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1. Summary 

Abstract 

Analyzing the morphology and molecular features of neurons are major components 

in neuroscientific studies and classifications. For this, elaborate techniques, like 

intracellular biocytin staining of single neurons in acute brain slices, 

immunofluorescence labeling and confocal microscopy, were applied. Here, these 

techniques were used to study the SNAP47 protein distribution in the hippocampus 

of mice and rats and the morphology of human cortical pyramidal neurons. Although 

these approaches provide accurate results, a considerable problem in morphological 

analyses remains: the reduction in thickness of slices (shrinkage) due to the 

embedding under cover slip. In this thesis, the time course of shrinkage in 

conventional embedded slices and its impact on the morphology of neurons and 

anatomical parameter are shown. This impact is not compensable with usually used 

linear correction approaches. Moreover, this dissertation provides a novel method for 

the embedding of acute brain slices, which is effective in reducing the shrinkage and 

the resulting error. Thereby, the preciseness of morphological studies can be 

substantially improved.   

Abstract Deutsch 

Analysen morphologischer und molekularer Eigenschaften von Nervenzellen sind 

essenzielle Komponenten neurowissenschaftlicher Studien und Klassifikationen. 

Aufwändige Methoden, wie intrazelluläre Biozytinfärbung in frischen Gehirnschnitten 

und Immunfluoreszenzfärbungen kombiniert mit konfokaler Mikroskopie werden 

hierfür benutzt. Diese Arbeit zeigt, dass jene Techniken sowohl für die SNAP47 

Protein Verteilung in Hippocampi von Mäusen und Ratten als auch für 

morphologische Analysen humaner, kortikaler Nervenzellen benutzt werden können. 

Auch wenn diese Methoden präzise Ergebnisse liefern, bleibt ein bedeutendes 

Artefakt in morphologischen Analysen bestehen: Die Reduktion der Schnittdicke 

(Schrumpfen) durch konventionelles Einbetten unter Deckgläsern. Diese Dissertation 

beschreibt den zeitlichen Verlauf dieses Artefakts und den Einfluss auf 

morphologische Parameter. Es wird dargestellt, dass dieser Einfluss nicht durch 

gewöhnlich angewandte lineare Methoden kompensierbar ist. Des Weiteren wird eine 

neue Eindeckmethode angeboten, die effektiv das Schrumpfen und resultierende 

Fehler in morphologischen Parametern reduziert. Auf diese Art kann die Präzision 

morphologischer Untersuchungen in hohem Maße gesteigert werden. 
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1.1. Introduction 

Understanding of brain function requires a profound knowledge of its structural and 

functional units: the neurons. It is widely recognized, that neuronal activity represents 

the biological correlate for information encoding and processing underlying cognition. 

However, until today many neuron types in the rodent or human brain are not 

characterized in a comprehensive manner in terms of their anatomical, physiological 

and molecular properties (Allen Institute for Brain Science, 2015; Shen, 2015). Thus, 

there is a reasonable motivation to further investigate and classify the building blocks 

of our brain.  

Characterizing neuronal morphology is essential for their classification and also for 

their functional understanding: The localization of the somato-dendritic domain 

defines potential inputs to a neuron and its dendritic length and diameters determine 

electronic properties, essential for our understanding of their network functions. 

Furthermore, dendritic spines, its development and density are involved in long-term 

potentiation and learning (Matsuzaki et al., 2004) and, finally, the location of the 

axonal branching helps to identify the target region of a neuron. Thus, there is a big 

need of precise morphological analyses of neurons, which additionally provide 

essential data for performing computational analysis (e.g. Traub et al., 1994). 

The history of neuroanatomical studies looks back a long history: More than 100 

years ago, Camillo Golgi and Santiago Ramón y Cajal performed first morphological 

studies of Golgi-stained neurons (Ramón y Cajal, 1909, 1911). Today, morphological 

characterization is mostly performed by intracellular biocytin staining while doing 

patch-clamp recordings with subsequent visualization (Booker et al., 2014): While 

early analysis was performed with conventional microscopes and drawing the 

neurons by hand, technical advances today enable the precise digital imaging by 

confocal microscopy, a technique which was invented and patented by Marvin 

Minsky in 1950’ (Minsky, 1988), and computer assisted 3D reconstructions of the 

neurons. Confocal microscopy is not only a key method in order to perform 

morphological studies, by combining it with immunofluorescence labeling, it may be 

also used for the analysis of molecular features (e.g. immunocytochemical detection 

of protein expression) of neurons - beside the morphology another important point in 

neuroscientific investigations. 
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Morphological analysis depends critically on faithful preservation of the structure of 

neurons and the surrounding nervous tissue during histological processing. Despite 

the substantial progress during the last century, one major artefact of morphological 

analysis remains and counteracts accurate preservation of nervous tissue: the 

reduction in thickness of acute slices (shrinkage) along the z-axis (here and 

anywhere else in this thesis: the axis that is perpendicular to the cut surfaces of the 

slice) due to the histological processing and the embedding under cover slip. 

The histological processing could produce shrinkage especially when it includes 

dehydration and drying procedures (Pyapali et al., 1998; Hellwig, 2000). Avoiding 

dehydration during the processing steps and using aqueous-mounting medium for 

embedding could reduce substantial shrinkage but cannot totally prevent it (Egger et 

al., 2008; Swietek et al., 2016). Independently, if significant z-shrinkage was 

detected, it was usually compensated by applying a linear correction factor to the z-

coordinates of cells reconstructions (Pyapali et al., 1998; Hellwig, 2000; Marx et al., 

2012; Degro et al., 2015). However, the time course of shrinkage and its impact on 

the morphology of cells are unknown. Moreover, the adequacy of compensation with 

a linear correction factor is not certain.  

The main aim of this thesis is to describe an approach how to obtain accurate images 

of neurons and analyze their molecular features by using confocal microscopy. The 

impact of tissue shrinkage along the z-axis on the morphology of the cells is shown. It 

is demonstrated that the routine use of linear correction factors is an inappropriate 

approach to compensate for the shrinkage. This thesis further describes a novel way 

of embedding slices, which can significantly minimize shrinkage and its resulting 

artefact. In this way, uncompromised high resolution images and reconstructions of 

neurons can be achieved that can be used for following accurate computational 

analyses (Gidon et al., 2020). 

1.2. Methods 

This thesis, including all experimental procedures and data handling, complies with 

Charité’s statutes of good scientific practice (“Satzung der Charité zur Sicherung 

guter wissenschaftlicher Praxis”). 

In total, three sets of experiments were performed and published in three distinct 

papers: One deals with the shrinkage of acute brain slices, with its impact on 
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morphological parameters and with a new method, which minimizes this artefact 

(Bolduan et al., 2020). The second set of experiments is an investigation about the 

differential distribution of the synaptosomal-associated protein of 47kDa (SNAP47) in 

rodent hippocampal neurons (Munster-Wandowski et al., 2017). The third set is a 

morphological study of human cortical pyramidal neurons, which forms part of the 

publication by Gidon et al. (2020). 

