffer and metal concentrations were tested out for fhenciple protocols
described in the following sections. As the characteristic results of the individual staining
were comparable, only the relevant conclusions that contributed tecaking protocol are

emphasized
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Figure 3.5: Examples to judge segmentation qualities; (a.): represents a very rough
jagged surface, many spine connections are missing and the overall impression rleke=
poor quality (See section 3.1.2.1); (b.): in comparison illustrates a smooth surface, conn
spines and an appropriate overall qualitative segmentation, (see section 3.1.2.3); scal¢
=2.5um

3.1.2.1 Staining Protocol using Osmium Tetroxide and Uranium Acetate

The first attempt to obtain a tissue stain in which only the previously filled neuron shows a
specifically high contrast, was to apply a standardized kdt@ix protocol(Hayat, 200D

The staining is based on introducing @sMd uranium ions into the tissue. Uranium is
commonly used as uranium acetatdAq in EMstaining. The uranium catiotY() shows a

high affinity for anionic groups such as phosphoryl and carboxyl and thus reacts with
molecules such as lipids, nucleic acids, proteind therefore also all kinds of membranes
(Hayat, 2000 For this reasonJAcis widely used as a universal stain and present in almost

all published stainingnethods
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Figure 3.6: Staining protocol using osmium tetroxide and uranyl acetate. The neuro
structure is explicitly enhanced but so are other structures in the surrounding tiss(&.):
Image of an image stack recorded by SBFSEM. Graphs show the grey value distribut
the red and blue bars transecting the structure and an artifact, respectively. Both structi
resemble the same amount of contrast; (b.)-¥Z- minimum projection of the image stacl
Next to the dendrite (arrowhead), intense structures are pronounced (stars); scale
=10um.
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Figure 3.7: Reconstruction of the image stack shown Figure 3.6: large artifacts and lacl
of contrast prevent the accurate reconstruction of the dendritic structure; (a.):-YXZ-
minimum projection with reconstruction; (b.): magnification of dendriticstructure. Many
connections of spine heads are missing (stars) and the reconstruction seems imperfec
to the limited possibility to set the segmentation parameters; (c.): magnification
unintended stained structures in the tissue (arrowheads).

The saining shows a distinct contrast enhancement of the filled dendfigyre3.6, red bar

and graph), however, other structures, were also heavily stained and resutéhe same
contrastintensity (blue bar and graph). These undesired stains were most likely introduced
or enhanced by th& Acfor its quality of being a universal stain for tissue. As a consequence,
the automated segmentation of this image stack ledlaoge disturbing artifacts in the
reconstruction Figure3.7(a.) and (c.)). As thegppearto embrace the capillaries, ¢anbe
assumed that they are stained endotra cells or pericyte/Neaker & Herbert2009. Due

to a similar contrast distribution of the filled neuron and thesestained artifacts, the
parameter setting of the segmentation algorithm could not be adjusted to remove these
unwanted structures. In addition, the neuronal structure could not bgnsented with

enhanced quality due tthe close proximity of the artifacts artle thereforelimited choice
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of the parameter settings. As mentioned in section 1.4, similar artifacts also appeared in
earlier studies by Saetzler et éhaetzler et al, 200%nd Lang et alLang et al, 201)who
used a similar, comparable kind of staining. This study additior&flyibited how
background structures interfere with computerized segmentations (compgageire 1.9).
Therefore, thistype of blockstain was deemed unsuitable for the specific and artifaee

staining of a single biocytifilled neuron.

3.1.2.2 Staining Protocol using only O smium Tetroxide

Using UAc for contrasting tissue is an absolute standard and usually satisfies the
SELINAYSYyGdSNDa 32+t 2F 26GLFLAYyAy3 |y AyiGSya
presented work, the standardized staining protocols did not bring tbsirdd result of

having a strong contrast for only the dedicated neudrninterestand not the neuropil or

other prominent structures. For this reason an approach of bkieking was attempted

without UAc This technique, however, resulted in an instéint staining of both tissue and

neuronal structure Figure3.8 demonstrates that the Os{alone did not result in a good

constant contrast of the neuron nor did it result in a high difference between structure and
background. Moreover, due to the lack of metal ions in the tissue, the electrons from the
YAONR&AO2LISQa aO0l yy lschaged Hick ledQ@sipbifiRantgharging 6fS R

the sample (borders in (a.); stars in (b.)). A positive effect from omittingthewas the

absence of bigger artifacts within the tissue as observed in the section above. This
supported the theory thatUAc was responsible for the unspecific contrast increase of
unwanted structures. Small punctual precipitates could be found (filled arrowheads in (a.)),
odzi & OKASLILISNEYARIAYR y20 AYGSNFSNB 6AGK GKS
dendritic structure,it could be disregarded={gure3.9). These small punctual artifacts might

occur ifOsQ reacts with glutaraldhyde to form anOsQ polymer. Pepperartifactscan al®

occur from other heavy metal stains such as uraniaoetate or lead citrate (Crang &

