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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 neurowissenschatftlicher Studien und Klassifikationen.
Aufwandige Methoden, wie intrazellulare Biozytinfarbung in frischen Gehirnschnitten
und Immunfluoreszenzfarbungen kombiniert mit konfokaler Mikroskopie werden
hierfir benutzt. Diese Arbeit zeigt, dass jene Techniken sowohl fur die SNAP47
Protein Verteilung in Hippocampi von Mausen und Ratten als auch fur
morphologische Analysen humaner, kortikaler Nervenzellen benutzt werden kdnnen.
Auch wenn diese Methoden prazise Ergebnisse liefern, bleibt ein bedeutendes
Artefakt in morphologischen Analysen bestehen: Die Reduktion der Schnittdicke
(Schrumpfen) durch konventionelles Einbetten unter Deckglasern. Diese Dissertation
beschreibt den zeitlichen Verlauf dieses Artefakts und den Einfluss auf
morphologische Parameter. Es wird dargestellt, dass dieser Einfluss nicht durch
gewohnlich 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 Prazision
morphologischer Untersuchungen in hohem Mal3e gesteigert werden.



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 Ramén y Cajal performed first morphological
studies of Golgi-stained neurons (Ramoén 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.



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 agueous-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



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), KCI (2.5), NaHCOs (25), NaH2POa4 (1.25),
Glucose (25), Sucrose (75), Naz-Pyruvate (1), Naz-Ascorbate (1), MgClz (7), CaClz
(0.5)]. 300um 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 — Universitatsmedizin 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

6



[(containing (in mM): NMDG (93), HCI (93), KCI (2.5), NaH2PO4 (1.2), NaHCO3 (30),
MgSO0Oa4 (10), CaClz2 (0.5), HEPES (20), glucose (25), Na-L-ascorbate (5), thiourea (2),
Na-pyruvate (3)], choline solution [containing (in mM) Choline chloride (110), KCI
(2.5), NaH2POa4 (1.25), NaHCOs3 (26), MgCl2 (7), CaClz (0.5), 15 glucose (10), Na-L-
ascorbate (11.6), Na-pyruvate (3.1)] or SACSF [containing (in mM) NacCl (87),
NaH2PO4 (1.25), KCI (2.5), CaClz (0.5), MgCl2 (3) Glucose (10), NaHCOs3 (25),
Sucrose (75)] within 10-40min to the laboratory. After removal of the pia, tissue was
cut into 300um 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), KCI (2.5), NaH2POa4 (1.25), NaHCO3 (25), MgClz (1),
CaClz (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), KCI (2.5), NaHCOs (25),
NaH2POa4 (1.25), Glucose (25), Naz-Pyruvate (1), Naz-Ascorbate (1), MgClz (1), CaClz
(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), KCI (10), MgCl2 (2), EGTA (10), HEPES (10), Naz-ATP (2),
Naz2-GTP (0.3), Naz-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), KCI (20), Mg-ATP (4), Naz-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 um thick custom-made metal spacer (wh Minzprifer, Berlin,
Germany). One coverslip was glued with cyanoacrylate (Uhu, Buhl, 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 300um 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
SNAPA47 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, Ml).

Afterwards, the coronal tissue blocks were cut at 20 um 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%NaNs3 in PB for 1 hour at room temperature. Subsequently, the primary
antibodies (anti- SNAP47, Synaptic System, Gottingen, 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 (whMunzprtfer, 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 1um steps for the human
neurons or 0.5um 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

10



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 um 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

FIJl/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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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 SNAPA47 (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
pum; insets, 20 ym. (adapted from Munster-
Wandowski et al., 2017)
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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 CAL (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 um; insets,
20 pym. (adapted from Munster-Wandowski et al., 2017)

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
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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
SNAPA47 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)

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
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Pia \ | (representative result: Fig. 4). This
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for any following analyses, i.e. estimation of
L2/3 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 850um
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

Figure 4: Reconstruction of a L2/3 pyramidal - soma with a length constant (Asteady) of
neuron

_ _ 195um and, reversely, back-propagating
Intracellular stained L2/3 human pyramidal

neuron 1130pm below the pial surface (black action potentials (bAPs) with a Abap of 290
line). Dashed lines represent the cortical
layer borders. (Adapted from Gidon et al.,

2020) much strong attenuation of electrical activity

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

to and from distally located synapses that
active intrinsic properties are required to compensate for that. These active intrinsic
properties were dendritic Ca?* 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
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slices (300um). 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 300um thick acute slices embedded in a
polymerizing agueous 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 300um 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 um), whereas slices with metal (n=8) or agar
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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 300um 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;
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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
SNAPA47 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.
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Abstract

The morphological structure of neurons provides the basis for their functions and is a major focus of contemporary neuro-
science studies. Intracellular staining of single cells in acute slices is a well-established approach, offering high-resolution
information on neuronal morphology, complementing their physiology. Despite major technical advances, however, a com-
mon histological artifact often precludes precise morphological analysis: shrinkage of the sampled tissue after embedding for
microscopy. Here, we describe a new approach using a metal spacer, sandwiched between two coverslips to reduce shrink-
age of whole-mount slice preparations during embedding with aqueous mounting medium under a coverslip. This approach
additionally allows imaging the slices from both sides to obtain better quality images of deeper structures. We demonstrate
that the use of this spacer system can efficiently and stably reduce the shrinkage of slices, whereas conventional embedding
methods without spacer or with agar spacer cause severe, progressive shrinkage after embedding. We further show that the
shrinkage of slices is not uniform and artifacts in morphology and anatomical parameters produced cannot be compensated
using linear correction algorithms. Our study, thus, emphasizes the importance of preventing the deformation of slice prepa-
rations and offers an effective means for reducing shrinkage and associated artifacts during embedding.

Keywords Acute brain slice - Single cell morphology - Biocytin labeling - Histology - Tissue shrinkage - Confocal imaging

Introduction

The morphology of neurons provides the structural frame-
work for their functions, including the integration of syn-
aptic inputs and the generation of action potentials (Kasper
et al. 1994; Norenberg et al. 2010; DeFelipe et al. 2013; de
Sousa et al. 2015; Gulledge and Bravo, 2016; Mihaljevic
et al. 2018). Indeed, from Cajal’s morphological studies
of Golgi stained neurons (Ramén y Cajal 1909, 1911) up
to today’s high-resolution confocal images of genetically
identified and biocytin stained neurons (Bartos et al. 2002;
Thomson and Armstrong 2011; Booker et al. 2014), ana-
tomical investigations offered important insights for the
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understanding of the physiological and circuit functions of
neurons and also provided essential data for computational
analysis (Traub et al. 1994; Major et al. 1994; Norenberg
et al. 2010; Gidon et al. 2020). While identification, labeling
and imaging of neurons have shown substantial advances in
recent decades, a major technical problem of morphological
analysis remains: the shrinkage of tissue during histological
processing and embedding.

Processing of tissue sections or acute slice material by
applying conventional methods leads to a strong reduction
in their overall dimensions, in particular, in their thickness
along the ‘z-axis’ (the axis perpendicular to the cut surfaces
of the slice or section). This deformation of the tissue has
a substantial impact on the morphology of the neurons
observed under the microscope and, consequently, also on
their reconstructions and derived anatomical parameters. In
fact, z-shrinkage has been previously recognized and found
to be highly dependent on the histological processing and
embedding: histological procedures which include drying
or dehydration of the tissue cause severe shrinkage (Pyapali
etal. 1998; Hellwig 2000; Marx et al. 2012). Avoiding such
steps in the processing and the use of aqueous mounting
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media can help to eliminate shrinkage during processing;
nevertheless the slices show shrinkage after they are embed-
ded under a coverslip (Egger et al. 2008; Swietek et al.
2016).

To prevent this shrinkage, agar spacers between glass
slide and coverslip were used in some studies (Booker et al.
2014; Degro et al. 2015). However, the long-term stability of
this soft spacer has not been examined. In fact, the process
of shrinkage in general has remained poorly characterized.
Its precise degree and time course are not known as previous
investigations examined only a single and often not well-
defined time point (Pyapali et al. 1998; Egger et al. 2008).
Furthermore, the impact of shrinkage on neuronal morphol-
ogy and anatomical parameters are unknown: assuming a
uniform, linear shrinkage, correction factors have been
employed to three-dimensional (3D) reconstructions in some
studies in order to compensate for the distortion effects (Pya-
pali et al. 1998; Hellwig 2000; Degro et al. 2015). However,
there is no evidence that such compensation is, indeed, an
adequate approach for shrinkage correction.

Here, we describe a new approach using a metal spacer to
minimize tissue shrinkage in fixed brain slices. By compar-
ing embedding with metal spacers to other commonly used
methods we demonstrate that metal spacers markedly reduce
tissue shrinkage over time. Our analysis further reveals that
z-shrinkage during conventional embedding produces non-
uniform distortions in the slices and neuronal morphology,
which cannot be adequately compensated by common linear
methods. Thus, prevention of tissue shrinkage is essential in
minimizing measurement errors in anatomical parameters in
mounted slices.

Methods
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 obtaining whole-
cell recordings and examining the shrinkage of acute brain
slices, rat hippocampal slices were made and processed as
previously described (Booker et al. 2014). In brief, brains
were quickly dissected from decapitated rats (male and
female Wistar-VGAT-Venus-A rats, P21-P25) after deep iso-
fluran anesthesia (3%) and were put into carbogenated (95%
0,/5% CO,), semi-frozen, sucrose-based artificial cerebro-
spinal fluid (SACSF, in mM: 87 NaCl, 2.5 KCl, 25 NaHCO,,
1.25 NaH,PO,, 25 Glucose, 75 Sucrose, 1 Na,-Pyruvate,
1 Na,-Ascorbate, 7 MgCl,, 0.5 CaCl,). Horizontal slices
(300 pm) were subsequently cut from the hippocampal for-
mation using a vibratome (VT1200s, Leica, Germany). The
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slices were transferred to carbogenated SACSF (34 °C) and
left there for 30 min to recover. Afterwards, the slices were
stored at room temperature in SACSF until further proce-
dures. For analysis of shrinkage, slices were directly fixed
with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer
(PB) overnight at 4 °C.

Whole-cell recording, intracellular filling
and visualization of neurons

To examine the impact of shrinkage on neuronal morphol-
ogy, whole-cell patch-clamp recordings were performed
in combination with intracellular filling in a submerged
recording chamber, perfused with carbogenated artificial
cerebrospinal fluid (ACSF, in mM: 125 NaCl, 2.5 KCl, 25
NaHCO;, 1.25 NaH,PO,, 25 Glucose, 1 Na,-Pyruvate, 1
Na,-Ascorbate, 1 MgCl,, 2 CaCl,) at a temperature of about
32 °C. Subicular pyramidal cells were visualized using an
upright microscope (BX-51WI, Olympus, Hamburg, Ger-
many) equipped with a digital camera (Zyla 5.5 sCMOS,
Andor—Oxford Instruments, Abingdon, UK). Recordings
were performed using a Multiclamp 700B amplifier (Molec-
ular Devices, San Jose, CA). Patch pipettes were pulled from
borosilicate glass capillaries (2 mm outer/1 mm inner diam-
eter, Hilgenberg, Germany) on a horizontal electrode puller
(P-97, Sutter Instruments, Novato, CA) and filled with an
intracellular solution (in mM: 130 k-gluconate, 10 KCl, 2
MgCl,, 10 EGTA, 10 HEPES, 2 Na,-ATP, 0.3 Na,-GTP,
1 Na,-creatinine, and 0.1% Biocytin; 290-310 mOsm). A
whole-cell recording was performed for at least 16 min to
ensure sufficient diffusion of the biocytin and filling the
cell’s somato-dendritic domain (Marx et al. 2012).

At the end of the recording, the pipette was carefully
removed from the cell to form an outside-out patch and the
slice instantly transferred to a 4% PFA containing 0.1 M PB
based solution. After overnight fixation at 4 °C, slices were
repeatedly rinsed in PB for at least 1 h and incubated with
AlexaFlour 647-conjugated streptavidin (1:1000, Invitrogen,
Eugene, OR) diluted in 0.1 M PB containing 0.05% NaN3
and 0.5% Triton-X overnight at 4 °C. The slices were subse-
quently rinsed repeatedly in PB before embedding.

Embedding procedures for acute slices

Slices were embedded in a solidifying aqueous mounting
medium (Fluoromount-G, Southern Biotech, Birmingham,
AL) using three different approaches:

(1) For the conventional embedding method, the slices
were mounted on a standard glass slide without any
spacer and a coverslip placed on top. Care was taken
to mount the slices with the recorded neurons (i.e. their
somata) closer the upper surface when placed on the
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glass slides. Finally, coverslips were sealed with nail
polish.

(2) To prevent shrinkage of the mounted slice, the conven-
tional embedding procedure was modified by adding a
300 pm thick agar spacer between slide and coverslip
(Booker et al. 2014; Degro et al. 2015). To produce
these spacers, agar (4%; Formedium Ltd, Hunstanton,
UK) was diluted in 0.1 M PB and heated up to 90 °C.
After cooling down, a solid block was formed, which
was cut to the size of the coverslips (24 X 24 mm) and
sectioned at 300 um on a vibratome. Finally, a round
hole with a diameter of 8 mm was stamped into the
middle of the spacers. The spacers were collected
and stored in 0.1 M PB until usage to prevent them
from drying out.