Slice preparation 

Experiments and animal maintenance were performed in accordance with local 

(LaGeSo, Berlin, T 0215/11), national (German Animal Welfare Act) and international 

guidelines (EU Directive 2010/63/EU). For all experiments that deal with tissue 

shrinkage along the z-axis, male and female rats (P21-25; ‘Wistar-VGAT-Venus’ 

rats), which express yellow fluorescent protein (YFP) Venus, a yellow shifted variant 

of the green fluorescent protein (GFP) under the promoter of the vesicular GABA-

transporter (VGAT) (Uematsu et al., 2007)) were anesthetized with isoflurane and 

decapitated. Brains were quickly dissected and transferred to carbogenated (95% 

oxygen/ 5% carbon dioxide), semifrozen, sucrose-based artificial cerebrospinal fluid 

[sACSF, containing (in mM) NaCl (87), KCl (2.5), NaHCO3 (25), NaH2PO4 (1.25), 

Glucose (25), Sucrose (75), Na2-Pyruvate (1), Na2-Ascorbate (1), MgCl2 (7), CaCl2 

(0.5)]. 300µm thick, horizontal slices were cut of the hippocampal formation by using 

a vibratome (VT1200s, Leica, Germany) and were subsequently transferred to 

carbogenated, warm (34°C) sACSF. After 30min, the temperature of the sACSF in 

the storage chamber was decreased to room temperature. To study the time course 

of shrinkage, some of these slices were directly fixed with 4% paraformaldehyde 

(PFA) in 0.1M Phophate buffer (PB) for 24h at 4°C, the rest was used for patch-

clamp recordings. 

Tissue for morphological studies of human pyramidal neurons was obtained from 

resections of the anterior temporal lobe of epilepsy and brain tumor patients carried 

out at the Department of Neurosurgery of the Charite (Gidon et al., 2020). All 

experiments involving human brains were accepted by the Ethics Committee of the 

Charité – Universitätsmedizin Berlin and comply with the Declaration of Helsinki. 

After surgical resection, colleagues from the Larkum laboratory did further tissue 

processing for the electrophysiological experiments. In brief, removed brain tissue 

was transported in carbogenated semifrozen N-methyl-D-glucamin (NMDG) solution 
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[(containing (in mM): NMDG (93), HCl (93), KCl (2.5), NaH2PO4 (1.2), NaHCO3 (30), 

MgSO4 (10), CaCl2 (0.5), HEPES (20), glucose (25), Na-L-ascorbate (5), thiourea (2), 

Na-pyruvate (3)], choline solution [containing (in mM) Choline chloride (110), KCl 

(2.5), NaH2PO4 (1.25), NaHCO3 (26), MgCl2 (7), CaCl2 (0.5), 15 glucose (10), Na-L-

ascorbate (11.6), Na-pyruvate (3.1)] or sACSF [containing (in mM) NaCl (87), 

NaH2PO4 (1.25), KCl (2.5), CaCl2 (0.5), MgCl2 (3) Glucose (10), NaHCO3 (25), 

Sucrose (75)] within 10-40min to the laboratory. After removal of the pia, tissue was 

cut into 300µm thick slices by using a vibratome (VT1200, Leica, Germany). 

Afterwards, slices were stored in either HEPES [identical to NMDG solution but with 

NaCL (92) instead of NMDG and HCL (93)] or artificial cerebrospinal fluid [ACSF, 

containing (in mM) NaCl (125), KCl (2.5), NaH2PO4 (1.25), NaHCO3 (25), MgCl2 (1), 

CaCl2 (1), glucose (25)] 

Patch-clamp recordings and filling of neurons 

In order to perform morphological and shrinkage analyses of neurons, cells need to 

be intracellularly labeled and visualized. Therefore, patch-clamp experiments were 

necessary: acute hippocampal rat slices were transferred to a recording chamber, 

filled with 32°C ACSF [containing (in mM) NaCl (125), KCl (2.5), NaHCO3 (25), 

NaH2PO4 (1.25), Glucose (25), Na2-Pyruvate (1), Na2-Ascorbate (1), MgCl2 (1), CaCl2 

(2)]. Principal cells of the Subiculum were visualized by an upright microscope (BX-

510, Olympus, Hamburg, Germany) equipped with a digital camera (Retiga-2000R, O 

Imaging, Surrey, Canada). On a horizontal electrode puller (P-97, Sutter Instruments, 

Novato, CA) patching pipettes were pulled from borosilicate glass capillaries (2 mm 

outer/1 mm inner diameter, Hilgenberg, Germany). Patch-clamp recordings were 

performed with a Multiclamp 700B amplifier (Molecular devices, San Jose, CA). 

Patched cells were filled with a biocytin containing intracellular solution [containing (in 

mM) K-gluconate (130), KCl (10), MgCl2 (2), EGTA (10), HEPES (10), Na2-ATP (2), 

Na2-GTP (0.3), Na2-creatinine (1), and 0.1% Biocytin; 290–310 mOsm]. After 16-20 

min in whole-cell configuration, a sufficient diffusion of biocytin into cells’ dendrites 

could be assumed (Marx et al., 2012). Recordings were terminated and slices were 

fixed with 4% PFA in 0.1M PB for 24h at 4°C.  

Patch-clamp recordings and intracellular biocytin filling of cortical human pyramidal 

neurons were performed by colleagues in the Larkum laboratory. The procedure was 

similar, except that dual whole-cell recordings from the soma and dendrites were 
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performed. Other minor differences refer to the technical equipment (a Dagan BVC-

700A amplifier (Dagan Minneapolis, MN) was used) and the internal solution 

[containing (in mM) K-gluconate (130), KCl (20), Mg-ATP (4), Na2-phosphocreatine 

(10), GTP-Tris (0.3), HEPES (10) and 0.1% Biocytin; 300 mOsm] that were used.  

 

Histological processing of acute slices  

For morphological and shrinkage analyses all fixed acute slices – both rodent and 

human - were first intensely rinsed in PB. To visualize biocytin labeled neurons, they 

were incubated with Alexa Flour-647-conjugated streptavidin (Invitrogen, Eugene, 

OR; dilution 1:1000 in PB, including 0.05% NaN3 and 0.1% Triton-X as detergent) 

overnight at 4°C (histological processing like previously described: Booker et al., 

2014). Streptavidin binds with high affinity to biocytin. As biocytin is distributed 

through the entire intracellular space, the neurons can be completely visualized by 

illuminating with a red laser (643 nm wavelength), exciting the conjugated fluorophore 

to emit light in the infrared range.  

After the incubation, slices were rinsed again in PB and finally embedded in a 

solidifying water soluble mounting medium (Fluoromount, Southern Biotech, AL) 

either conventionally on glass slides with a coverslip or sandwiched between two 

coverslips with a 300 µm thick custom-made metal spacer (wh Münzprüfer, Berlin, 

Germany). One coverslip was glued with cyanoacrylate (Uhu, Bühl, Germany) onto 

the metal spacer. This one functioned as the ground for the mounting. The other 

coverslip was positioned on top of the mounted slice and sealed with nail polish. 