Klomparens, 1988
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Figure 3.8: Staining Protocol using only osmium tetroxide: The neuronal structure
enhanced relative to the background; nwisible unwanted structures were observed; (a
Image of an image stack recorded by SBFSEM. Graph shows the grey value distribut
the red bars cutting the structure; filled arrowheads mark punctual osmiupepper, the
image is charged at the borders(b.): XY-Z- minimum projection of the image stacl
dendrites are marked with hollow arrowheads, charging of the sample is indicated by st
scale bar =10 pum.
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Figure 3.9: Reconstruction of the image stk shown inFigure 3.8; (a.): XY-Z- minimum
projection with reconstruction; (b.): enhancement of earlier dendritic structure. T
AAT AOEOAB O OO0 A&EA Anbooth, hdwEver, bl dedm@madidnl isJincomplete due
insufficient contrast; a large piece of the dendrite is missing entirely (arrowhead); (
enhancement of subsequently scanned dendritic structure. The surface of the dendrite
very rough and jgged, and reveals gaps (arrowheads).

The segmentation of this dataset showed a rather jagged reconstructagure 3.9).
Choosing adequate parameters for the segmagion was limited by the contrast difference

of the dendrites in comparison to the surrounding neuropigure3.9 depicts the initially
satisfactory result of thedendritic structure and connected spines. However, the lack of
overall contrast in the sample had two crucial consequences: (i) the sample was charged and

(i) the autofocus routine of the scanning script was not applicable. Therefore, the sample
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lost focus over time (c.) and subsequently acquired images were blurry. The reconstruction
of the later dendritic backbone shows many gaps (arrowheads) and appears rough
compared to the earlier backbone in (b.). Moreover, no proper spine or diikeestructures

could be further resolved.

3.1.1.3 Staining Protocol using Osmium Tetroxide and Lead Gtrate

By the first efforts to develop a specific staining for single biodyted neurons, the
principle of only fixing and staining the tissue with @a@d omitting the UAcproved to be
the most promising. To compensate for theek of uranium and theconsequentiakcarcity

of conductive metals in the sampliead citratewas used as an additionaft-blocstain. Like
uranyl acetate lead citratehas become @&ommon stain for EM sections, however, in the
presence of reducedsQ, the contrast is moreenhancedby lead citratethan by uranyl
acetate(Hayat, 2000 Lead citrateprefers binding to membranes if they are fixed with @sO
rather than to native membranes, which indicates the specific binding to redOs$€al The
theory behind this is that reduce@sQ, which presumably bounds to unsaturated lipids in
membranes, is thus acidic and therefore exhibits high affinity for cations lik¢HRlyat,
2000. This enhancement of membrane contrast can only be observed when the treatments
occur before dehydration of the sample, which can be deneblocbut not after cutting

slices from the embedded bloc&sit is done for conventional electron microscop

In the case of this study the reduc&kQ is highlyconcentrated at the DAB polymdrence

it should show a similar affinity tead citrate which leads to an enhanced specific contrast

for the filled neuron. SinceDsQ is also present on every membrankad citrate is

additionally bound and the overall amount of conductive metal is increased, which prevents
charging of the sample. A commbead citrateused for staining was developéu the 1960s

by Edward Reynolds) KSNBEF2 NBE (KA & & (Lead (Reyrolds, 1083{THeS R w S ¢
I LILX A OF (A 2 ylea#l T not Hidiaf, 226 Radasalts tend to build insoluble lead

carbonate crystals when exposed to O®the air.
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Figure 3.10: Staining Protocol using osmiuntetroxide and leadcitrate; cross sectionof an
image stack recorded by SBFSEM. Red graph shows the grey value distribution of tf
bars transecting a dendrite and anearby spine head; the neuronal structure is cleal
discriminated from the surrounding neuropil; no visible unwanted structurese observed
however the neuropil at the border of the sample (right) assimilatenore metals than ths
inside of the tissue block and therefore shows increased contrast. Blue graph shows the
value distribution of this area. Themarginally increased contrast did not influence the
reconstruction; scale bar =10um.