(3) In the new embedding approach, the agar spacer was
replaced by a 300 um thick metal spacer (Fig. 1). The
metal spacer was made of stainless steel and had rec-
tangular form with measures also defined by the cov-
erslips, but exceeding those by a few millimeters in all
directions (42X 26 mm) to enable a stable contact and
sealing with nail polish. The spacer had a round hole
with a diameter of 15 mm in their center. The spacers
were sourced from a commercial provider for custom-
made metal objects (wh Miinzpriifer, Berlin, Germany).
For the embedding, one coverslip was glued onto the
metal spacer using cyanoacrylate (UHU, Biihl, Ger-
many), serving as a bottom plate during the mount-
ing. After mounting the slice in the aqueous mounting
medium, a second coverslip was carefully placed on
the top of the assembly, making sure that no air was
trapped, and sealed with nail polish.

Confocal imaging, 3D reconstruction
and morphological analysis of neurons

Imaging of neurons was performed using a laser scanning
confocal microscope (FluoView FV 1000, Olympus, Ham-
burg, Germany) with a 30 Xsilicone oil-immersion objec-
tive (N.A. 1.05; Olympus). To image slices embedded with
metal spacers on the microscope stage, a custom-made
adapter (Fig. la) was obtained from the commercial pro-
vider (wh Miinzpriifer). Image stacks were acquired at a xy-
resolution of 1024 X 1024 (2 ps pixel dwell time; pixel size:
0.414 pm) and 0.5 pum steps along the vertical z-axis. To
improve imaging for deeper parts of the slices embedded
with metal spacers, they were imaged first from the upper
surface to the middle of the slice and subsequently from the
bottom surface to the middle of the slice by flipping them in
the adapter for the microscope stage. For selected neurons,
high-resolution images of dendritic segments were per-
formed using a 60 X silicone oil-immersion objective (N.A.
1.3) at 2048 x 2048 resolution (2 ps pixel dwell time; pixel
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size: 0.207 um) and 0.05 pum steps between imaging planes
along the z-axis.

Obtained image stacks were registered and stitched using
the ‘3D stitching’ plug-in (Preibisch et al. 2009) of the Fiji/
Imagel] software package (https://fiji.sc/; Schindelin et al.
2012). 3D reconstructions were made from stitched image
stacks using the ‘Simple neurite tracer’ plug-in (Longair
et al. 2011) in Fiji or the Neutube software package (Feng
et al. 2015). Reconstructed morphologies were stored as
SWC files (Cannon et al. 1998).

Morphological analysis of the reconstructed neurons was
performed in the NEURON software environment (Hines
and Carnevale, 1997) using custom written ‘hoc’ scripts
(Degro et al. 2015). Neuronal morphologies were imported
using the ‘import3d’ tool package. To reduce the ragged-
ness of reconstructed neuronal process trajectories, which
is inherent to reconstructions made by the ‘Simple neurite
tracer’ plug-in, in particular along the z-axis, a Gaussian spa-
tial filter was applied (3-point window, single run in the xy-
plane and 15 iterations for values along the z-axis). Z-shrink-
age compensation was accomplished by using a correction
factor applied to the z-coordinates of the reconstructed neu-
ronal structure. The correction factor was determined by
calculating the quotient of the original nominal thickness
(300 um) and the measured thickness of the shrunken slices.

Measurement of z-shrinkage of embedded slices

The thickness of the embedded slice was measured on the
laser scanning confocal microscope (FluoView FV1000,
Olympus) with an 30 X objective. Boundaries of the slice
could easily be identified due to the non-specific background
fluorescence of the tissue. The table’s vertical travel between
top and bottom views of the slice was measured and taken
as the thickness (Dorph-Petersen et al. 2001). First measure-
ments of slice thickness were made 3 h after embedding,
followed by measurements at distinct time points for up to
2 months. The slice thickness was always measured in the
same region, at the crest of the granular cell layer of the
dentate gyrus. Shrinkage was calculated as the difference of
the measured and the nominal thickness (300 um) expressed
as percentage of the nominal value.

Analysis of the impact of shrinkage
on the intracellular filled neurons

To analyze the impact of shrinkage with the different
embedding approaches, slices (n =6) were first embedded
with a metal spacer, and subsequently re-embedded fol-
lowing the conventional approach without a spacer. The
slices were imaged 2-5 days after embedding with the
metal spacer, to obtain a set of reference images and recon-
structions of the neurons in this minimally shrunken state.
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«Fig.1 Embedding of acute slices with the metal spacer system for
light microscopic analysis minimizes shrinkage and improves image
quality. a Schematic representation of the embedding process using
the metal spacer system. The 300 um thick metal spacer (left) and a
fixed brain slice are sandwiched between two glass coverslips with
a solidifying aqueous mounting medium (middle). A custom-made
adapter is required for imaging the embedded slices (right). b, ¢
Orthogonal projections of a full confocal image stack of a subicular
pyramidal neuron onto the xy- (top surface) and the yz-planes (front
surface) embedded with a metal spacer (b) and following the conven-
tional embedding approach without a spacer (c). Note the substantial
shrinkage and the weak signal in the deeper parts of the slice after
conventional embedding. d Projection of the confocal image stack of
another subicular pyramidal neuron onto the xy-plane embedded with
a metal spacer. e-h High-resolution images of a dendritic segment
(rectangle in d) embedded first with the metal spacer (e, f) and after
re-embedding following the conventional approach without a spacer
(g, h) viewed in xy- (e, g) and in yz-projections (f, h). The image in
panel h was compensated for shrinkage for better comparison with
panel f. Note the reduced detail of the contours of the dendrite and
the absence of some spines (arrows in h and g) in the yz-plane after
conventional embedding

The second imaging session was performed 11-14 days
after re-embedding without spacer, to obtain images and
reconstructions in a strongly shrunken state. Comparative
dendritic length measurements were made with and with-
out linear compensation for shrinkage (Degro et al. 2015),
performed on the reconstructed neurons in the NEURON
software package (see above).

To assess the effect of embedding on the slices in the
xy-plane, the z-values of the 3D neuronal structures were
set to zero and the total dendritic lengths of the flattened
neurons were determined for the two conditions. To
directly measure dimensional changes in xy-plane, photo-
micrographs of slices (n=4) were made in the recording
chamber at day 4 after embedding with the metal spacer
and subsequently 14 days after re-embedding the slices
without a spacer. Measurements of distances between
selected landmarks in the plane of the slices were made
in these sets of photomicrographs and the changes in dis-
tances normalized to their values obtained in the record-
ing chamber. Additionally, lengths of dendritic segments
projected in xy-plane were measured and compared for the
two embedding conditions: with metal spacer and after
re-embedding without spacer.

To assess if shrinkage was uniform along the z-axis in
the slices, pairs of image stacks were analyzed. Projections
of the two sets of image stacks were made in the yz-plane
and the z-dimension of corresponding dendritic segments
measured in the upper, the middle and the lower thirds of
the slices. The difference of the two measurements, nor-
malized to the value of the first measurement, was taken
as the degree of differential shrinkage. As slices embedded
with the metal spacer showed a small (<4%), but consistent
shrinkage along the z-axis at the time point of the imaging,
the values calculated are underestimates of the full scale
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of shrinkage. In view of the large difference, however, we
consider these estimates as representative for the process.

Statistics

Statistical analysis was performed using Graphpad Prism
version 7 (GraphPad Software, San Diego, CA). Time series
of slice thickness for the different embedding methods were
compared with a two-way ANOVA for repeated measures.
Comparisons of slice thickness for the three conditions at
given time points as well as the degree of shrinkage in dis-
tinct depths of the slices were made using one-way analy-
ses of variance (ANOVA) with Bonferroni correction for
multiple comparisons. Paired data were compared with Wil-
coxon signed rank tests. Values are indicated as mean+ SD
throughout. Statistical significance was assumed if p <0.05.

Results
Description of the metal spacer system

To minimize shrinkage along the z-axis of acute slices after
embedding, we developed a method using a metal spacer
(Fig. 1). The metal spacer had a thickness equal to that of the
slices (nominal 300 pm) typically used in electrophysiologi-
cal recordings and had a rectangular shape (42 X26 mm),
exceeding slightly the size of the coverslips (24 X 24 mm)
(Fig. 1a). To provide sufficient space for mounting slices, we
opted for a large, central round opening (15 mm). We chose
a spacer design that permits slices to be mounted between
two coverslips of high optical quality, rather than between a
single coverslip and glass slide, which is the current stand-
ard. This design requires a special adapter for imaging on a
regular microscope stage, but enables imaging of the embed-
ded slice from both sides (Fig. 1a). Thus, a better signal can
be achieved in the depth and imaging of the full extent of the
slice is possible when using objectives with short working
distances by flipping the slices embedded with the metal
spacer in the adapter.

Indeed, slices embedded using the metal spacer preserved
their thickness well and showed a higher intensity of labeled
structures (e.g. dendrites) and a better signal to noise ratio in
their bottom halves when imaged from both sides (Fig. 1b)
in comparison to the image stacks made 10-14 days after
re-mounting the slices conventionally on a commonly used
glass slide without a spacer imaged from the top (Fig. 1c).
Images of dendritic segments in slices embedded with the
metal spacer also captured more detail of their morphology
when compared to image stacks made after re-embedding
with the conventional approach (Fig. 1d-h). While differ-
ences between the pairs of image sets were not prominent
in the xy-plane (Fig. le, g), they were very obvious in side
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views, e.g. in projections onto the yz-plane, revealing more
detail of the contours of dendrites and more spines above
and below the dendritic segments with the metal spacer
(Fig. 1f) than after re-embedding without a spacer (Fig. 1h).
In fact, counting the number of spines on dendritic seg-
ments and calculating their density in projection onto the
xy-plane delivered matching results for the two embedding
states (0.85+0.17 um™!, vs. 0.8 +£0.12 um™!, 8 dendritic
segments, for metal spacer and conventional embedding,
respectively, p=0.312, Wilcoxon signed rank test, Online
Resource 1la, b), whereas the estimated density was mark-
edly lower in projections onto the yz-plane with the conven-
tional embedding (0.41+0.18 um™') than with the metal
spacer (0.62+0.14 um™!, p=0.016, Wilcoxon signed rank
test, Online Resource 1c,d). Convergently, when applying a
3-d counting approach in the corresponding image stacks,
the spine density was underestimated by 16% in slices

a
Fixed
slice @
300 pm

Conventional Agar spacer

Measurement of slice thickness at distinct points of time

Fig.2 The rapid and strong shrinkage of fixed brain slices observed
after conventional embedding is minimized by the metal spacer. a
Schematic representation of the embedding of the acute slices using
three alternative approaches: (1) conventional embedding method
without any spacer on a normal glass slide with a coverslip (left arm),
(2) a modified version using a 300 um thick agar spacer between
slide and coverslip (middle), and (3) using the metal spacer (right).
b Summary graph of the average slice thickness plotted over time
after embedding with the metal spacer (red circles, 8 slices), follow-
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Metal spacer

embedded with the conventional method (1.25 +0.19 um™~!
vs. 1.05+0.16 um™!, respectively, p =0.0078, Wilcoxon
signed rank test, Online Resource le), indicating that shrink-
age-induced reduction in physical resolution along the opti-
cal axis can result in underestimates of spine densities in
slices with conventional embedding.

The metal spacer can minimize the shrinkage
of embedded slices

To evaluate the long-term effectiveness of the metal spacer
for preventing slice shrinkage, we next assessed the time
course of changes in the thickness of acute slices (nomi-
nal 300 um) embedded in a solidifying aqueous mount-
ing medium using three different approaches (Fig. 2a): (1)
without any spacer on a regular glass slide with a cover-
slip (conventional method), (2) a modified version using a
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3 days. Error bars indicate standard deviation; statistical significance:
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300 um thick agar spacer between slide and coverslip, and
(3) using the 300 um thick metal spacer system. The first
measurements of slice thickness were performed on a con-
focal microscope three hours after embedding (Fig. 2b).
Slices embedded without spacer (n=11) shrunk substan-
tially by about 22.1 + 8.1% in their thickness already at this
early time point. In contrast, slices with metal (n =8) or agar
spacer (n= 14) showed only minimal shrinkage of 3.9 +4.8%
and 2.6 +5.0% along the z-axis, respectively (p <0.0001,
ANOVA with Bonferroni correction for multiple compari-
sons). Thus, there is strong reduction in the thickness of
the slices taking place in the first hours after embedding
using the conventional approach, but both types of spacer
are effective in minimizing this initial shrinking.