Some slices without biocytin-filled cells were embedded with a 300µm thick agar 

spacer between the glass slide and the coverslip (Booker et al., 2014; Degro et al., 

2015).  

 

Perfusion, sectioning and histological processing of brains for analyses of the 

SNAP47 protein distribution 

Perfusion and sectioning for examining the SNAP47 protein distribution was 

performed by members of the laboratory (Munster-Wandowski et al., 2017): In 

summary, male VGAT-YFP rats and mice (3 and 2.5 months old, respectively) were 

anesthetized with ketamine (Actavis) and xylazine (Bayer Health Care, Berlin, 

Germany) and perfused transcardially with fixative containing 4% PFA (Electron 

Microscopy Sciences, Hatfield, PA), 0.2% picric acid (Fluka Chemie, Buchs, 
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Switzerland) diluted in 0,1 M PB. The brains were dissected and cut into blocks by 

using a coronal rodent brain matrix (ASI Instruments, Warren, MI).  

Afterwards, the coronal tissue blocks were cut at 20 µm in a cryostat (CM 3050S; 

Leica, Wetzlar, Germany). Afterwards, sections were rinsed in PB and incubated in a 

blocking solution containing 10% normal goat serum (NGS), 0.3% Triton-X100 and 

0.05%NaN3 in PB for 1 hour at room temperature. Subsequently, the primary 

antibodies (anti- SNAP47, Synaptic System, Göttingen, Germany, Cat. No.: 111403, 

host: rabbit, dilution: 1:300 and anti-GFP (to detect GABAergic interneurons), UC 

Davis/NIH NeuroMab, USA, Cat. No.: 75-132, host: mouse, dilution: 1:2000 in PB, 

including 5% NGS, 0.3% Triton-X100, 0.05% NaN3) were applied. After an incubation 

period of 2-3 days at 4°C, sections were intensely rinsed and incubated over night at 

4°C with the fluorochrome conjugated secondary antibodies (goat anti-rabbit, Life 

Technologies, Darmstadt, Germany, dilution: 1:500 and goat anti-mouse, Invitrogen, 

dilution: 1:300 in PB, including 3% NGS, 0.1% Triton-X100, 0.05% NaN3). Finally, 

sections were mounted in Fluorsave mounting medium (Calbiochem, San Diego, CA) 

on a glass slide and coverslipped. 

 

Measuring of z-shrinkage 

Slice thickness and its time course was estimated and compared between distinct 

embedding techniques in fixed slices that do not contain biocytin-filled neurons. For 

this purpose, a confocal microscope (Fluo View 1000, Olympus) with a silicone oil-

immersion 30x (N.A 1.05) objective lens was used. Slices top and bottom were 

focused and the table’s vertical movement was taken as the slice thickness. Slices 

embedded with metal spacers need a special holder (whMünzprüfer, Berlin, 

Germany) in order to perform confocal imaging. 

 

Morphological analysis of intracellular stained neurons 

Intracellular stained rodent and human neurons were imaged with a 20x (N.A 0.75) or 

a 30x (N.A 1.05) silicon oil-immersion objective on the confocal microscope. For 

performing 3D reconstructions, a 30x objective was used and image stacks were 

collected at 1024x1024 resolution in the xy plane and 1µm steps for the human 

neurons or 0.5µm steps for the rat neurons along the z-axis. The excitation 

wavelength was 635nm for Alexa Fluor-647-conjugated streptavidin. Single image 

stacks were stitched together in the FIJI/ImageJ software environment (Schindelin et 
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al., 2012) using the 3D stitching plugin (Preibisch et al., 2009). Finally, 3D 

reconstructions were performed with the simple neurite tracer plugin (Longair et al., 

2011) or the Neutube software package (Feng et al., 2015). Reconstructed neuronal 

morphology was stored in the SWC file format (Cannon et al., 1998). 

To study the impact of shrinkage on the morphology of cells, selected slices 

embedded with the metal spacer, containing biocytin-filled rodent neurons, were 

embedded a second time without any spacer. After 11-14 days, these cells were 

imaged again. Thereby, we were able to obtain two different images of the same cell, 

first in a minimal shrunken state embedded with a metal spacer and second in a 

shrunken state embedded without any spacer. A second reconstruction of the neuron 

was accomplished. The total dendritic lengths as a morphological parameter were 

used to demonstrate the impact of slice shrinkage.  

Measurements of the total dendritic lengths and potential shrinkage compensation 

were performed using custom made “hoc” scripts in the Neuron software environment 

(Hines & Carnevale, 1997). Shrinkage compensation was performed by applying a 

linear correction factor to the z-coordinates of neurons reconstruction. This factor was 

determined by the quotient of the slice thickness measured embedded with the metal 

spacer system and the one embedded on a normal glass slide without any spacer. 

To examine deformations of the slice in the xy plane due to the embedding, the z-

values of the SWC files were set to zero and the total dendritic lengths were 

estimated of the collapsed neuron under the different embedding conditions. 

Moreover, two/dimensional extent of neuronal structures/dendritic segments were 

estimated in a xy projection of an image of the minimally shrunken, metal spacer 

embedded neuron and compared to their extent in the shrunken state with no spacer. 

 

Estimation of shrinkage degrees in slices portions 

In order to assess evidence for a non-linear shrinkage, yz projections of confocal 

image stacks of three neurons both in the unshrunken and the shrunken state were 

trisected in an upper, a middle and a lower third. Distances parallel to the z-axis of 

neuronal structures/dendritic segments were estimated in each third. Their extents 

were compared between the shrunken and the unshrunken state of the cell. Thereby, 

the degree of shrinkage in the upper, middle and bottom part of the slice could be 

estimated and compared. The difference to 1 of the quotient of the shrunken length 
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and the unshrunken length of distances of neuronal structures is defined as the 

degree of shrinkage. 

 

Analysis of SNAP47 protein expression 

For studying the distribution of the SNAP47 protein, the coronal hippocampal slices 

were imaged on our confocal laser-scanning microscope by using a 30x (N.A 1.05) or 

a 60x (N.A 1.30) silicon oil immersion lens. The excitation wavelengths were 488nm 

for anti-mouse Alexa Fluor-488 and 635 nm for anti-rabbit Alexa Fluor-647. Image 

stacks were collected at 1024x1024 resolution in the xy plane and 0.5 µm steps 

along the z-axis. In order to compare the SNAP47 fluorescence signal intensity 

between mouse and rat hippocampal GABAergic interneurons, we determined the 

mean labeling intensity over the somata (excluding nucleus) of these neurons and 

the surrounding neuropil in the mouse and the rat hippocampus by using the 

FIJI/ImageJ software package.  