Therefore, only degassed water must bsed before and after application to the tissue to
avoid precipitation and the incubation must be hermetically sealed. The evolved staining
result shows an explicit increase in the contrasthe stained neuron where the structure is
clearly distinguishable from the surrounding neurojgiiglire3.10). The contrast difference

in the slice was about 30 grexlues (gv), which is enough difference to clearly differentiate

signal from background.
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Figure 3.11: (above: X-Y-Z- minimum projection of the stack from which image ifrigure
3.10 is derived: The projections show the increased contrast of the neuronal structure
the background. No significant structural artifactsare visible, small local roundartifacts
(osmium-or lead-pepper), however, can be observed throughout the projecti
(arrowheads), but did not interfee with the subsequent segmentation; scale bar= 10um.

In comparison to the previously described stainings, finding the appropriate esggtron
parameters for this staining was rather simple. The neuronal structures were more complete
and had more integrity than staining the neuron with Q@Qs@nly Figure 3.9). The
incorporatedlead citrate seemed to increase the specific as well as the overall contrast.
Thusthe sample did not charge and the whole staeknainedin focus during the scan.
Although lead citrate was incorporated throughout the tissueo distinct undesirable
structures were staineth contrast to theUAcstaining. In Figure3.12 the reconstruction of

the neura from the image stack dfigure3.11is shown. As could be seen for the QQly
staining, an incomplete segmentatiofdue to insufficient stainingresulted in a rough
surface and incomplete dendrites. Staining with the additiorieafd citrateresulted in a
smooth surface and a dendritic backbone that is adequately filled. The enlargements (b.)
and (c.) show that the structure is consistent in itgality for the whole data stack. Many
dendritic spines can be detected (stars), although some lack their connecting necks
(arrowheads). The surfaces of the spines also appear smooth and complete. Like the OsO
only protocol, the visible small osmiuror lead-pepper artifacts (arrowheads iRigure3.11)

did not interfere with the reconstruction.

Since the staining and segmentation using OsO4 laad citrate proved satsfactory, the
protocol was introduced as the standangethodology used in subsequent experimensd

cells stained with this protocol showed the same specific contrast enhancement of the
desired structures, thusighlightingthe high reproducibility of te protocol. The staining

protocol will be evaluated and validated in the following chapter.

Figure 3.12: (below): Reconstruction of the image stack shown imigure 3.11; (a.): XY-Z-
minimum projection with reconstruction; (b.) and (c.): enlargements of dendritic structu
OEA AAT AOEOASO OOOZFZAAA 11TTEO OiT1TOE AT A A
(stars) and their structure also appears physiological. No artifacts are segmented
although a lot of small peppeilike artifacts are visible in the projections, they did n
interfere with the segmentation. Missing spine necks are marked with arrowheads; &
bars= 10um for a.. 2.5um for b. and c.
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3.1.3 Evaluation of the Staining Protocol

3.1.3.1 Contrast Evaluation in the SBFSEM

Using osmiuntetroxide and leadcitrate as contrast metals for single biocyiiied neurons,

gave excellent results: (i) specific and continuous contrast difference of the stained neuron
and the neuropil, (i) nantenselystained artifacts, that interfere with the segmentation of
the neuronal structure, (iiijsufficient metal concentrationin the surrounding tissue to
provide a background contrast that allows the atitwus routine tofunction and (iv) to

avoidexcessiveharging of the sample.

To test the reproducibility of the staining, ten single filled neurons were stained and scanned
in the SBFSEM. The image stacks for evaluation consisted of 375 to 1175 images which
correspond to a physical size of 11 to 35um in Z. R&oactions from all image stacks could

be obtained and the individual staining qualities were quantified as follows. From ev8ry 50

image (total of 168 images) of an individual image stack, the grey values along a 500 pixel

line transectingthough the staned

EZ}ﬁ“.:ﬂM,-‘K“M':‘\B ﬁwl‘“g‘,'.‘,.#gs neuron, were extracted Higure

2009 ./ 313). These values were
60 - w - .| thresholded into signal and

@ ;0 v background values. For most data

it was possible to determine the
threshold (T) by the median of the
means of the five brightesind the
five darkest values.All values

lighter than T were declared
a.

background pixel, whilstdarker

Figure 3.13: (a.): cross section{b.): plotted grey valut¢
profile of black line in a., graphical display «
evaluation parameters: threshold (T, green), me The mearvaluesof all background
background (B, yellow), mean signal (S, red), standi

deviations for S and B (red and ejylow shaded gnd signalpixels were declared B
respectively) Measurements for thisection |S-B|=76,

As€ v L #¥6, £=5.78 scale bar= 10um. and S, respectively. These

pixels wee declared signal pixel.
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calculations can be visualized Fiigure3.13(b.). An average contrast difference between S
and B (|SB|) gavean indication of howsuccessfulnd specific the staining worked for the
sample. To properly evaluate the quality of the staining and ease of segmentation, this
difference alone was not destve. The average {B| ranged from 23 up to 70 gv for the
different datasets, but the performance of the segmentation (finding the adequate
parameters, reconstructed surface qualityps successfukgardless of the value of {B|.