The shrinking process of the conventionally embedded
slices continued in the following days and weeks, albeit at
a progressively decelerating rate and approached asymp-
totic levels beyond 2 months (Fig. 2b). The thickness of the
slices was found to be reduced by 49.4 +6.1% when meas-
ured 75 days after embedding (Fig. 2b). Slices embedded
with the spacers also continued to shrink, but depending
on the type, they showed highly divergent temporal dynam-
ics and reached different asymptotic levels. Slices embed-
ded with the metal spacer shrunk slowly and moderately,
losing only 16.3 +8.9% of their thickness when measured
after 75 days (Fig. 2b). In contrast, slices with agar spacer
showed an accelerated and strong shrinkage, reaching a
mean of 67.4 +9.0% by the same time point (Fig. 2b). In
fact, although agar spacer could prevent the initial shrinkage,
the reduction in the thickness of those slices progressed very
rapidly in the first days (Fig. 2c) and was equal to that of
conventional embedded slices already at day 3 (32.2+17.1%
vs. 31.9+8.1%) and exceeded that by day 6 post-embed-
ding (40.5+21.6% vs. 32.1+7.4%). In comparison, slices
embedded with metal spacer showed a z-shrinkage of only
8.4+ 8.5% at day 6 post-embedding (p =0.0004, ANOVA
with Bonferroni correction for multiple comparisons,
Fig. 2¢).

In summary, the use of metal spacers can efficiently mini-
mize shrinkage, offering a major improvement over conven-
tional embedding methods. In contrast, while agar spacer
can prevent the initial shrinkage during the first hours after
embedding, they are not useful to minimize shrinkage on
longer time scales and, in fact, strongly promote shrinkage
beyond 1 week.

Shrinkage has an impact on reconstructed structure
and anatomical parameters of labeled neurons

Prior morphological studies assumed a uniform slice
shrinkage and used linear correction factors to compensate
its impact on reconstructions (Pyapali et al. 1998; Hellwig,
2000; Marx et al. 2012). Therefore, we next addressed how
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the morphology of filled neurons changes due to shrinkage
and whether it was possible to compensate their deforma-
tion by applying a linear correction factor.

To obtain neuronal morphologies, we performed whole-
cell patch-clamp recordings in combination with intracel-
lular biocytin labeling of pyramidal cells in 300 um thick
acute hippocampal slices (Fig. 3). After histological pro-
cessing and visualization of the neurons, the slices were
embedded first with a metal spacer (Fig. 3a) and imaged
on a confocal microscope within 2-5 days (Fig. 3b). Neu-
ronal morphologies were reconstructed using the simple
neurite tracer plug-in (Longair et al. 2011) in the Fiji
software package (Fig. 3c). Subsequently, the slices were
removed from the metal spacer system and re-embedded
following the conventional approach without a spacer
(Fig. 3a); 11-14 days after re-embedding, the neurons
were imaged (Fig. 3d) and reconstructed anew (Fig. 3e).
This way we obtained full image sets and reconstructions
of the somato-dendritic domains of six pyramidal cells in
a minimally shrunken state (embedded with metal spacer)
and a strongly shrunken state (conventional embedding).
Finally, to compensate for the difference in the shrinkage
between the two embedding states, a linear correction fac-
tor was applied to the z-coordinates of the second recon-
struction (Fig. 3f). The correction factor was calculated
as the quotient of the measured thickness for each slice
mounted with metal spacer and the corresponding value
obtained after re-embedding without spacer.

When visually compared, there were no major differences
when the pairs of image stacks or 3D-reconstructions were
projected onto the xy-plane (i.e. viewed from the top surface
of the slices). In contrast, the impact of shrinkage on den-
dritic morphology was very obvious when the stacks and
reconstructions were projected onto the yz-plane (i.e. viewed
from the side, Fig. 3b, ¢ versus Fig. 3d, e). Consistent with
the differential shrinkage described above, the thickness of
the slices after re-embedding without spacer was reduced by
42.0+4.6% relative to the values measured during the first
embedding using the metal spacer.

To analyze the impact of z-shrinkage on anatomical
parameters, the total dendritic length of the neurons was
calculated and compared between the two reconstructions
for each neuron. This comparison demonstrated that the
total dendritic lengths were consistently lower by a factor
of 5.7+ 1.2% on average in the reconstructions obtained
after the re-embedding (p =0.03, Wilcoxon signed rank
test, Fig. 3g, h), confirming that shrinkage causes an alter-
ation in morphological parameters. However, this differ-
ence was not corrected well when we attempted to com-
pensate for shrinkage in the second set of reconstructions
by applying the linear correction factor to the z-coordi-
nates. With this correction, the total dendritic lengths were
consistently higher by 6.8 +1.8%, than those obtained for
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«Fig.3 The impact of shrinkage on the morphology of intracellularly
labeled neurons. a Schematic representation of the procedure analyz-
ing the impact of shrinkage on neuronal morphology, which includes
a first embedding with a metal spacer followed by confocal imaging
and a re-embedding without a spacer (2. Embedding, Conventional)
and repetition of the confocal imaging with a delay of 11-14 days.
b—f Morphological data of a representative pyramidal cell under the
different embedding conditions. yz-Projections of the confocal image
stacks obtained from the slice embedded with the metal spacer (b)
and after re-embedding without spacer (d). Full 3D reconstructions
of the neuron viewed in the yz-projection made from the image stacks
with metal spacer (¢) and without spacer (e), and the latter recon-
struction after correction for shrinkage along the z-axis (f). g Plot of
the total dendritic lengths of 6 neurons measured in reconstructions
made with metal spacer (red circles), in reconstructions made after
re-embedding without spacer (blue squares) and after linear shrink-
age correction was applied to the second set of reconstructions (cyan
triangles). Lines connect data points representing measurements
from the same neuron. h Summary bar chart of the dendritic lengths
measured in the reconstructions made after conventional embedding
(blue bar) and after linear shrinkage correction was applied (cyan
bar), normalized to the corresponding lengths measured in recon-
structions with metal spacer. i Summary bar chart of the degree of
shrinkage of dendritic segments in the vertical dimension (z-shrink-
age) in the upper, middle and lower thirds of slices. Measurements of
the z-dimension of dendritic segments (15 dendrites from 3 slices for
each depth) were made in image stacks obtained after conventional
embedding and normalized to the corresponding values measured
with the metal spacer. Error bars indicate standard deviation; statisti-
cal significance: *p <0.05

the first reconstructions with the metal spacer (p =0.03;
Wilcoxon signed rank test, Fig. 3g, h).

To test if the reconstruction algorithm was not intro-
ducing errors in this evaluation, we generated a second
set of reconstructions from the same image stacks using
Neutube as reconstruction software (Feng et al. 2015). The
total dendritic lengths measured in these reconstructions
(Online Resource 2) were slightly smaller than those in
the reconstructions made in Fiji, plausibly due to the lower
level of spatial noise produced along the dendritic axes by
the algorithms used in Neutube (see “Methods”). Never-
theless, when the second reconstructions of the neurons,
obtained from the conventional embedding, were com-
pared with the first ones, obtained from embedding with
metal spacer, the total dendritic lengths were found again
to be consistently smaller by a factor of 5.5 +1.3% on aver-
age (p=0.03, Wilcoxon signed rank test, Online Resource
2a, b). Furthermore, the total dendritic lengths from the
corrected reconstructions exceeded the corresponding val-
ues with metal spacer by 7.8 +2.0% (p =0.03, Wilcoxon
signed rank test, Online Resource 2a, b). These findings
convergingly suggest that effects of shrinkage on the neu-
ronal morphology cannot be properly compensated, plausi-
bly, because the shrinkage is not uniform and/or the slices
may suffer additional deformation during conventional
embedding without a spacer.
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Shrinkage is not uniform across the depth
of the slices

To investigate these possibilities, we examined first if there
was any evidence for a non-uniform shrinkage. We made
measurements of dendritic segments, which were primar-
ily oriented along the z-axis, in the two pairs of confo-
cal image stacks obtained with the metal spacer and after
re-embedding. For each slice, three sets of samples were
collected corresponding to the upper, the middle and the
lower third along the z-axis of the slices in order to estimate
and compare the degree of shrinkage at different depths.
Evaluation of these samples showed that the shrinkage was
affecting the z-dimension of dendritic segments on aver-
age by 45.1+14.2% in the top, 30.4+11.7% in the middle,
and 44.3 + 14.8% in the bottom third of the slices (p=0.01,
ANOVA with Bonferroni correction for multiple compari-
sons, 15 dendritic segments in each sample from 3 slices,
Fig. 3i). Thus, the shrinkage was found to be stronger closer
to the upper and lower surfaces of the slices than in their
middle. To further confirm this notion, we made additional
measurements in the top and bottom 20% of the slices and
found that shrinkage in these marginal zones of the slices
reached 61.3+9.1% (ten dendritic segments in the top or
bottom 20% in two slices). These results clearly indicate a
non-uniform, non-linear shrinkage of the slices along the
z-axis, which renders linear compensation impossible.

Shrinkage is accompanied by a moderate dilation
in the xy-plane of the slices

Next, we tested if the reconstructions showed evidence of
deformation in the xy-plane. For this, we first projected all
reconstructions into the xy-plane by setting all z values to
zero, thus, reducing them from 3D to 2D ones. In these flat-
tened reconstructions, we repeated the comparison of the
2D-dendritic lengths between the two consecutive recon-
structions for each neuron. The comparison revealed that
in the second reconstructions, made after the re-embedding
with no spacer, the total 2D-dendritic lengths was consist-
ently larger by a factor of 5.2 +2.3% on average than in the
first ones (p =0.03, Wilcoxon signed rank test, six neurons;
Fig. 4a, b), suggesting that while the slices suffered a sub-
stantial shrinkage along the z-axis, they also showed a mod-
erate dilation in the xy-plane after re-embedding with the
conventional method.

To confirm this result, we made measurements of den-
dritic segments in the pairs of confocal image stacks and
compared their xy-dimensions for the two embedding states:
in the second set of image stacks with no spacer, the sampled
dendritic segments had larger xy-dimensions when compared
to their dimensions in the first set of image stacks made
with the metal spacer by a factor of 8.2+6.1% on average
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Fig.4 Dimensional changes in the xy-plane of the slices after embed-
ding. a Summary plot of the 2D-dendritic lengths of 6 neurons meas-
ured in the xy-dimensions of reconstructions made with metal spacer
(red circles) and after re-embedding without spacer (blue squares). b
Normalized dendritic length in the xy-dimensions of reconstructions
made after conventional embedding (blue bar) calculated relative to
the length in the reconstructions with metal spacer. ¢ Summary plot
of distances between landmarks (13 pairs in 4 slices) in the xy-plane
measured in photomicrographs of the slices made in the recording
chamber (open triangles), at day 4 after embedding with the metal
spacer system (red circles) and 14 days after re-embedding without
spacer (blue squares). d Summary bar chart of landmark distances in
the xy-plane measured in the slices made with the metal spacer (red
bar) and after re-embedding without spacer (blue bar) normalized to
the corresponding distances in the recording chamber (16 sets of dis-
tances in 4 slices). Error bars indicate standard deviation; statistical
significance: *p <0.05, ***p <0.001

(» <0.0001, Wilcoxon signed rank test, 110 dendritic seg-
ments from 4 pairs of image stacks, Online Resource 3a, b).

Finally, to assess the dilation of the slices directly, we
have made photomicrographs of a set of slices, first, in the
recording chamber, second, at day 4 after embedding with
the metal spacer and, finally, 14 days after re-embedding the
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slices without a spacer. Measurements of distances between
landmarks in the plane of the slices (i.e. in the xy-plane)
showed that their dimensions were minimally reduced, by
a factor of 2.9+ 3.6% on average, when they were mounted
and imaged with the metal spacer relative to their dimen-
sions in the recording chamber (p=0.01, Wilcoxon signed
rank test, 16 sets of measurements in 4 slices; Fig. 4c, d).
In contrast, when re-embedded without a spacer, the slices
showed a dilation of 4.2 +5.5% relative to their dimensions
in the recording chamber (p =0.02, Wilcoxon signed rank
test, Fig. 4c, d).

In summary, our analysis of the neuronal morphologies
obtained with the two different embedding method demon-
strate that shrinkage with conventional embedding is not uni-
form along the z-axis and the slices suffer additional defor-
mation in the form of dilation in the xy-plane. Therefore, the
use of a linear correction factor applied to the z-axis cannot
properly compensate for morphological errors produced by
the shrinkage process and may even accentuate some aspects
of the deformations observed with conventional embedding.

Discussion

Here, we describe a new method for the embedding of acute
brain slices with intracellularly labeled neurons and show
that the use of a metal spacer can effectively minimize
shrinkage along the z-axis. We further demonstrated that
shrinkage with conventional embedding develops rapidly
and leads to a substantial reduction in the thickness of the
slices. Moreover, this massive shrinkage along the z-axis is
non-linear and accompanied by dilation in the xy-plane. The
impact of these non-uniform deformations on the morphol-
ogy and anatomical parameters cannot be compensated by
linear correction.