 

Statistics 

Statistical analysis was performed by using Graphpad Prism version 5.00 (GraphPad 

Software, San Diego, CA). The slice thickness dependence on time and embedding 

method was compared with a two-way ANOVA for repeated measurements. For 

comparison of the first and last measurement of slice thickness as well as for the 

degree of shrinkage in distinct depths of the slice one-way analyses of variance 

(ANOVA) with Bonferroni’s Multiple Comparison Tests was used. All other paired and 

unpaired data sets were compared with non-parametric Wilcoxon matched-pairs tests 

or Mann-Whitney tests, respectively. Data is shown as mean ± Standard deviation. 

Statistical significance was assumed if p < 0.05. 

 

1.3. Results 

Analyzing molecular features of neurons using the example of the SNAP47 protein 

Using immunofluorescence labeling and confocal microscopy is an appropriate 

approach to examine molecular features of neurons and the cellular distribution of 

specific proteins in distinct areas. Here, this is demonstrated by using the example of 

the synaptosomal-associated protein of 47kDa (SNAP47) distribution. 
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To this end, we performed double immunostaining against SNAP47 and GFP (to 

detect GABAergic Interneurons (IN), see Methods) in hippocampal slices from mouse 

and rat. Two-channel confocal imaging of these slices revealed a different expression 

of this protein in distinct hippocampal areas from mouse or rat (Fig. 1 and 2). The 

Figure 1: SNAP47 expression in the 
hippocampus and in its YFP-positive INs of 
VGAT-Venus (YFP) transgenic mice 

Confocal images of double immunolabeling 

for YFP (green) and SNAP47 (red) in the CA1 

(A), the CA3 areas (B) and the dentate gyrus 

(DG; C) of VGAT-Venus (YFP) transgenic 

mice. Insets on the right show strong 

cytoplasmic localization of SNAP47 (bottom 

images) in YFP-positive cell bodies (top 

images). Scale bars represent, (A–C), 250 

μm; insets, 20 μm. (adapted from Munster-

Wandowski et al., 2017) 

Figure 2: SNAP47 expression in the hippocampus and 
in its YFP-positive INs of VGAT-Venus (YFP) transgenic 
rats 

Confocal images of double immunolabeling for YFP 

(green) and SNAP47 (red) in the CA1 (A), the CA3 area 

(B) and the DG (C) of VGAT-Venus(YFP) transgenic 

rats. Insets on the right show SNAP47-positive INs 

(circles, first column) with weak cytoplasmic labeling 

(bottom images) in the YFP-positive cell bodies (top 

images) and SNAP47-negative INs (squares, second 

column). Scale bars represent, (A–C), 250 μm; insets, 

20 μm. (adapted from Munster-Wandowski et al., 2017) 
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differences are most striking in the 

hippocampal CA3 area between 

mouse and rat. In mouse, there is a 

strong immunoreactivity in the 

Stratum pyramidale and a very 

weak one in the Stratum lucidum. In 

rat, the staining pattern is exactly 

the opposite. This emphasizes a 

species-specific SNAP47 

distribution. In addition, the SNAP47 

expression in GABAergic INs is also 

different between mice (high 

somatic immunoreactivity against 

SNAP47, Fig.1) and rats (weak/no 

somatic immunoreactivity against 

SNAP47, Fig 2). By measuring the 

mean intensity of 

immunofluorescence (arbitrary gray 

scale units) in the cytoplasm of 

YFP-positive cell bodies and 

comparing it with the mean intensity 

in the surrounding neuropil, we 

could quantitatively confirm these 

observations (Fig. 3). 

 

Analyzing the morphology of human 

cortical pyramidal neurons 

To obtain accurate images of 

neurons for subsequent analyses, 

acute human brain slices were 

made. Subsequently, patch-clamp recordings of cortical pyramidal cells with 

intracellular biocytin filling, histological procedures, confocal microscopy and 

reconstruction were performed (see Methods). In this way, we imaged and identified 

87 human pyramidal cells in 51 human brain slices. We have selected 12 of these 

Figure 3: Immunolabeling intensities for SNAP47 in 
YFP-positive INs and surrounding neuropil in the mouse 
and the rat hippocampus 

Summary bar charts of the immunolabeling intensity for 

SNAP47 in the somata of YFP-positive INs and 

surrounding neuropil in the CA1 area (A), the CA3 area 

(B) and the DG (C) of the mouse and the rat 

hippocampus. *P = 0.04, ****P < 0.0001. (Adapted from 

Munster-Wandowski et al., 2017) 
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neurons for 3D reconstructions 

(representative result: Fig. 4). This 

morphological raw data served as the basis 

for any following analyses, i.e. estimation of 

the total dendritic length, of the distance to 

the pia, the diameter of certain dendritic 

portions, as well as the spine density. In our 

study (Gidon et al., 2020), this morphological 

data revealed an interesting finding: The 

somata of the investigated layer 2 and 3 

(L2/3) neurons were located around 850µm 

below the pia mater, on average, whereas 

the apical dendrites extended up to it. From 

electrophysiological experiments, we found 

that subthreshold (steady-state) potentials 

attenuated from the apical dendrite to the 

soma with a length constant (λsteady) of 

195µm and, reversely, back-propagating 

action potentials (bAPs) with a λbAP of 290 

μm (Gidon et al., 2020). Hence, there is a so 

much strong attenuation of electrical activity 

to and from distally located synapses that 

active intrinsic properties are required to compensate for that. These active intrinsic 

properties were dendritic Ca2+ dependent action potentials (dCaAPs), a type of action 

potential that has been described in our study for the first time. To investigate the 

functional outcome of the dCaAPs, a compartmental model of a L2/3 pyramidal 

neuron was created (Gidon et al., 2020). For this purpose, very accurate 

morphological data is required and interfering artefacts should be avoided. One major 

artefact is the collapse of slices along the z-axis (z-shrinkage) due to conventional 

embedding under coverslip.  

 

Metal spacers reduce the shrinkage of embedded slices 

In order to minimize z-shrinkage in acute slices we created the metal spacer system. 

This system consists of a metal spacer, which is in thickness equal to that of the 

Figure 4: Reconstruction of a L2/3 pyramidal 
neuron 

Intracellular stained L2/3 human pyramidal 

neuron 1130µm below the pial surface (black 

line). Dashed lines represent the cortical 

layer borders. (Adapted from Gidon et al., 

2020) 

200µm 

Pia 

L1 

L2/3 

L4 
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slices (300µm). The metal spacer and the embedded slice are sandwiched between 

two glass cover slips. This construction requires a special holder for imaging on a 

confocal microscope stage but enables imaging from both sides by flipping the metal 

spacer with the embedded slice in its holder. Thereby, even in thick slices deep 

structures could be imaged with a high signal to noise ratio.  