The ease, quality andobustness of the segmentation could be determined by-a t
distribution of the grey values of S and B. The higher #&ue, the easier and more robust
the segmentation and thus, the better the quality of the stained neuron. The standard
deviations {) of S and B were different and were therefore taken into account separately. T

values of all ten datasets lied between 3.18 and 4&#h(e3.1).

Summary of the Protocol Evaluation

|S-B| [gv] o8 [gv] s [gv] t=
TK020408E 23.26 3.37 5.39 3.76
TK120509B 64.36 7.39 11.83 4.69
TK100909A1 29.18 4.54 6.91 3.52
TK190111A 69.87 10.40 17.00 3.53
TK190111B 55.38 8.11 12.50 3.76
TK120910F 46.31 8.53 8.72 3.77
TKO091110A 61.87 10.09 13.95 3.60
TK091110B 67.76 8.91 13.32 4.23
TKO91110F 62.75 9.62 14.03 3.67
TK091110G 52.73 9.32 14.03 3.18
Average 53.35 8.03 11.77 3.77

Non-Segmented Dataset

|S-B| [gV] cs [gv] cs [gv] t=

TK280211F 15.56 5.20 6.16 1.93

Table 3.1: Summary of the results for the evaluation of the staining protocol: Avera
values for every dataset and overall avege. For comparison, values for one n«
segmentable dataset are shown.
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Slide |S-B| oB oS t-value
0 18,6244345 | 3,46693473 | 5,21054087 | 2,97584144
50 21,9036621 | 3,21601453 | 5,55903598 | 3,41057621
100 19,9187923 | 3,75343361 | 6,19648132 | 2,74945663
150 19,7374884 | 4,62742621 | 6,14589387 | 2,56558111
200 15,1829744 | 3,41189604 | 5,5978164 | 2,3160126
250 28,6949746 | 2,90751691 | 4,81915178 | 5,09832833
300 20,5893147 | 3,19540397 | 5,1518905 | 3,39623679
350 24,6406716 | 3,18763351 | 4,88292083 | 4,22559653
400 23,3383843 | 3,0378022 | 596854853 | 3,48482346
450 25,0067057 | 3,82018224 | 6,60665369 | 3,27672196
500 28,5653567 | 2,86018265 | 4,66894015 | 5,21706676
550 30,0243725 | 3,04629177 | 4,26172728 | 5,73144824
600 26,1231837 | 3,2196552 | 5,02659845 | 4,37623559
650

700

750

800

850

900

950

1000

1050

1100

1150

Avarage 23,2577166 | 3,36541335 | 5,39201536 | 3,75568659

d.

Figure 3.14: Dataset TK020408E_st004_3; (a.):-\YXZ-projection with reconstruction; the
dataset consists of 632 images which corresponds to a physical size of 18.96um in
cross sections were analyzed for contrast distribution; (b.): cross section with measure;
(c.): grey value plot of measure line in (b.), signal mean S (red), threshold (gre

background mean B (yellow); (d.): IB|, SB, Ss, and t-values for every single evaluat¢
cross sections of the dataset, values of the cross section shown in (b.X@pdire shaded i

red; scale bar = 10um.

Average values of this data stack were:-p§ = 23,58 = 3.4,5s= 5.4, t = 3.756.
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Figure 3.15: Dataset TK120509B_st004_3; (a.)-Y¥XZ-projection with reconstrudion; the
dataset consists of 1199 images which corresponds to a physical size of 35.97um in
cross sections were analyzed for contrast distribution; (b.): cross section with measure
(c.): grey value plot of measure line in (b.), signal mean &d), threshold (green)
background mean B (yellow); (d.): B|, S, Ss, and tvalues for every single evaluat¢
cross sections of the dataset, values of the cross section shown in (b.) and (c.) are she
red; scale bar = 10um.

Average values of thislata stack were: |SB| = 64,Sg = 7.44,5s=11.8,t = 4.694.



































































































































































