Rapid and strong shrinkage of slices
with conventional embedding

Histological procedures, which include drying and dehydra-
tion, have been shown to produce severe shrinkage of tis-
sue samples (Pyapali et al. 1998; Hellwig, 2000; Marx et al.
2012) unless the samples are postfixed using for example
osmium tetroxide to stabilize lipid membranes. A disadvan-
tage of postfixation with osmium, however, is that it leads
to strong opacity of the tissue, precluding light microscopic
investigations of thicker samples, such as the 300400 ym
acute brain slices used in combined electrophysiological and
morphological investigations. While re-sectioning of the
slices offers a solution to this problem, the time and work-
load involved is prohibitive for large series of samples and
not justified, unless light microscopy is routinely coupled
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with subsequent electron microscopic analysis (Gulyas et al.
1993; Vida et al. 1998).

Elimination of dehydration steps, combined with mount-
ing in an aqueous media, can reduce shrinkage during his-
tological processing. Protocols based on this approach for
the visualization of neurons in acute slices have been widely
established as a more efficient alternative. However, this
approach cannot prevent shrinkage of the slices after embed-
ding (Egger et al. 2008; Swietek et al. 2016). Indeed, our
data show that conventional embedding of slices, as whole
mounts without spacer, in aqueous media results in severe
shrinkage along the z-axis. The slices suffer a substantial
initial shrinkage already within a few hours after coverslip-
ping. The z-shrinkage continues at a high rate in the first
days after embedding, but progressively slows down in the
following weeks and reaches an asymptotic value of approxi-
mately 50% beyond 2 months. Reasons for this shrinkage are
most likely the weight of the coverslip and adhesive forces
between the glass surfaces and the mounting medium. Addi-
tionally, loss of water content can also contribute in the long
term. The effect of this deformation on cellular morphology
is a function of the direction of neurites: ones which run
perpendicular to the slice surface suffer the strongest reduc-
tion in length (Egger et al. 2008). Thus, depending on the
orientation of the dendrites and axons, some cells will be
more affected by this artifact than others.

To prevent shrinkage, an agar spacer has been introduced
between slide and coverslip in previous studies (see e.g.
Degro et al. 2015). However, we find now that, using such a
spacer, one can avoid the initial shrinkage, but cannot pre-
vent it in the long term. In fact, the shrinkage of slices with
agar spacer beyond 3—4 days becomes even stronger than
in slices embedded without spacer. The dramatic long-term
shrinkage (65-75%) with agar spacer was an unexpected
finding of our study and the reason for it is not clear. A
possible explanation is that water loss of the agar over time
could lead to volume loss of the spacer, producing additional
adhesive forces affecting the slice. Therefore, we recom-
mended the use of agar spacer only if imaging is performed
within a couple of hours after embedding, as a simple and
efficient way of temporarily preventing slice deformation.
If used in this manner, agar spacer is a cost effective alter-
native to the metal spacer, as the latter incurs material and
production costs.

Non-uniform deformation of embedded slices
affects neuronal morphology and anatomical
parameters

Assuming a uniform shrinking process, attempt has been
made to compensate arising morphological deformation by
applying a linear correction factor to 3D reconstructions
(Pyapali et al. 1998; Hellwig 2000; Marx et al. 2012; Degro
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etal. 2015). However, it is unknown if this compensation is
adequate at all. By imaging and reconstructing the same cells
twice, first with a metal spacer followed by an embedding
without a spacer, we examined the impact of z-shrinkage on
neuronal morphology and found evidence for a non-uniform
shrinkage along the z-axis and an associated dilation in the
xy-plane. These distortions significantly compromise the
fidelity of 3D-reconstructions and the derived morphologi-
cal parameters in a way that cannot be corrected by linear
methods: first, our results show that the strongest shrinkage
along the z-axis occurs closest to the top and bottom cut
surfaces of the slices. Non-linear, non-uniform shrinkage in
thin brain sections has been previously described in stereo-
logical studies (e.g. Gardella et al. 2003). More relevantly,
Egger et al. (2008) observed a similar pattern of non-linear
shrinkage in acute cortical slices, by comparing neuronal
structures imaged first in vitro and subsequently after a con-
ventional embedding procedure using aqueous mounting
medium. A major reason for the non-uniform shrinkage can
be that the superficial parts of the acute slices are more com-
pressible than deeper tissue, due to the damage caused by
the slicing procedure and the subsequent washout of debris
from these damaged layers (Egger et al. 2008). Addition-
ally, adhesive forces may differentially affect superficial and
deep parts of the slices once they are mounted. Thus, while
linear models, as a first-order approximation, may help to
assess shrinkage-induced morphological errors (Egger et al.
2008), they cannot fully eliminate these errors and will also
exaggerate differential deformation by undercompensating
z-axis shrinkage in superficial and overcompensating it in
the deep regions.

Second, our findings reveal that a moderate degree of
dilation in the xy-plane additionally impacts morphologi-
cal parameters, such as the dendritic length resulting in an
opposing effect. Beside similar histological procedures and
embedding, Egger et al (2008) did not find such dilation.
This could be due to the different mounting medium used
(Mowiol) in their study. This is supported by findings that,
depending on the precise composition of clearing solutions
used, tissue samples may show volume expansion, shrink-
age, or maintain their volume (Hama et al. 2011, 2015;
Kuwajima et al. 2013; Richardson and Lichtman, 2017).
The dilation, on one hand, can partially mask the effect of
shrinkage. On the other hand, it results in a systemic over-
estimate of dendritic length, when the linear correction is
applied to the z-axis. Measurements of the dimensions of
the slice before and after embedding can help to estimate
the degree of dilation and enabling partial corrections. How-
ever, as with z-axis shrinkage, these may also suffer from
confounding effects of possible non-linearities. In summary,
our findings of combined and non-uniform deformations of
the slices argue for the need of preventing shrinkage rather
than attempting to compensate it.
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Metal spacer can efficiently and stably minimize
shrinkage of embedded brain slices

Embedding procedure with metal spacers can not only
prevent the initial shrinkage directly after embedding, but
also strongly minimizes the shrinkage process in the first
days post-embedding. Thus, if cells were imaged in that
time window, one can achieve minimally-compromised
neuronal morphologies and reconstructions. Shrinkage
correction is not necessary, as there is only negligible mor-
phological distortion below 5% along z-axis and less than
3% in the xy-plane. However, the metal spacer system can-
not fully prevent slices from shrinkage in the long term,
reaching a moderate but significant value of 16.3 +8.9%
after two months. As the compression by the coverslips
as shrinkage contributor is eliminated, ongoing shrinkage
could be cause by the embedding medium. It was previ-
ously discussed, that many embedding media, including
most aqueous mounting media, enable z-shrinkage and
only 100% glycerol could fully prevent shrinkage (Clai-
borne et al. 1986; Mainen et al. 1996). However, when
using pure glycerol, it is difficult to seal and handle the
slides properly, as medium remains fluid. The slice in its
mounting medium can move while imaging with a confo-
cal microscope, leading to compromised images. Long-
term storage of mounted slides is a further issue, as the
mounting medium evaporates slowly over time. Finally,
stained neurons tend to fade in glycerol over time; this
effect being noticeable already within weeks (Jaeger
2000). Considering these disadvantages 100% glycerol is
not a convenient alternative for embedding.

In summary, slices suffer a marked, non-linear shrinkage
along the z-axis and associated dilation in xy-plane after con-
ventional embedding procedures, causing distortion of neu-
ronal morphology and producing errors in derived anatomi-
cal parameters. As these deformations are non-compensable
with simple, linear approaches, minimizing these effects is
imperative. The metal spacer system can efficiently and
stably minimize these artifacts, particularly within the first
days post-embedding, and, thereby, provides a substantial
improvement for morphological investigations of intracel-
lularly labeled neurons in acute slices.
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Dendritic action potentials and computation in
human layer 2/3 cortical neurons
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The active electrical properties of dendrites shape neuronal input and output and are fundamental to
brain function. However, our knowledge of active dendrites has been almost entirely acquired from
studies of rodents. In this work, we investigated the dendrites of layer 2 and 3 (L2/3) pyramidal neurons
of the human cerebral cortex ex vivo. In these neurons, we discovered a class of calcium-mediated
dendritic action potentials (dCaAPs) whose waveform and effects on neuronal output have not been
previously described. In contrast to typical all-or-none action potentials, dCaAPs were graded; their
amplitudes were maximal for threshold-level stimuli but dampened for stronger stimuli. These dCaAPs
enabled the dendrites of individual human neocortical pyramidal neurons to classify linearly nonseparable
inputs—a computation conventionally thought to require multilayered networks.

he expansion of the human brain during
evolution led to an extraordinarily thick
cortex (~3 mm), which is disproportion-
ately thickened in layers 2 and 3 (L2/3)
(I). Consequently, human cortical neu-
rons of L2/3 constitute large and elaborate
dendritic trees (2, 3), decorated by numer-
ous synaptic inputs (Z). The active electrical
properties of these dendrites largely deter-
mine the repertoire of transformations of the
synaptic inputs to axonal action potentials
(APs) at the output. Thus, they constitute a key
element of the neuron’s computational power.
We used dual somatodendritic patch clamp
recordings and two-photon imaging to directly
investigate the active properties of L2/3 den-
drites in acute slices from surgically resected
brain tissue of the human neocortex from epi-
lepsy and tumor patients. Subthreshold (steady-
state) potentials attenuated from the dendrite
to the soma with a length constant (Aseaqy) Of
195 um (fig. S1; n = 23 cells). In the opposite
direction, the back-propagating action poten-
tials (bAPs) attenuated from the soma to the
dendrite with a Axp 0£290 um (Fig. 1, A to C;
n = 31 cells). Both Apap and Agieaqy Were shorter
than the length of the apical dendrite (the
somata of these cells were located ~850 um
below the pia mater, on average, and the apical
dendrite extended up to layer 1), which implies
that strong attenuation governs the electrical
activity to and from most synapses located on
the apical dendrite.
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We filled cells with the calcium indicator
Oregon-green BAPTA-1 (100 uM) and mea-
sured the change in fluorescence (AF/F) under
a two-photon microscope while triggering APs
at the soma. Trains of somatic APs (10 APs) at
50 Hz failed to cause Ca®* influx at distal apical
dendrites (fig. S2). AP trains with a higher fre-
quency (10 APs at 200 Hz) did invade most of
the apical dendrite, similarly to what has been
shown previously in rodent L2/3 pyramidal
neurons (4). However, these high-frequency
signals were substantially attenuated at distal
tuft dendrites (fig. S2). Furthermore, Ca?* influx
in spines was similar to that in the nearby
dendritic branches, regardless of the somatic
AP frequency (fig. S2D).

We next examined whether human L2/3
dendrites have intrinsic mechanisms to com-
pensate for the large dendritic attenuation.
We injected a current step into the dendrite
(Iqena) and recorded the membrane poten-
tials at both the dendrite and at the soma. At
the soma and at the proximal dendritic sites
(170 um from the soma, on average), a supra-
threshold current readily evoked somatic APs,
which back-propagated into the dendrite (Fig. 1,
A and B, and fig. S5H). However, when the
dendritic electrode was positioned more dis-
tally, suprathreshold stimuli often evoked trains
of repetitive APs that were initiated exclusively
in the dendrite (Fig. 1D; for transient stimulus,
see fig. S10). These results imply that L2/3
dendrites in human cortical pyramidal neu-
rons are distinctly more excitable than the
homolog dendrites in rodents, where similar
steady currents evoke, at most, only a single
dendritic AP at the beginning of the voltage
response (5). In contrast to L2/3 pyramidal
neurons, layer 5 pyramidal neurons of the
human neocortex were recently reported to
have reduced dendritic excitability compared
with their homolog neurons in rodents (6).

High-frequency dendritic APs (>200 Hz)
that were uncoupled from somatic firing have

been observed in rodent dendrites in vivo
(7, 8). The authors of these studies have at-
tributed these spikes to dendritic voltage-gated
Na' channels and/or N-methyl-p-aspartate
(NMDA) receptors. The dendritic APs in hu-
man L2/3 neurons were not blocked by the
sodium channel blocker tetrodotoxin (1 uM;
n = 4 cells; fig. S3), but they were abolished
by the Ca®* channel blocker Cd** (200 uM;
n = 5 cells; fig. $3). The dendritic Ca>* APs
that we observed in human 1.2/3 neurons have
not been described in the cortical neurons of
other mammalian species. Dendritic APs that
are mediated (or are assumed to be mediated)
by sodium currents in rodents’ neurons have
been variously named dendritic spikes (9),
prepotentials (10), Na-dSpikes (1), and den-
dritic action potentials (DAPs) (8). To distin-
guish the dendritic APs that we found in the
human dendrites from those described pre-
viously, we refer to them as dendritic Ca®*
APs (dCaAPs).

dCaAPs were present not only in neurons
from the temporal lobe of epilepsy patients but
also in neurons from other neocortical areas of
tumor patients (n = 4 cells from 3 patients;
fig. S4). This suggests that dCaAPs are neither
regionally confined nor related to pathology.