To validate, whether this system can effective minimize z-shrinkage, we first 

assessed the time course of shrinkage of 300µm thick acute slices embedded in a 

polymerizing aqueous mounting medium using three distinct techniques: (1) on a 

regular glass slide without any spacer and with coverslip (conventional embedding), 

(2) on a normal glass slide with a 300µm thick agar spacer between slide and 

coverslip, and (3) with the metal spacer system. The thickness of these slices was 

measured over a period of two months. The first measurement was performed three 

hours after embedding. Conventionally embedded slices (n=11) shrunk already by 

about 22 ± 8% in the first measurement (percentages referring to the nominal 

thickness of the acute slice of 300 µm), whereas slices with metal (n=8) or agar 

Figure 5: Shrinkage of 
acute slices depending 
on the embedding 
method 

A Summary graph of the 

average slice thickness 

over time after 

embedding without any 

spacer (blue squares, 

n=11), with an agar 

spacer (green triangles, 

n=14) or a metal spacer 

(red circles, 8 slices). B 

The plot shows the 

same data at higher 

temporal resolution for 

the first six days. Error 

bars indicate standard 

deviation. (*** P<0.001) 

(adapted from Bolduan 

et al., 2020) 



16 
 

spacers (n=14) showed only a minimal z-shrinkage of 4 ± 5% and 3 ± 5%, 

respectively. Hence, a substantial initial z-shrinkage occurred without a spacer. Metal 

and agar spacers could minimize this initial shrinking process. The shrinking process 

continued over the next days and weeks for all slices and approached asymptotic 

levels beyond two months. However, the speed of shrinkage and the asymptotic level 

substantially differed between these three embedding approaches. Conventionally 

embedded slices shrunk by about 49 ± 6% after two months. Slices with agar spacer 

showed even a stronger shrinkage after two months; they shrunk by about 67 ± 9%. 

In contrast, slices embedded with the metal spacer system showed only a shrinkage 

of 16 ± 9% when measured two months after embedding (Fig. 5A). 

Thus, agar spacers can prevent the initial shrinkage, but are not useful to minimize 

shrinkage for the longer term, as the degree of shrinkage exceeded that of 

conventional embedded slices already six days post-embedding (40 ± 22% vs. 

32 ± 7%; Fig 5B). In comparison, slices with the metal spacer system shrunk only by 

about 8 ± 8% six days after embedding. 

In summary, metal spacers can substantially reduce but not fully prevent z-shrinkage.  

 

The impact of shrinkage on anatomical parameters of intracellular stained neurons 

Although z-shrinkage as an artefact has been recognized for a long time, its precise 

impact on the morphology of neurons and anatomical parameters has not been fully 

characterized yet. Previous studies used linear correction factors employed to the 

cell’s three-dimensional reconstruction to compensate for shrinkage artefacts 

(Pyapali et al., 1998; Hellwig, 2000; Marx et al., 2012; Degro et al., 2015). Whether 

this compensation is adequate remained unclear. 

To assess the impact of shrinkage on the neurons morphology, we performed whole-

cell patch-clamp recordings combined with intracellular staining of cortical pyramidal 

cells in 300µm thick acute hippocampal slices. After histological processing, we 

embedded all slices with the metal spacer system, imaged them on a confocal 

microscope and reconstructed the neuronal morphologies. Subsequently, all slices 

were embedded a second time on a normal glass slide without spacer (conventional 

embedding). 11 to 14 days after this second embedding, the neurons were imaged 

and reconstructed anew. Hereby, we obtained reconstructions of the somato-

dendritic domains of six pyramidal neurons in a minimally shrunken state embedded 

with the metal spacer system and in a strongly shrunken state after conventional 
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embedding. We calculated the length of all dendritic branches (total dendritic length) 

as an anatomical parameter in the minimally shrunken state and the strongly 

shrunken state. The total dendritic length of cells was reduced by about 5.7 ± 1.2% 

(P=0.0313, six neurons) after the reembedding, indicating an alteration in anatomical 

parameters by z-shrinkage. However, when we applied a linear correction to the 

shrunken reconstruction – using the quotient of the slice thickness mounted with 

metal spacer divided by the thickness without spacer as correction factor – this led to 

an overcompensation of the total dendritic length by about 6.8 ± 1.8% on average 

(P=0.0313, six neurons). 

Thus, z-shrinkage causes an error in anatomical parameters, which is not 

compensable, emphasizing the importance of minimizing shrinkage. 

Two reasons could be responsible for this overcompensation: First, collapsing of 

slices along the z-axis is accompanied by an alteration in xy plane (the plane that is 

parallel to the slices cut surface). Second, the z-shrinkage is not a uniform process 

but rather differential/non-uniform, whereby the degree of shrinkage differs in distinct 

depths of the slice. 

To analyze these two possibilities, we first checked if the slices showed evidence for 

deformation in the xy-plane. We projected the reconstructions of all six neurons both 

in the non-shrunken (made after embedding with the metal spacer system) and 

shrunken (made after conventional embedding) status into the xy plane and could 

thereby ignore their dimensions along the z-axis. The comparison of these 2D 

dendritic lengths in the two different embedding conditions revealed that the 

shrunken reconstruction was persistently larger by a factor of 5.2 ± 2.3% on average 

(P=0.0313, 6 neurons). Hence, conventional embedded slices without any spacer 

suffer not only a severe z-shrinkage, but also a mild dilation in the xy plane. This 

finding was confirmed by comparing the lengths of neuronal structures (i.e. dendritic 

segments) in xy projections of confocal image stacks in the non-shrunken state with 

those in the shrunken one. The 2D projected lengths of neuronal structures in the xy 

projection of the image of the shrunken, conventional embedded slice were larger by 

about 8.2 ± 6% (P<0.0001, 110 dendritic segments from 4 pairs of image stacks). 

In order to investigate the possibility of a non-linear shrinkage, we estimated the 

degree of shrinkage in distinct depths of the slice (see Methods). We found a strong 

degree of z-shrinkage in the top and bottom third of the slice (45 ± 14% and 44 ± 

15%, respectively) and a lower degree in the middle third of the slice (30 ± 12%), 
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indicating a non-linear shrinkage (P=0.0105, ANOVA, 95%CI of differences between 

upper and middle third: 0.01770 to 0.2748, between middle and lower third: -0.2667 

to -0.009547, Bonferroni’s multiple comparison test, 15 dendritic segments in each 

sample from 3 slices).  

In summary, we demonstrated that shrinkage along the z-axis has an impact on the 

morphology and anatomical parameters of the neuron. This shrinkage is non-linear 

and beside the z-shrinkage, slices suffer additional dilation in xy plane. Therefore, the 

error that is produced by the shrinkage artefact is not compensable with a simple 

linear correction approach. 

 

1.4. Discussion 

When classifying and describing neurons, three main points should be outlined: their 

electrophysiological behavior, their morphological structure and their molecular 

features/protein markers (Ascoli et al., 2008). Here, it was demonstrated that the 

above-described neuroanatomical methods can be used for accurate morphological 

and molecular marker/protein expression analyses. However, one artefact 

counteracts precise morphological analyses as it produces a non-compensable error: 

Reduction of slice thickness along the z-axis (z-shrinkage) due to conventional 

embedding techniques with coverslips. To substantially minimize this artefact and 

errors it incurs, a new approach to embed acute slices by using the metal spacer 

system was provided. 

 

Immunofluorescence and intracellular labeling combined with confocal microscopy in 

anatomical studies of neurons 

Molecular features, such as protein expression, and morphological analyses are 

basics of investigations and classifications of neurons (Ascoli et al., 2008). For the 

first, immunofluorescence labeling combined with confocal microscopy could be 

performed. For the latter, intracellular biocytin-staining during patch-clamp recordings 

is combined with confocal microscopy. Especially the confocal microscopy is a major 

advance in performing anatomical studies. By single point illumination and rejection 

of out-of-focus light, confocal microscopy provides high-resolution images with a 

precise 3D localization and good contrast (Semwogerere & Weeks, 2005). Although 

these techniques are in use for a while (Booker et al., 2014; Kuster et al., 2015; 



19 
 

Swietek et al., 2016), they are still the most common approach to discover new 

anatomical insights of neurons. 

Synaptosomal-associated protein of 47kDa (SNAP47), unlike other members of the 

SNAP family, does not contribute directly to exocytosis of neurotransmitter and 

synaptic vesicle recycling but rather plays a crucial role in intracellular vesicle 

trafficking and fusion events (Kuster et al., 2015) and is also involved in the release 

of brain-derived neurotrophic factor (Shimojo et al., 2015). However, little is known 

about its precise cellular localization in the hippocampus, especially in GABAergic 

interneurons. Here, we used immunofluorescence labeling and confocal microscopy 

for studying the cellular distribution of SNAP47 in mouse and rat hippocampus. 

Interestingly, we found a species specific distribution. In particular in GABAergic 

interneurons the difference in SNAP47 expression is very striking: Whereas 

interneurons in the mouse synthesize this SNAP isoform at high levels, interneurons 

in the rat showed only low levels of expression. Immunofluorescence labeling was 

supplemented with in In situ hybridization of SNAP47 RNA to confirm that the results 

from the immunolabeling indeed correspond to endogenous protein production 

(Munster-Wandowski et al., 2017). Hence, trafficking and storage of the SNAP47 

protein exhibit species-dependent mechanisms. Nevertheless, it needs further 

studies to determine the precise subcellular localization and the functional role of the 

SNAP47 protein. 

By using intracellular biocytin staining and confocal microscopy, we 

furthermore imaged and reconstructed human layer 2/3 pyramidal neurons. As these 

reconstructions were the basic of following computational approaches to model the 

activity of these neurons, it was relevant to achieve accurate morphological 

reconstructions and anatomical parameters (Gidon et al., 2020). Therefore, 

interfering artefacts should be recognized and minimized.  

 

Z-Shrinkage of acute slices after conventional embedding approaches 

One major interfering artifact in histological work is the reduction in thickness of slices 

along the z-axis (z-shrinkage) due to the embedding. We investigated the time 

course of shrinkage and found that conventional embedded slices without any spacer 

already shrunk directly after embedding. The shrinking process continued with a 

decelerating speed and reached almost a steady state beyond two months after 
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embedding. Adhesive forces and the gravity of the cover slip are most likely 

responsible for this shrinkage. 

Agar spacers, which were used in some previous studies to prevent shrinkage 

(Booker et al., 2014; Degro et al., 2015), can avoid the initial shrinkage directly after 

embedding, but do not prevent shrinkage for the long term. They even promote the 

shrinking process. Thus, two months post-embedding, the slice thickness reached a 

steady state that was even below the one of conventional embedded slices without 

any spacer. The reason for that could be a water loss and shrinkage of the agar 

spacer over time causing additional adhesive forces onto the slice.  

 

Z-shrinkage leads to a non-compensable error in anatomical parameters 

If z-shrinkage was recognized, usually a linear correction factor was employed to 

compensate for this artefact (Pyapali et al., 1998; Hellwig, 2000; Marx et al., 2012). In 

order to compensate correctly, this would require a uniform shrinking process and the 

absence of alterations in xy plane. However, the impact of shrinkage on anatomical 

parameters has not been studied yet and it has never been proven whether the 

usually used compensation is adequate. 

We examined the impact of z-shrinkage on the morphology of neurons and its 

dendritic length by imaging the same cell twice, minimally shrunken and shrunken. 

Thereby, we demonstrated that z-shrinkage leads to a reduction of the total dendritic 

length. This error was not compensable with the application of linear correction 

factors.  

Two reasons are responsible for this: First, a dilation in xy plane, which occurred due 

to the embedding with cover slip and second, a non-uniform shrinking process along 

the z-axis, whereby the degree of shrinkage is different in distinct depths of the slice. 

In fact, it has been previously described that a non-linear shrinking process occurred 

after embedding slices with conventional techniques (Egger et al., 2008): They found 

a strong shrinkage at the slices margins and a moderate one in the center of the 

slice, according to our results. The reason for this could be a damage to cells during 

slicing procedure and a washout of cells and cell debris in the marginal/superficial 

portions of the slice. This causes an increased compressibility in these slice portions, 

which leads to a stronger z-shrinkage here. The metal spacer system can avoid the 

compression of slices and can thereby minimize the shrinkage artefact and the 

resulting non-compensable error in anatomical parameters. 
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The metal spacer system substantially minimizes but not fully prevent z-shrinkage 

The metal spacer system can minimize the shrinkage degree to negligible values in 

the first time post-embedding but cannot totally prevent shrinkage in the long term. 

Ongoing collapsing of slices along the z-axis could be explained by the mounting 

medium. In fact, previous published studies argued that mounting media, also 

aqueous mounting media (but there is no data for our embedding medium 

Fluoromount), cause z-shrinkage (Claiborne et al., 1986; Mainen et al., 1996). These 

studies suggested 100% glycerol as preferential mounting medium, because it could 

prevent shrinkage. However, pure glycerol has several disadvantages: As it remains 

liquid, sealing of the slides is difficult and evaporation of the embedding medium is 

possible. Additionally, imaging with a microscope could be problematic as 

movements of the slice in its liquid embedding medium could occur. Finally, it has 

been reported that stained neurons tend to fade over some weeks if they are 

embedded in 100% glycerol (Jaeger, 2000). Hence, pure glycerol is not a suitable 

alternative.  

In summary, the metal spacer system is a convenient embedding approach, 

which can substantially minimize z-shrinkage and the resulting non-compensable 

error in anatomical parameters, particularly in the first days after embedding. Thus, 

the metal spacer system improves the accuracy of morphological analyses.  

 

 

1.5. References 

Allen Institute for Brain Science (2015) [Internet]. The Big Neuron Project [cited 2019 Nov 
04]. Available from: https://alleninstitute.org/bigneuron/about/. 