The waveform of dCaAPs was stereotypical
and easily distinguished from that of bAPs.
dCaAPs were typically wider than bAPs (with
widths of 4.4 + 1.4 ms, ranging between 2.6
and 8.0 ms; n = 32 cells), they were slow
rising, and they did not have a kink at onset
(7) (Fig. 1D). The majority of the cells (27 of
39) showed a train of (two or more) dCaAPs
with a mean firing rate of 4.6 + 1.7 Hz (dCaAPs
per second). In the remaining 12 dendrites,
a single dCaAP was triggered immediately
after the beginning of the stimulus. Unlike
the bAP (Fig. 1C), the amplitude of the dCaAPs
(Fig. 1E) and their upstroke (fig. S5) were
not dependent on the distance from the soma
(average dCaAP amplitude 43.8 + 13.8 mV,
ranging between 13.0 and 67.0 mV; n = 32 cells,
measured at threshold). This is consistent
with both variability of the dCaAP initiation
site and variability of dCaAP properties (for
further details, see figs. S5 and S11). We never
detected high-amplitude, long-duration, Ca>*
mediated plateau potentials, which are com-
mon in the apical dendrites of L5 neurons
in rodents.

The impact of dCaAPs on the soma was var-
iable. In some of the cells (17 of 37), the dCaAPs
were coupled with somatic APs (coupled dCaAPs;
e.g., Fig. 1F). Unlike forward-propagating den-
dritic APs in other pyramidal neurons (72-14),
coupled dCaAPs triggered somatic APs imme-
diately and/or with a delay ranging between
21.6 and 116.9 ms (53.8 + 26.8 ms, on average,
in 11 out of 17 coupled cells; Fig. 1, F and G, and
fig. S6). Coupled dCaAPs that triggered somatic
APs with a delay were classified as complex.
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Fig. 1. bAPs and dCaAPs in human dendrites of L2/3 neurons.

(A) Experimental setting: L2/3 neuron at a depth of 1130 um below

the pial surface, with a somatic electrode and a dendritic electrode placed
at 312 um from the soma. (B) (i) Recordings from the cell in (A). bAPs in
green (Vyenq) and corresponding somatic APs in black (Vsoma) triggered

by somatic current injection (/soma) are shown. (i) Somatic AP preceded the
bAP [magnified from the frame in (i)]. (iii) bAPs in 16 dendrites (gray) and
their average (green) aligned to their peak. (C) bAP amplitude (green dots)
and exponential fit (length constant A,pp = 290 um; n = 31 cells; dashed line)
against distance from the soma. Gray area indicates the putative tuft region
in layer 1 for the longest dendrite. (Inset) Delay of the bAP peak against
distance from the soma with linear fit (r> = 0.78, where r? is the coefficient
of determination). amp., amplitude; dist., distance. (D) (i) dCaAPs (Vgend;

blue) triggered by a square current injected at the dendrite (/geng) and the
resulting somatic AP (black) from the cell in (A). (i) Somatic AP (in black)
and a dCaAP (in blue) magnified from (i). The slow rising dCaAP (blue arrow)
precedes the somatic AP. (iii) Initial dCaAP in each recording at threshold

in the same 16 dendrites (gray) in (iii) of (B) and their average trace (blue)
aligned to their peak. (E) dCaAP amplitude is independent of the distance from
the soma (n = 28 cells). Linear fit is shown with the dashed line (> = 0.0009).
(F) (Left) Coupled and simple dCaAPs (blue trace) and somatic APs (purple
trace) triggered by lyeng- (Right) Magnified dCaAP (in blue) and a somatic AP
(in purple) framed in the traces on the left are shown. (G) (Top) Two coupled and
complex dCaAPs (in red) triggered delayed somatic APs [in purple, magnified
at (bottom)]. (H) Burst of simple and uncoupled dCaAPs in blue (top) with
somatic APs (bottom).

Without exception, each coupled dCaAP trig-
gered a single somatic AP, which implies that,
unlike calcium APs in the dendrites of other
neurons (15, 16), dCaAPs did not induce bursts
of somatic APs. In the other 20 cells, dCaAPs
were uncoupled. They were confined to the
apical dendrite, unable to evoke somatic APs.
Typically, uncoupled dCaAPs were observed
in more distal dendritic recording sites (335 +
113 um from the soma) than the coupled
dCaAPs that triggered somatic APs (265 +
71 um from the soma), but the distance differ-
ence was not statistically significant (Wilcoxon

Gidon et al., Science 367, 83-87 (2020) 3 January 2020

rank sum test, P = 0.077). Additionally, one
coupled and three uncoupled cells fired bursts
of three or more dCaAPs at the beginning
of the stimulus (28 to 73 Hz). In fig. S7, we
summarize the classification of the dCaAPs
on the basis of their ability to trigger APs at
the soma (i.e., coupled versus uncoupled) and
their complexity (i.e., complex and/or simple).
Most of the dendrites with complex dCaAPs
also triggered simple dCaAPs, suggesting that
their behavior might be activity- or input-
dependent and/or modulated by other fac-
tors (I7).

dCaAPs affected the input-output transfor-
mation of the cells. Typically, somatic AP firing
increases with the input current intensity in-
jected to the soma. In contrast, in 4 cells (out
of 12 cells that had repetitive and coupled
dCaAPs) our recordings revealed an inverse
behavior where increasing the intensity of den-
dritic (rather than somatic) current injection
resulted in decreased somatic firing. For exam-
ple, in Fig. 2, A and B, the dendritic electrode
evoked one or two somatic APs with current
near threshold but failed to evoke APs for
higher current intensity. In contrast, at the
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Fig. 2. dCaAPs are sharply tuned to the stimulus intensity. (A) L2/3
pyramidal neuron with soma 886 um below the pia. The somatic and

dendritic electrodes are shown in black and blue, respectively. Recordings

from this cell are shown in (B) and (C). (B) Dendritic current (/4eng) injected
417 um from the soma (i) and corresponding somatic (i) and dendritic traces (iii).
(i) lgena Of 260 and 275 pA, but neither smaller nor larger current, resulted

in somatic APs. (jii) dCaAP amplitudes were maximal for lseng Of 260 and

275 pA, whereas lgeng > 275 pA dampened them. (iv) dCaAP (in blue) precedes
the somatic AP (in gray); traces are magnified from the framed APs in

(i) and (iii). (C) Somatic current injection, lsoma (i), somatic AP trains (ii),

and bAP (iii) for similar ranges of current intensity as those shown in (i) of (B).
(iv) Somatic AP (in gray) precedes the dendritic bAP (in green); traces are
magnified from the framed APs in (i) and (iii). (D) Increase in lgeng (i) dampened

-
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the dCaAPs" amplitude (ii); vertical tick on each trace marks 50 ms after /geng
onset. stim., stimulation; norm., normalized. (E) Amplitude of the first dCaAP
in each trace against lgeng Normalized by rheobase (/) for uncoupled dCaAPs
(12 dendrites) and exponential fit (dashed line), with a decay constant (tscanp)
of 0.39 (median 0.38) in units of rheobase. (F) dCaAP amplitudes as in (E) but
not normalized by /. Dots in different colors represent dCaAP amplitudes
from different cell (12 dendrites) with exponential fit (dashed lines). (G) As in (D)
but for somatic APS. lsoma. (i) and the resulting somatic APs (ii). (H) AP
amplitude plotted against the normalized somatic input current strength
(Isoma’lrne)- The amplitude of the somatic AP was fixed and did not depend

on Isoma for a range of stimuli strengths as in (i) of (G) (exponential fit with
e = 82, units of somatic I1e). (I) Dendritic and somatic activation functions for
dCaAPs (blue curve) and for somatic APs (black curve).

soma, of the same cells, AP output increased
with the input’s strength (Fig. 2C). These
results are explained by the unusual active
properties of dCaAPs. dCaAPs evoked by the
dendritic electrode triggered somatic APs near
threshold but were suppressed by further in-
crease in the stimulus intensity (Fig. 2B).

The dendritic activation function (namely,
the amplitude of dCaAPs as a function of the
intensity of the current injection in the den-

Gidon et al., Science 367, 83-87 (2020)
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drite, Iyeng) reached its maximal value at the
rheobase (i.e., for Iyeng = Iine Where Iy, is the
threshold current for triggering a dCaAP) and
decayed for stronger Iyeng (Fig. 2, D to F; 12 un-
coupled dCaAPs). The mean width of the den-
dritic activation function (defined here as the
decay constant of a single exponential fit) was
0.39 (0.38 median; in units of I;,.), which in-
dicates that dCaAPs are sharply tuned (highly

selective) to a particular input strength. Addi-

tionally, L2/3 dendrites were heterogeneous
in their activation function threshold and width
(Fig. 2F). In contrast, in a similar range of input
intensities, somatic APs (Fig. 2, G to H) showed
atypical threshold activation function; once a
somatic AP was triggered, its amplitude was
virtually independent of the input intensity
(Fig. 2H). Unlike other dendritic APs in
the mammalian neocortex—namely, NMDA
spikes (I8) and dendritic Ca?* APs in layer
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Fig. 3. Anti-coincidence in L2/3 of the human cortex. (A) (Left) L2/3
neuron modeled with passive membrane and dCaAP mechanism at the

apical dendrite, demarcated by the blue circle (550 um from the soma).

100 background excitatory synapses (ex. syns.) (AMPA) indicated by gray dots
were randomly distributed over the entire dendritic tree and were activated in
simulations (B) to (E). Pathways X and Y with 25 excitatory synapses each (red
and blue dots) modeled by AMPA and NMDA conductances (33) targeted a
subregion of the apical dendrite in addition to 20 GABAergic inhibitory (inhib.)
synapses (yellow dots). For model details see materials and methods. (Right)
The modeled dCaAP amplitude depended on the stimulation current intensity
(lgena) With decay constant (tgcanp) of 0.3. The dCaAP threshold was set to
-36 mV with 220 pA current step. (B to C) dCaAP at the dendrite during activity
of either pathway X (B) or pathway Y (C). (D to E) dCaAPs diminished when both
pathway X and Y were active together (D) but recovered with the addition of
inhibition (E). (F) (Top) Solution for XOR classification problem using the
activation function of dCaAP (above the abscissa). X and Y inputs to the apical
dendrites triggered dCaAPs with high amplitude for (X, Y) input pairs of (1, 0)

® background ex. syns.
® ex. syns. pathway X
® ex. syns. pathway Y

B pathway X C
B

290 pA

220 pA D

pathway Y

E pathways X+ Y+ inhib.
—dr .

apical tuft

=

and (0, 1), marked by blue circle and red cross, but not for (0, 0) and (1, 1),
marked by red circle and blue cross. (Bottom) Solution for OR classification. Somatic AP was triggered for (X, Y) input pairs of (1, 1), (0, 1), and (1, 0), but not for
(0, 0). (G) Schematic model of a L2/3 pyramidal neuron with somatic compartment (green) presented as logical AND/OR gate with activation function of somatic AP,
apical dendrite compartment as logical XOR gate, and basal and tuft dendritic braches, in gray background, as logical gate AND due to the NMDA spikes (33).

5 pyramidal neurons (15, 19-22)—that were
previously shown to increase with the stimulus
strength, the activation function of dCaAPs in
1.2/3 neurons was sharply tuned to a specific
input strength (Fig. 2I).

We used a compartmental model of a 1.2/3
pyramidal neuron that replicated the pheno-
menology of the dCaAP behavior in the den-
drite to investigate the functional outcome of
the dCaAP activation function (for a biophys-
ical model of dCaAPs, see fig. S12). L2/3 py-
ramidal neuron morphology was digitally
reconstructed and modeled in the NEURON
(23) simulation environment (Fig. 3A). The
dCaAP’s threshold, width, and amplitude as a
function of the input strength were simulated
by the sum of current sources with a sigmoidal
shape (for details, see materials and methods
and Fig. 3A, right panel). To simulate two dis-
tinct classes of inputs, pathways X and Y, we
used 25 excitatory synapses for each pathway
(Fig. 3A), targeting a subregion of the apical
dendrite (blue and red dots in Fig. 3A). Each of
these pathways was able to trigger dCaAPs by

Gidon et al., Science 367, 83-87 (2020)
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itself (Fig. 3, B and C). Because of the activa-
tion function of the dCaAPs in our simulation,
coincident activation of two synaptic input
pathways diminished the dCaAP amplitude
(Fig. 3D) in contrast to other dendritic APs
that amplify coincident dendritic inputs (24)
[e.g., in layer 5 pyramidal neurons in the
rodent neocortex (25) or in CA1 neurons of
the rodent hippocampus (26)]. Our simula-
tion is therefore a simple and explicit dem-
onstration of how the dendritic mechanism
observed in human L2/3 pyramidal neurons
computes an anticoincident function for mul-
tiple input pathways, limiting the number
and/or the strength of inputs integrated in
the dendrite (for impact on the cell body, see
fig. S9). Inhibition (27, 28) placed at the same
dendritic subregion (20 GABAergic synapses),
in addition to the two excitatory pathways,
repolarized the membrane and recovered the
amplitude of the dCaAPs [Fig. 3E; (29)]. These
results suggest that the precise balance be-
tween excitation and inhibition is essential
for the generation of dCaAPs and indicate a

basal dendrites

counterintuitive role for inhibition in enhancing
the excitability of the dendrite (see also fig. S9,
Cand D).

It has long been assumed that the summa-
tion of excitatory synaptic inputs at the den-
drite and the output at the axon can only
instantiate logical operations such as AND
and OR (30). Traditionally, the XOR opera-
tion has been thought to require a network
solution (31, 32). We found that the dCaAPs’
activation function allowed them to effectively
compute the XOR operation in the dendrite
by suppressing the amplitude of the dCaAP
when the input is above the optimal strength
(Fig. 2). Thus, on the basis of our results and
those of previous studies (30, 33), we consider
a model that portrays the somatic and den-
dritic compartments of L2/3 neurons as a
network of coupled logical operators and
corresponding activation functions (Fig. 3,
F and G). In this model, the XOR operation
is performed in the dendrites with dCaAPs,
whereas AND/OR operations are performed
at the soma and at tuft and basal dendrites
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with sodium and NMDA spikes, respectively
(20, 25, 34, 35). Our findings provide insights
into the physiological building blocks that
constitute the algorithms of cellular func-
tion, which ultimately give rise to the cortical
network behavior.
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Synaptosomal-associated protein of 47 kDa (SNAP47) isoform is an atypical member of
the SNAP family, which does not contribute directly to exocytosis and synaptic vesicle
(SV) recycling. Initial characterization of SNAP47 revealed a widespread expression
in nervous tissue, but little is known about its cellular and subcellular localization
in hippocampal neurons. Therefore, in the present study we applied multiple-
immunofluorescence labeling, immuno-electron microscopy and in situ hybridization
(ISH) and analyzed the localization of SNAP47 in pre- and postsynaptic compartments
of glutamatergic and GABAergic neurons in the mouse and rat hippocampus. While
the immunofluorescence signal for SNAP47 showed a widespread distribution in both
mouse and rat, the labeling pattern was complementary in the two species: in the mouse
the immunolabeling was higher over the CA3 stratum radiatum, oriens and cell body
layer. In contrast, in the rat the labeling was stronger over the CA1 neuropil and in the
CAS8 stratum lucidum. Furthermore, in the mouse high somatic labeling for SNAP47 was
observed in GABAergic interneurons (INs). On the contrary, in the rat, while most INs
were positive, they blended in with the high neuropil labeling. ISH confirmed the high
expression of SNAP47 RNA in INs in the mouse. Co-staining for SNAP47 and pre- and
postsynaptic markers in the rat revealed a strong co-localization postsynaptically with
PSD95 in dendritic spines of pyramidal cells and, to a lesser extent, presynaptically,
with ZnT3 and vesicular glutamate transporter 1 (VGLUT1) in glutamatergic terminals
such as mossy fiber (MF) boutons. Ultrastructural analysis confirmed the pre- and
postsynaptic localization at glutamatergic synapses. Furthermore, in the mouse
hippocampus SNAP47 was found to be localized at low levels to dendritic shafts and
axon terminals of putative INs forming symmetric synapses, indicating that this protein
could be trafficked to both post- and presynaptic sites in both major cell types. These
results reveal divergent localization of SNAP47 protein in mouse and rat hippocampus
indicating species- and cell type-specific differences. SNAP47 is likely to be involved
in unique fusion machinery which is distinct from the one involved in presynaptic
neurotransmitter release. Nonetheless, our data suggest that SNAP47 may be involved
not only postsynaptic, but also in presynaptic function.

Keywords: SNAP47, hippocampus, GABAergic cells, synaptic localization, mossy fiber projection,
immunoelectron microscopy, in situ hybridization
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INTRODUCTION

Soluble N-ethylmaleimide-sensitive factor attachment protein
(SNAP) receptors, also called SNAREs, play a crucial role
in synaptic transmission as central components of the fusion
machinery (Stidhof, 2004). SNAREs comprise two main groups
of conserved membrane-associated proteins: the v-SNAREs
(“v” for vesicular) VAMP/synaptobrevins and the t-SNAREs
(“t” for target) syntaxins and SNAPs (Hohenstein and Roche,
2001). The SNAP family contains four members: SNAP25 (Jahn
et al., 2003; Jahn and Scheller, 2006), SNAP23 (Ravichandran
et al., 1996; Wang et al, 1997), SNAP29 (Steegmaier et al.,
1998); and Synaptosomal-associated protein of 47 (SNAP47; Holt
et al., 2006). SNAP47 is the most recently identified neuronal
SNAP which shows a widespread distribution on intracellular
membranes, including synaptic vesicles (SVs), but also other
intracellular membrane pools in the brain (Holt et al., 2006;
Takamori et al., 2006).

The different SNAP isoform proteins display distinct
patterns of distribution in different neuronal and non-neuronal
populations in the central nervous system (CNS). They are
strongly expressed in excitatory (glutamatergic) synapses, pre-
as well as postsynaptically. The best characterized SNAP25 and
SNAP23 proteins are preferentially and abundantly expressed
presynaptically in vesicular glutamate transporter 1 (VGLUT1)-
positive excitatory terminals in the hippocampus (Verderio
et al, 2004; Garbelli et al., 2008) and in vesicular glutamate
transporter 2 (VGLUT2)-positive terminals in the neocortex
(Bragina et al., 2007), respectively. It has been also reported
that hippocampal and cortical inhibitory interneurons (INs) may
selectively express SNAP23 (Verderio et al., 2004; Bragina et al.,
2007), however, there is very little data regarding the subcellular
localization of specific SNAP isoforms in these neurons. These
two SNAP isoforms were also found postsynaptically in spines at
substantially lower levels. Although their postsynaptic function
has not yet been fully identified, SNAP25 is involved in
the regulation of spine formation (Tomasoni et al, 2013)
whereas SNAP23 contributes to glutamate receptor trafficking
(Suh et al., 2010).

In contrast to SNAP25 and SNAP23, SNAP47 do not contain
palmitoylated cysteine clusters, important for the localization
to surface membranes. This SNAP, thus, may be involved in
intracellular vesicle trafficking and fusion events (Kuster et al.,
2015), consistent with a wider subcellular distribution (Holt et al.,
2006). Recently, Jurado et al. (2013) documented postsynaptic
dendritic localization of SNAP47 and suggested an involvement
in postsynaptic fusion events in glutamatergic neurons in the
hippocampus. However, SNAP47 is not exclusively localized
in postsynaptic structures (Holt et al,, 2006). In a recently
published study, Shimojo et al. (2015) found endogenous
SNAP47 distribution to axons in cortical neuronal cultures, as
well as, in native tissue. Thus, existing data suggest both pre-
and postsynaptic distribution of this protein, but information
regarding the precise subcellular localization of SNAP47 in
cortical neurons is still lacking.

Therefore, to address the subcellular distribution of
SNAP47 protein and RNA in hippocampal neurons, in this
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study we applied immunofluorescent, in situ hybridization
(ISH) and postembedding immunogold labeling combined with
confocal- and electron microscopic analysis in mouse and rat
hippocampus with a focus on pre- and postsynaptic elements of
glutamatergic and GABAergic neurons.

MATERIALS AND METHODS

Animals

A total of three adult male wild-type (WT) C57BL/6] mice
(~2.5-month-old, 25-30 g) and three adult male Wistar rats
(~3-month-old, 300-350 g) were obtained from the local animal
breeding of the Charité, Berlin. In addition, in order to identify
cortical GABAergic INs, we used seven adult male transgenic
mice and seven adult male transgenic rats expressing improved
yellow fluorescent protein (YFP; Venus) under the promoter
of the vesicular GABA-transporter (VGAT) of comparable age
and weight. The generation of VGAT-Venus transgenic rats and
mice has been described previously (Uematsu et al., 2008; Wang
et al, 2009). In these transgenic animals, Venus is expressed
highly selectively in 95%-98% of cortical GABAergic INs in
the neocortex and the hippocampus. VGAT-Venus transgenic
mice and rats exhibit otherwise normal growth and reproductive
behavior.

Of these animals, all 10 animals (3 WT and 7 transgenic)
of both species were used for immunofluorescence labeling;
semi-quantitative analysis of SNAP47 labeling intensities were
performed in tissue from three transgenic animals of both
species. For immunoelectron microscopic analysis two animals
and for ISH also two animals of both species were used. All
procedures, animal handling and maintenance were performed
in accordance with recommendations of the animal welfare
committee of the Charité Berlin, Germany; the National Act on
the Use of Experimental Animals, Germany; local authorities
(LaGeSo Berlin, registration number: O-0098/12) and the
European Council Directive 86/609/EEC.

Tissue Preparation

The animals were anesthetized with a mixture of ketamine
50 mg/kg (Actavis) and xylazine (Rompun) 20 mg/ml (Bayer
Health Care, Berlin, Germany) and perfused transcardially
with fixative containing 4% paraformaldehyde (PFA, Electron
Microscopy Sciences, Hatfield, PA, USA) with 0.2% picric acid
(Fluka Chemie, Buchs, Switzerland) in a phosphate buffered
solution (0.1 M PB, pH = 7.2). For electron microscopy the
fixative contained additionally 0.05%-0.1% glutaraldehyde (GA,
Electron Microscopy Sciences). The brains were removed and
dissected into blocks containing the hippocampus using a
coronal rodent brain matrix (ASI Instruments, Warren, MI,
USA) and were processed for light- and electron microscopy. In
all experiments, we analyzed 3-5 sections of dorsal hippocampus
from each animal.

Primary Antibodies

For a comprehensive list of the antibodies including their
characteristics, dilution and source please see Table 1. Currently
only one full length polyclonal antibody against SNAP47 raised

July 2017 | Volume 11 | Article 56



Miinster-Wandowski et al.

SNAP47 in Hippocampal Neurons

TABLE 1 | List of primary antibodies for immunocytochemistry.

Antibody Supplier and cat. Host Dilution Immunogen
no.
SNARE protein
SNAP47 Synaptic System Rabbit LM 1:300 Recombinant full length rat SNAP47.
111 403 (polyclonal, EM 1:30
affinity purified)
P ynapti gic marker proteins
ZnT3 Synaptic System Guinea pig LM 1:300 Recombinant protein of mouse ZnT3.
197 004 (polyclonal, crude (aa 2-75).
antiserum)
VGLUT1 Synaptic System Guinea pig LM 1:2000 Purified recombinant protein of rat
135 304 (polyclonal, crude VGLUT1 (aa 456-560).
antiserum)
Post-synaptic glut: gic marker protein
PSD95 UC Davis/NIH Clone K28/43 1:100 Fusion protein amino acids 77-299
NeuroMab Facility Mouse (PDZ domains 1 and 2 of human
75-028 (monoclonal) PSDQ5).
GFP/YFP
GFP UC Davis/NIH Clone N86/38 LM 1:2000 Green fluorescent protein against
NeuroMab Facility Mouse EM 1:100 fusion protein amino acids 1-238 (full
75-132 (monoclonal) length) of jellyfish green fluorescent

protein.

in rabbit is available and was used for all double and
triple immunolabeling in our study. The antibody against the
SNAP47 protein was first used in a single immunofluorescence
analysis to determine the distribution profile of this protein in
mouse and rat hippocampus. Double and triple-immunostaining
for SNAP47 and several specific GABA and glutamatergic
cellular and pre- or postsynaptic markers were used to
determine the cellular and compartmental distribution of the
SNAP47 protein in hippocampus (see Table 1).

Viral Construct, Cell Culture and Western
Blotting Verification of SNAP47 Antibody
Specificity

Due to limited commercial availability of SNAP47 antibody, we
characterized specificity of polyclonal SNAP47 recombinant full
length antibody from Synaptic System applying a lentiviral-based
method.

Lentiviral Constructs and Virus Production

The coding sequences of mouse SNAP47 (NCBI Reference
Sequence NM_144521) and rat SNAP47 (NCBI Reference
Sequence: NM_199389) were PCR-amplified from total
mouse or rat brain ¢cDNA using custom designed primers:
msSNAP47 BsrGI fw (5'-get gta caa ggg atc cgg aat gag ttc tga
tat geg tgt cc-3'), msSNAP47 Ascl rev (5'-aag geg cgc cct aca tca
get ttc tea tac ge-3'), ratSNAP47 BsrGI fw (5'-gct gta caa ggg atcc
gga atg agc agt gat gta cga gtt c-3'), ratSNAP47 Ascl rev (5'-aag
gcg cge cct aca aca get tte tea tac gac-3'). The resulting PCR
products were cloned into a modified lentiviral GFP expressing
vector (Lois et al., 2002) which would lead to the translation of a
N-terminal GFP tagged mouse or rat SNAP47 protein which is
controlled by a human Synapsin-1 promoter to restrict neuronal
expression. After sequence verification, lentiviral particles
were prepared by the Charité Viral Core Facility as described
previously (Lois et al., 2002).
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Neuronal Culture and Western Blotting

Murine cell cultures were prepared as described (Chang et al.,
2014). Primary hippocampal neurons were prepared from mice
on embryonic day E18 and plated at 10.000 cm-2 on a continental
murine astrocyte feeder layer. N-terminally GFP-tagged mouse
and rat SNAP47 was lentivirally expressed within murine
neuronal cell cultures to validate the SNAP47 antibody.
Neurons were infected at DIV 1 with 5 x 105 — 1 x 106
infectious virus units per 35 mm-diameter well. Protein lysates
were obtained at DIV 14. Briefly, cells were lysed using
50 mM Tris/HCl (pH 7.9), 150 mM NaCl, 5 mM EDTA,
1% Triton-X-100, 1% Nonidet P-40, 1% sodium deoxycholate
and protease inhibitors (cOmplete protease inhibitor cocktail
tablet, Roche Diagnostics GmbH). Proteins were separated by
SDS-PAGE and transferred to nitrocellulose membranes. After
blocking with 5% milk powder (Carl Roth GmbH) for 1 h
at room temperature, membranes were incubated with rabbit
anti-SNAP47 (1:1000, Synaptic System 111403), mouse anti-GFP
(1:1000, Clontech 632381) and guinea pig anti-Synaptophysin
(1:1000, Synaptic System 101004) antibodies overnight at 4°C.
After washing and incubation with corresponding horseradish
peroxidase-conjugated goat secondary antibodies (all from
Jackson ImmunoResearch Laboratories), protein expression
levels were visualized with ECL Plus Western Blotting Detection
Reagents (GE Healthcare Biosciences).