Ascoli, G.A., Alonso-Nanclares, L., Anderson, S.A., Barrionuevo, G., Benavides-Piccione, R., 
Burkhalter, A., Buzsaki, G., Cauli, B., Defelipe, J., Fairen, A., Feldmeyer, D., Fishell, 
G., Fregnac, Y., Freund, T.F., Gardner, D., Gardner, E.P., Goldberg, J.H., 
Helmstaedter, M., Hestrin, S., Karube, F., Kisvarday, Z.F., Lambolez, B., Lewis, D.A., 
Marin, O., Markram, H., Munoz, A., Packer, A., Petersen, C.C., Rockland, K.S., 
Rossier, J., Rudy, B., Somogyi, P., Staiger, J.F., Tamas, G., Thomson, A.M., Toledo-
Rodriguez, M., Wang, Y., West, D.C. & Yuste, R. (2008) Petilla terminology: 
nomenclature of features of GABAergic interneurons of the cerebral cortex. Nat Rev 
Neurosci, 9, 557-568. 

Bolduan, F., Grosser, S. & Vida, I. (2020) Minimizing shrinkage of acute brain slices using 
metal spacers during histological embedding. Brain Structure and Function, 225, 
2577-2589. 



22 
 

Booker, S.A., Song, J. & Vida, I. (2014) Whole-cell patch-clamp recordings from 
morphologically- and neurochemically-identified hippocampal interneurons. J Vis Exp, 
e51706. 

Cannon, R.C., Turner, D.A., Pyapali, G.K. & Wheal, H.V. (1998) An on-line archive of 
reconstructed hippocampal neurons. J Neurosci Methods, 84, 49-54. 

Claiborne, B.J., Amaral, D.G. & Cowan, W.M. (1986) A light and electron microscopic 
analysis of the mossy fibers of the rat dentate gyrus. J Comp Neurol, 246, 435-458. 

Degro, C.E., Kulik, A., Booker, S.A. & Vida, I. (2015) Compartmental distribution of GABAB 
receptor-mediated currents along the somatodendritic axis of hippocampal principal 
cells. Front Synaptic Neurosci, 7, 6. 

Egger, V., Nevian, T. & Bruno, R.M. (2008) Subcolumnar dendritic and axonal organization 
of spiny stellate and star pyramid neurons within a barrel in rat somatosensory cortex. 
Cereb Cortex, 18, 876-889. 

Feng, L., Zhao, T. & Kim, J. (2015) neuTube 1.0: A New Design for Efficient Neuron 
Reconstruction Software Based on the SWC Format. eNeuro, 2. 

Gidon, A., Zolnik, T.A., Fidzinski, P., Bolduan, F., Papoutsi, A., Poirazi, P., Holtkamp, M., 
Vida, I. & Larkum, M.E. (2020) Dendritic action potentials and computation in human 
layer 2/3 cortical neurons. Science, 367, 83-87. 

Hellwig, B. (2000) A quantitative analysis of the local connectivity between pyramidal 
neurons in layers 2/3 of the rat visual cortex. Biol Cybern, 82, 111-121. 

Hines, M.L. & Carnevale, N.T. (1997) The NEURON simulation environment. Neural Comput, 
9, 1179-1209. 

Jaeger, D. (2000) Accurate reconstruction of neuronal morphology. Computational 
neuroscience: Realisitc Modeling for Experimentalists, 159-178. 

Kuster, A., Nola, S., Dingli, F., Vacca, B., Gauchy, C., Beaujouan, J.C., Nunez, M., Moncion, 
T., Loew, D., Formstecher, E., Galli, T. & Proux-Gillardeaux, V. (2015) The Q-soluble 
N-Ethylmaleimide-sensitive Factor Attachment Protein Receptor (Q-SNARE) SNAP-
47 Regulates Trafficking of Selected Vesicle-associated Membrane Proteins 
(VAMPs). J Biol Chem, 290, 28056-28069. 

Longair, M.H., Baker, D.A. & Armstrong, J.D. (2011) Simple Neurite Tracer: open source 
software for reconstruction, visualization and analysis of neuronal processes. 
Bioinformatics, 27, 2453-2454. 

Mainen, Z.F., Carnevale, N.T., Zador, A.M., Claiborne, B.J. & Brown, T.H. (1996) 
Electrotonic architecture of hippocampal CA1 pyramidal neurons based on three-
dimensional reconstructions. J Neurophysiol, 76, 1904-1923. 

Marx, M., Gunter, R.H., Hucko, W., Radnikow, G. & Feldmeyer, D. (2012) Improved biocytin 
labeling and neuronal 3D reconstruction. Nat Protoc, 7, 394-407. 

Matsuzaki, M., Honkura, N., Ellis-Davies, G.C.R. & Kasai, H. (2004) Structural basis of long-
term potentiation in single dendritic spines. Nature, 429, 761-766. 

Minsky, M. (1988) Memoir on inventing the confocal scanning microscope. Scanning, 10, 
128-138. 

 

 



23 
 

Munster-Wandowski, A., Heilmann, H., Bolduan, F., Trimbuch, T., Yanagawa, Y. & Vida, I. 
(2017) Distinct Localization of SNAP47 Protein in GABAergic and Glutamatergic 
Neurons in the Mouse and the Rat Hippocampus. Front Neuroanat, 11, 56. 

Preibisch, S., Saalfeld, S. & Tomancak, P. (2009) Globally optimal stitching of tiled 3D 
microscopic image acquisitions. Bioinformatics, 25, 1463-1465. 

Pyapali, G.K., Sik, A., Penttonen, M., Buzsaki, G. & Turner, D.A. (1998) Dendritic properties 
of hippocampal CA1 pyramidal neurons in the rat: intracellular staining in vivo and in 
vitro. J Comp Neurol, 391, 335-352. 

Ramón y Cajal, S. (1909, 1911) Histologie du SystèmeNerveux de l’Homme et des 
Vertébrés, Maloine, Paris, France. 

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., 
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J.Y., White, D.J., 
Hartenstein, V., Eliceiri, K., Tomancak, P. & Cardona, A. (2012) Fiji: an open-source 
platform for biological-image analysis. Nat Methods, 9, 676-682. 

Semwogerere, D. & Weeks, E.R. (2005) Confocal microscopy. Encyclopedia of biomaterials 
and biomedical engineering, 23, 1-10. 

Shen, H. (2015) Neuron encyclopaedia fires up to reveal brain secrets. Nature, 520, 13-14. 

Shimojo, M., Courchet, J., Pieraut, S., Torabi-Rander, N., Sando, R., 3rd, Polleux, F. & 
Maximov, A. (2015) SNAREs Controlling Vesicular Release of BDNF and 
Development of Callosal Axons. Cell reports, 11, 1054-1066. 

Swietek, B., Gupta, A., Proddutur, A. & Santhakumar, V. (2016) Immunostaining of Biocytin-
filled and Processed Sections for Neurochemical Markers. J Vis Exp. 