Anti-SNAP47 recognizes specifically mouse or rat GFP tagged
SNAP47 (app. 72 kDa) and endogenously expressed mouse
SNAP47 protein (47 kDa), which is not detected in the GFP
control western blot (Figure 1).

Tissue Processing for

Immunofluorescence Labeling
Coronal sections including the hippocampus were cut at 20 pm
in a cryostat (CM 3050S; Leica, Wetzlar, Germany). Selected
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FIGURE 1 | Specificity of the SNAP47 antibody confirmed by the western blot of cultured WT hippocampal neurons infected with lentivirus expressing GFP-tagged
mouse or rat SNAP47. Cultured WT hippocampal neurons were infected with either GFP (left lanes), GFP-mouse-SNAP47 (middle) or GFP-rat-SNAP47 (right)
expressing lentiviral particles. From these cultures, 30 g of protein lysates were loaded per lane and subjected to western blotting. The blot on the left was
incubated with the rabbit polyclonal anti-SNAP47 antibody, the blot on the right was incubated with an anti-GFP antibody. Synaptophysin (~37 kDa) expression
served as internal loading control detected by an anti-synaptophysin antibody. Note that the anti-SNAP47 antibody specifically recognizes the mouse or rat GFP
tagged SNAP47 (~74 kDa) as well as the endogenously expressed SNAP47 protein (47 kDa). The anti-GFP antibody in the western blot on the right detects the
expression of GFP (~27 kDa) and the GFP-tagged SNAP47 but not the endogenous SNAP47.

sections from mouse and rat hippocampus were incubated in
a mixture of primary antibodies. The double-labeling antibody
combinations were the following: GFP + SNAP47, SNAP47
+ PSD95, SNAP47 + gephyrin. The triple-labeling antibody
combinations were: GFP + SNAP47 + ZnT3, GFP + SNAP47
+ VGLUT1, GFP + SNAP47 + VGAT. For detection of the
primary antibodies the sections were subsequently incubated
in a mixture of the appropriate secondary antibodies: goat
anti-mouse (1:300), goat anti-rabbit (1:500), goat anti-guinea
pig (1:500) conjugated to Alexa Fluor series fluorochromes. The
immunolabeling protocol was performed as previously described
(Booker et al., 2013, 2014). Sections were subsequently mounted
in Fluorsave mounting medium (Calbiochem, San Diego, CA,
USA), coverslipped and examined using a confocal microscope
(FV1000, Olympus, Hamburg, Germany, see below).

Control Experiments

Since no animals deficient of SNAP47 are available, we carefully
validated immunolabeling of SNAP47 focusing on proper
negative and positive controls. Negative staining controls for all
immunofluorescence procedures were performed by substitution
of non-immune serum for the primary or secondary antibodies.
As positive control we examined immunofluorescence of

SNAP25 protein in hippocampal tissue. To obtain a clear
interpretation of the rabbit SNAP47 protein localization, we
evaluated first the results of single and double immunostaining
for all combinations and compared with those from triple
labeling.

RNA In Situ Hybridization (ISH)

In the present study, we aimed to characterize the localization,
and expression level of SNAP47 in GABA- and glutamatergic
neurons in the hippocampus of mice and rats. To this end,
we employed ISH and immunocytochemistry. We first assessed
the distribution of SNAP47-positive neurons identified by
RNA for SNAP47 and the co-localization with the isoform
of SNAP47 protein and VGAT-YFP in mouse and rat
hippocampus.

Probe Design

For digoxigenin (DIG) ISH, mice and rat brains were
cryoprotected (30% sucrose in TRIS-buffered saline), frozen
over liquid nitrogen and cut on a cryostat. DIG in situ for
SNAP47 RNA expression was performed using a 400 bp DNA
fragment which comprised the sequence encoding for Y263 to
V395 of the SNAP47 protein in the mouse and V255 to L387 in

Frontiers in Neuroanatomy | www.frontiersin.org

47

July 2017 | Volume 11 | Article 56



Miinster-Wandowski et al.

SNAP47 in Hippocampal Neurons

the rat. The Fragment was amplified by PCR from the lentiviral
SNAP47 expression vector and cloned into plasmids supplied
with the T7 promoter sequence (pSPT18/19), and subjected to
an in vitro DIG RNA labeling using T7-RNA polymerase in the
presence of DIG-UTP.

RNA-ISH on Cryosections

Brain sections were washed 5x 5 min in DEPC-PBS to
clear cryoprotectant, and dried at 50°C. Next the slices
were postfixed in 4% PFA, washed in DEPC-PBS. Then
they were acetylated in 0.25% acetic anhydride in 0.1 M
triethanolamine-HCl (pH = 8.0) for 10 min and treated
with Proteinase K to inactivate rare-cutting restriction
enzymes. Sections were pre-hybridized for 15 min at RT in
hybridization buffer containing 0.3 M NaCl, 10% Dextran
sulfate, 0.02 M Tris (pH = 8.0), 5 mM EDTA (pH = 8.0),
1x Denhardt’s solution, 0.5 mg/ml tRNA, 50% deionized
formamide. Following pre-hybridization, they were hybridized
by incubating in hybridization buffer containing a DIG-labeled
probe for SNAP47 (total conc. 50 ng/pl; 12-20 ng/slice) at
54°C overnight. Post-hybridization washes were performed
sequentially 5 x 5 min at 54°C in 5x SSC containing 0.05%

Tween at 54°C; 5 x 10 min in 50% formamide/2x SSC
at 54°C; 5 x 10 min in 50% formamide/1x SSC at 54°C;
3 x 5 min in 0.1 x SSC at 54°C; 3 x 5 min in 0.I1x SSC
at RT; 4 x 5 min 1x Tris Puffer containing 0.05% Tween
at RT. Next, the slices were incubated for 1 h in blocking
buffer containing 4% sheep serum and 1% milk powder,
followed by incubating overnight at 4°C with sheep anti-
DIG-AP Fab fragment (Roche, Basel, Switzerland) diluted
1:2000 in blocking buffer. The color development of alkaline
phosphatase activity was in the presence of two substrates: of
5-bromo-4-chloro-3-indolyl phosphate (BCIP) and nitroblue
tetrazolium (NBT), was controlled under RT and stopped
by adding in 1x PBS. After washing overnight in 1x PBS,
sections were mounted onto slides using Kaisers-Gelantine
(Merk, Kat. Nr. 1.09242.0100), coverslipped and examined
using an Olympus Microscope and the Metamorph Software.
To better compare the distribution of ISH signal to the
immunolabeling pattern, sections for ISH were interleaved
with section which were processed for immunolabeling
for GFP and SNAP47 and examined as described above
in “Tissue Processing for Immunofluorescence Labeling”
Section.

SNAP47
full length

str. rad.

sir. lac/mal.

str. mol.

5. rad.

(A=C), 500 pm; (B), 200 um; (D), 275 um.

FIGURE 2 | Immunofluorescence labeling pattern of SNAP47 in the hippocampus of WT mice and rats. (A,B) Confocal images of SNAP47 immunolabeling in the
mouse hippocampus. Note the highly labeled neurons scattered across all areas and layers of the hippocampus. The intensity of SNAP47 is stronger in the cell body
layer and stratum radiatum of the CA3, contrary to the CA1 area. The lowest immunolabeling of SNAP47 is observed in the CA3 stratum lucidum. (C,D) Confocal
images of SNAP47 immunolabeling in rat hippocampus. Note that in the rat section the scattered neurons are not labeled and the labeling intensity is low in the cell
body layers. The high intensity of SNAP47 labeling is observed in the stratum lucidum of the CA3 and the stratum radiatum of CA1 area. Scale bars represent,

C ;SNAP47
full length

sir. rad
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Specificity of Hybridization Probes and the
Anti-DIG-AP Antibody

As controls, hybridization with sense probes for mouse and rat
and omission of the anti-DIG-AP antibody completely abolished
ISH signals and immunoreactivity.

Confocal Imaging and Quantitative
Analysis

In order to get an overview of SNAP47 distribution over the
mouse and rat hippocampus, we imaged the 20 pm thick coronal
hippocampal sections using an x4 objective lens on a confocal
laser-scanning microscope (Olympus FV1000) and arranged
overview images. Higher-resolution images were acquired using
an x60 silicon oil immersion lens, with a zoom factor of
either 1 or 4 to resolve individual pre- and postsynaptic
puncta. Excitation wavelengths were 488 nm for anti-mouse
Alexa Fluor-488 (Invitrogen), 405 nm for anti-guinea pig Alexa
Fluor-405 (Jackson Immuno Research, West Grove, PA, USA),
643 nm for anti-rabbit Alexa Fluor-647 (Life Technologies,
Darmstadt, Germany) and 515 nm for YFP (Nagai et al,
2002), respectively. The images were acquired through separate
channels and temporally non-overlapping excitation of the
fluorochromes and analyzed off-line using Image] software
package (courtesy of W.S. Rasband, U. S. National Institutes
of Health, Bethesda, Marylandl). The analysis of co-localization
was performed in Fiji/Image] software based on the isodata
algorithm (Ridler and Calvard, 1978) using the auto-threshold
plugin.

For the semi-quantitative analysis of SNAP47 proteins in
GABAergic neurons of mouse and rat hippocampus, we used
three VGAT-Venus transgenic mice and rats from three different
litters. Confocal images (nine stacks of each hippocampus) were
taken using %30 objective and analyzed by counting the number
of VGAT-Venus positive neurons which were also positive
for SNAP47 fluorescence. To compare SNAP47 fluorescence
signal intensity in GABAergic INs between mouse and rat
hippocampus, we determined the mean labeling intensity over
the somata (excluding nucleus) of VGAT-positive neurons
and compared these to the mean labeling intensity of the
surrounding neuropil in the mouse and the rat hippocampus,
respectively. All image processing and analysis were performed
using Fiji/Image].

Electron Microscopy

In order to identify the precise subcellular localization of
SNAP47 protein in mouse and rat hippocampal neuron, we
combined freeze substitution, low temperature embedding and
postembedding immunogold labeling.

Freeze Substitution Embedding

One millimeter thick hippocampal slices were cut from
previously perfused brains and washed repeatedly (six times
10 min) in 0.1 M PB at pH = 7.2. The slices were cryoprotected
with increasing concentrations of saccharose (0.5-2.3 M)
dissolved in PB. The tissue was subsequently frozen by plunging

'http://rsb.info.nih.gov/ij/
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it into liquid nitrogen. The samples were then transferred into
cold methanol (—90°C) in a freeze-substitution chamber (Leica
EM AFS). The methanol was exchanged three times before the
specimens were immersed overnight in anhydrous methanol at
—90°C, containing 2% (w/v) uranyl acetate (Merck, Darmstadt,
Germany). After rinsing several times with methanol, the
temperature was gradually raised to —50°C and left overnight.
The tissue was then infiltrated with mixtures of Lowicryl
HM20 resin (Polysciences, Hirschberg, Germany) and methanol
(at proportions of 1:2; 1:1; 2:1, respectively, 1 h each) and
finally left in pure resin overnight at —50°C. The samples were
transferred to flat embedding molds containing freshly prepared
resin at —50°C. UV polymerization was started at —50°C
(overnight) and then continued for several days at temperatures
gradually increasing from —50°C to —20°C and finally to 20°C.
Ultrathin sections (70 nm) were cut on a microtome (Reichert
Ultracut S, Leica) and mounted on 200-mesh Formvar-coated
nickel grids (Plano, Wetzlar, Germany).