Traub, R.D., Jefferys, J.G., Miles, R., Whittington, M.A. & Tóth, K. (1994) A branching 
dendritic model of a rodent CA3 pyramidal neurone. J Physiol, 481 ( Pt 1), 79-95. 

Uematsu, M., Hirai, Y., Karube, F., Ebihara, S., Kato, M., Abe, K., Obata, K., Yoshida, S., 
Hirabayashi, M., Yanagawa, Y. & Kawaguchi, Y. (2007) Quantitative Chemical 
Composition of Cortical GABAergic Neurons Revealed in Transgenic Venus-
Expressing Rats. Cerebral Cortex, 18, 315-330. 

 

 

 

 

 

 

 

 

 



24 
 

2. Anteilserklärung / eidesstattliche Versicherung 



25 
 

 



26 
 

3. Selected papers  

3.1. Minimizing shrinkage of acute brain slices using metal spacers during 

histological embedding 



27 
 



28 
 



29 
 



30 
 



31 
 



32 
 



33 
 



34 
 



35 
 



36 
 



37 
 



38 
 

 

 

 



39 
 

3.2. Dendritic action potentials and computation in human layer 2/3 cortical 

neurons 

 
From: Gidon, A., Zolnik, T.A., Fidzinski, P., Bolduan, F., Papoutsi, A., Poirazi, P., Holtkamp, M., Vida, I. & 
Larkum, M.E. (2020) Dendritic action potentials and computation in human layer 2/3 cortical neurons. Science, 
367, 83-87. Reprinted with permission from AAAS. 



40 
 

 

From: Gidon, A., Zolnik, T.A., Fidzinski, P., Bolduan, F., Papoutsi, A., Poirazi, P., Holtkamp, M., Vida, I. & 
Larkum, M.E. (2020) Dendritic action potentials and computation in human layer 2/3 cortical neurons. Science, 
367, 83-87. Reprinted with permission from AAAS. 



41 
 

 

From: Gidon, A., Zolnik, T.A., Fidzinski, P., Bolduan, F., Papoutsi, A., Poirazi, P., Holtkamp, M., Vida, I. & 
Larkum, M.E. (2020) Dendritic action potentials and computation in human layer 2/3 cortical neurons. Science, 
367, 83-87. Reprinted with permission from AAAS. 



42 
 

 

From: Gidon, A., Zolnik, T.A., Fidzinski, P., Bolduan, F., Papoutsi, A., Poirazi, P., Holtkamp, M., Vida, I. & 
Larkum, M.E. (2020) Dendritic action potentials and computation in human layer 2/3 cortical neurons. Science, 
367, 83-87. Reprinted with permission from AAAS. 



43 
 

 

 

 

 

From: Gidon, A., Zolnik, T.A., Fidzinski, P., Bolduan, F., Papoutsi, A., Poirazi, P., Holtkamp, M., Vida, I. & 
Larkum, M.E. (2020) Dendritic action potentials and computation in human layer 2/3 cortical neurons. Science, 
367, 83-87. Reprinted with permission from AAAS. 



44 
 

3.3. Distinct Localization of SNAP47 Protein in GABAergic and Glutamatergic 

Neurons in the Mouse and the Rat Hippocampus 



45 
 



46 
 



47 
 



48 
 



49 
 



50 
 



51 
 



52 
 



53 
 



54 
 



55 
 



56 
 



57 
 



58 
 



59 
 



60 
 



61 
 

 

 

 

 



62 
 

4. Curriculum vitae 
 

Mein Lebenslauf wird aus datenschutzrechtlichen Gründen in der elektronischen 

Version meiner Arbeit nicht veröffentlicht 

 

Work experience 

 

Since 04/2020    Medizinische Klinik m.S. Hepatologie und 

Gastroenterologie, Charité 

Universitätsmedizin Berlin:  

     Residency/Arzt in Weiterbildung 

 

10/2019 – 04/2020   Institut für Integrative Neuroanatomie, 

Charité Universitätsmedizin Berlin: 

Lectureship: Centrum für 

Anatomie 

 

 

10/2014 – 09/2017  Centrum für Anatomie, Charité 

Universitätsmedizin Berlin: 

  Junior Lectureship / 

Anatomietutor 

Education 

 

06/2019 – 04/2020  Institut für Integrative Neuroanatomie, 

Charité Universitätsmedizin Berlin: 

  Doctoral studies 

   

10/2012 – 06/2019 Charité Universitätsmedizin Berlin: 

  Study of Medicine 

 

08/2004 - 06/2012 Lise-Meitner-Gymnasium, Falkensee: 

  High School 

 



63 
 

5. List of Publications 
 

09/2020 Bolduan F, Grosser S, Vida I. (2020) Minimizing shrinkage of 

acute brain slices using metal spacers during histological 

embedding. Brain Struct Funct 225, 2577–2589. Published 2020, 

Sep 12. 

01/2020 Gidon A, Zolnik T, Fidzinski P, Bolduan F, Papoutsi A, Poirazi P, 

Holtkamp M, Vida I, Larkum M. (2020) Dendritic action potentials 

and the computational properties of human layer 2/3 cortical 

neurons. Science, 124, 45-59. Published 2020, Jan 03.  

07/2017 Münster-Wandowski A, Heilmann H, Bolduan F, Trimbuch T, 

Yanagawa Y, Vida I. (2017) Distinct Localization of SNAP47 

Protein in GABAergic and Glutamatergic Neurons in the Mouse 

and the Rat Hippocampus. Frontiers in Neuroanatomy, 11, 56. 

Published 2017, Jul 13.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



64 
 

6. Danksagung 
 

An dieser Stelle möchte ich meinen Dank an all diejenigen aussprechen, die mir 

während meiner Promotion geholfen haben. 

Insbesondere danke ich meinem Doktorvater und Betreuer Prof. Dr. Imre Vida, der 

mich seitdem ich 2015 in seinem Institut anfing stets unterstützt hat, in schwierigen 

Phasen seine Hilfe anbot und damit maßgeblich am Abschluss dieser Dissertation 

beteiligt war. Aber auch den anderen Mitgliedern der Arbeitsgruppe danke ich sehr. 

Vor allem Dr. Sabine Grosser und Alix Guinet, die nicht nur bei der Arbeit 

unterstützten, sondern beide durch ihre freundliche und humorvolle Art die Zeit im 

Labor stets angenehm gestalteten. Auch danke ich Claudius Degro, der mich in der 

ersten Zeit eingearbeitet hat und Dr. Agnieszka Münster-Wandowski, die mich schon 

früh an einem ihrer Projekte mitarbeiten ließ. 

Besonders möchte ich auch meinen engen Freundinnen und Freunden danken, dass 

sie immer da waren. 

Und zuletzt, aber besonders stark, danke ich meinen Eltern und meinem Bruder, die 

mich während der Promotionszeit, aber natürlich auch unabhängig davon, stets in 

allen Belangen unterstützten. 

 

Felix Bolduan, Dezember 2020 

 

 

 

 

 

 

 

 

 

 

 

 