Postembedding Immunogold Labeling

All postembedding steps except for the incubation with primary
antibodies were performed at room temperature. For single
and double immunolabeling with SNAP47 antibody, sections
were first incubated two times for 5 min in 0.1 M PBXT
(PBS, 0.001% Triton X-100, 0.001% Tween 20, pH = 7.4),
followed by 90 min incubation in PBXT supplemented with
2% bovine serum albumin (BSA, Sigma-Aldrich, Darmstadt,
Germany) and 5% normal goat serum (NGS; PAN Biotech)
at room temperature. The sections were next incubated with
primary antibodies diluted in the same buffer overnight at 4°C
in a humid chamber. After rinsing several times with PBXT, the
binding of primary antibodies was visualized by incubating with
goat anti-rabbit or goat anti-guinea pig secondary antibodies
conjugated to either 5 or 10 nm gold particles (British BioCell,
International, Wetzlar, Germany) in PBXT supplemented with
0.5% acetylated BSA (Aurion, Wageningen, Netherlands), for
90 min in a humid chamber. Grids were rinsed several
times in PBXT, PBS, and finally in water. Ultrathin sections
were finally stained with 2% aqueous uranyl acetate (Merck,
Darmstadt, Germany) for 2 min, and with lead citrate for
30 s. Sections were examined using a Zeiss TEM-912 equipped
with a digital camera (Proscan 2K Slow-Scan CCD-Camera,
Zeiss, Oberkochen, Germany). For negative controls, primary
antibodies were omitted.

Quantification of Immunogold Signals

Hippocampal sections embedded in Lowicryl HM20, from
two animals, were incubated with the rabbit anti-SNAP47
antibody, and immunogold labeling was detected by secondary
goat anti-rabbit antibody coupled to 10 nm gold particles.
Quantification was performed using the iTEM software
(Olympus GmbH, Miinster, Germany). The numbers of gold
particles were counted within the defined Region of Interest
(ROI) area of two populations of glutamatergic synapses
in CA3 region of hippocampus: (1) Mossy fiber boutons
(MFBs) and their postsynaptic partners, the CA3 complex
spines in stratum lucidum; and (2) small boutons and
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spines forming asymmetric synapses in stratum radiatum.
Immunopositive (threshold of two gold particles) and negative
synaptic compartments were included in the analysis. Density
values were finally calculated as the number of gold particles
per section area in um?. The labeling density was comparable
in two animals. Non-specific labeling (background) was
assessed from mitochondria. In MFBs most mitochondria
(91.7%) showed no immunogold particles and the rest
only a single gold particles. The mean particle density was
2.9 + 0.8 particle/um? (204 mitochondria from two animals
with an average area of 0.03 £ 0.002 wm?). Similarly in the
CA3 stratum radiatum, the majority of the mitochondria
(90%) showed no immunolabeling at all, 10% had only a single
particle and the mean density was 2.5 4 0.8 particle/um?
(100 mitochondria from two animals with an average area of
0.05 %+ 0.004 Lm?).

Statistical Analysis

The immunogold particle density over presynaptic boutons,
postsynaptic spines and mitochondria (serving as background
control), from the stratum lucidum and radiatum was
compared by non-parametric Mann-Whitney test for
comparing two group rank differences. Data are reported
as mean =+ standard error of the mean (SEM). Between-
subjects comparisons were considered significant if the P value
was <0.05.

RESULTS

General Distribution Pattern of SNAP47 in

the Mouse and the Rat Hippocampus
In order to investigate the cellular localization of SNAP47 in
the hippocampus, we first performed immunofluorescence

A YFP+GFP YFP-mouse

sir. or. CA1 &
SToStrpyR A
sir. rad. ,

str. 1ac/mol.

B SNAP47 full length

FIGURE 3 | Immunofluorescence labeling pattern of SNAP47 in the hippocampus of VGAT-Venus(yellow fluorescent protein, YFP) transgenic mice and rats.

(A-C) Confocal images of double immunolocalization for YFP and SNAP47 in the hippocampus of VGAT-Venus(YFP) mouse. Note that the scattered YFP positive
interneurons (INs; A) are positive for SNAP47 (B, superimposed images in C). (D-F) Confocal images of double immunolocalization for YFP and SNAP47 in the
hippocampus of VGAT-Venus(YFP) rat. Note that in contrast to the mouse, the scattered YFP positive INs (D) are not strongly labeled for SNAP47 (E, superimposed

images in F) in the rat. Scale bars represent, (A-F), 500 pm.

str. lac/mol.
str. mol.
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FIGURE 4 | Strong SNAP47 expression in YFP-positive INs in the
hippocampus of VGAT-Venus(YFP) transgenic mice. (A-C) High-power
confocal images of double immunolabeling for YFP and SNAP47 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 (red pseudocolor, bottom images) in YFP-positive cell bodies (green,
top images). Scale bars represent, (A-C), 250 wm; insets, 20 pm.

labeling in sections from perfusion-fixed WT mouse and rat
brains. The immunolabeling revealed a broad distribution
of the protein in hippocampal areas and layers in both
species; however, the pattern of SNAP47 distribution was
divergent.

In the mouse, stronger SNAP47 immunolabeling was
observed over the CA3 stratum radiatum, oriens and the
pyramidal cell layer (Figures 2A,B), whereas the stratum lucidum
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TABLE 2 | Summary of the SNAP47 protein distribution according to regions and
layers in the mouse and the rat hippocampus (SNAP47 immunoreactivity: +++,
strong; ++, moderate; +, weak; —, virtually absent).

Hippocampus Mouse Rat

Region Layer

CA1 oriens + ++
pyramidale ++ -
radiatum + ++
lacunosum 4 ¥

CA3 oriens ++ +
pyramidale +++
lucidum + -+
radiatum ++ 5
lacunosum + +

DG molecular layer + ++
granular cells + —
hilus ++ (cell bodies) ++

INs ++ +/—

was weakly labeled (Figures 2A,B). In contrast in the CA1 region
neuropil labeling in stratum radiatum and oriens was weak
(Figures 2A,B). Finally, in the dentate gyrus (DG) labeling
intensity was intermediate with a slightly higher labeling at
the border between the molecular and granular cell layers
(Figure 2A). Additionally, scattered cell bodies of putative
GABAergic INs strongly labeled for SNAP47 could be observed
in all areas and layers of the hippocampus (Figures 2A,B).

Intriguingly, SNAP47 showed different and almost
complementary labeling pattern in the rat hippocampus.
The immunolabeling signal was particularly strong in the
CA3 stratum lucidum and the hilus of the DG (Figures 2C,D)
suggesting that the synapses formed by the glutamatergic
mossy fiber (MF) projection contains high level of associated
SNAP47 protein. In contrast, the CA3 pyramidal cell layer and
stratum radiatum were less strongly labeled when compared to
the mouse. In the CAI area, the labeling was much stronger over
the neuropil in stratum radiatum and oriens (Figures 2C,D).
Slightly stronger labeling was present in the molecular layer
of DG, whereas the granular cell layer was weakly labeled
(Figure 2C). Finally, in contrast to mouse, the labeling of
scattered INs was absent in the rat hippocampus (Figures 2C,D).

In summary, the labeling for SNAP47 is stronger in the cell
body layers and interneuron somata of the mouse hippocampus,
suggesting a preferential somatic and postsynaptic localization
of this protein in this species. In the rat it showed overall
stronger neuropil labeling suggesting preferential localization
to the neuronal processes. The complementary distribution of
SNAP47 in the mouse and in the rat is semi-quantitatively
summarized in Table 2.

SNAP47 Co-Localizes with GABAergic INs

The strong labeling of scattered cell bodies in all hippocampal
areas and layers in WT mouse suggested high expression of
SNAP47 protein in GABAergic INs. In order to confirm this
hypothesis, we took advantage of the VGAT-YFP transgenic
mouse and rat line selectively expressing YFP-Venus in
INs under the VGAT promoter and performed labeling for
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FIGURE 5 | Low SNAP47 expression in YFP-positive INs in the hippocampus of VGAT-Venus(YFP) transgenic rats. (A-C) High-power confocal images of double
immunolabeling for YFP and SNAP47 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 (red pseudocolor, bottom images) in the YFP-positive cell bodies (green, top images) and
SNAP47-negative INs (squares, second column). Scale bars represent, (A-C), 250 um; insets, 20 um.
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SNAP47 in these transgenic lines (Uematsu et al., 2008; Wang
et al., 2009).

High Expression of SNAP47 Protein in VGAT-Positive
INs in the Mouse Hippocampus

In good agreement with the labeling observed in the WT
mouse, we saw low SNAP47-labeling in the neuropil of the
CAl area (Figures 3B,C, 4A) and stratum lucidum of the
CA3 (Figures 3B,C, 4B), whereas the labeling was high in the
CAS3 stratum radiatum (Figure 4B), moleculare and pyramidale,
as well as the dentate hilus in sections from transgenic mice
(Figures 3B,C, 4C). To facilitate the identification of GABAergic
neurons, the YFP signal was amplified by immunostaining
using an anti-GFP antibody. In all areas and layers of the
hippocampus scattered INs were labeled for YFP (Figure 3C,
Supplementary Figure S1) as reported previously (Wang et al.,
2009). SNAP47 labeling showed a strong overlap in the somatic
cytoplasm of YFP-positive INs (Figures 3A-C, 4A-C and insets).
Quantitative data confirmed this observation: in a sample of
537 YFP-positive neurons of the dorsal hippocampi in both
hemispheres from three animals essentially all INs were found
to be immunopositive for SNAP47. When the mean intensity
(arbitrary gray scale units) was assessed in the cytoplasm of
YFP-positive cell bodies in the mouse, YFP-positive cell bodies
had an almost two-fold higher (239%) mean labeling intensity
(2470 £ 76 grayscale value, 50 cells, Figure 6) than the
surrounding neuropil in the CA1 stratum radiatum (1032 =+ 45,
Figure 4A with inset, 6A). In the CA3 and the dentate hilus of the
mouse, similarly high difference was found between the somatic
SNAP47 labeling intensity of YFP-positive cell bodies and the
surrounding neuropil (Figures 4B,C with insets, 6B,C).

Low SNAP47 Immunoreactivity in VGAT-Positive INs
in the Rat Hippocampus

The lack of the prominent labeling of putative INs in the
rat raises the question whether they are devoid of SNAP47.
In order to answer this question, we have performed double
immunolabeling in a VGAT-YFP transgenic rat line. In good
agreement with the labeling in the WT rat and in contrast
to that in the mouse, we observed high and homogeneous
neuropil labeling in all areas, particularly in the CA1 area of
transgenic rats (Figures 3E,F, Supplementary Figure S2). Over
the strongly labeled neuropil we could not detect the scattered
somata of INs, neither as a higher, positive nor as a lower,
negative signal (Figures 3D,E). The expression of SNAP47 in
VGAT-positive neurons in the rat was, thus, weaker than in
the mouse, but still detectable in most of the INs at a level
comparable to the labeling intensity of the surrounding neuropil
(Figure 5, insets). Indeed, we found that in the majority of
YFP-positive cells (96%, 459 of total 479 cell bodies; from both
hippocampi of three animals) showed SNAP47-positive signal
in their cytoplasm, only the nucleus was negative (Figure 5,
insets panel with circle). When the mean intensity was assessed
in the cytoplasm of YFP-positive cell bodies in the rat, it was
on average only 6% higher (1275 =+ 80 grayscale value, 46 cells,
Figure 6A), than the intensity of the surrounding neuropil
in the CAl stratum radiatum (1203 + 72, Figure 5A with
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FIGURE 6 | 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.

insets panel with circle and 6). In other areas, the CA3 and
the dentate hilus, similar low difference was found between
the SNAP47 labeling intensity in YFP-positive cell bodies and
the surrounding neuropil (Figures 5B,C and insets panel with
circle, 6B,C), despite the differences in labeling intensities of the
neuropil among the areas.

In conclusion, the labeling of the neuropil in the rat obscured
the labeling of the cells and made their identification in the
SNAP47 labeling difficult. Nevertheless our data indicate that
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in the mouse essentially all and in the rat hippocampus most
INs express SNAP47, however the labeling intensity was strongly
different between these two rodent species.

SNAP47 RNA-Expressing INs in the Mouse and the
Rat Hippocampus

ISH showed intense cellular expression pattern of SNAP47 RNA
in the mouse hippocampus (Figure 7A, Supplementary
Figure S3). The pyramidal cell layer in CAl and CA3 as well
as the granular cell layer of DG displayed strong reaction
(Figure 7A). We further observed SNAP47 RNA labeling in
scattered neurons over all areas and layers of the hippocampus,
consistent with the labeling of GABAergic INs (Figure 7A).
The highly similar cellular distribution of SNAP47 RNA
and the protein in GABAergic cells were confirmed in
consecutive slices double-immunolabeled for GFP and SNAP47
(Figures 7D-F).

In the rat, the expression pattern of SNAP47 RNA was
generally weaker compared to the mouse. All areas and layers,
in particular the cell body layers, showed much lower RNA
expression (Figure 7B).

The sense probes used to detect non-specific hybridization
exhibited only very low background level of hybridization signal
(Figure 7C).

In summary, ISH complemented our immunocytochemical
approach and further highlighted: (1) the expression of
SNAP47 in principal cells and GABAergic neurons in the mouse
hippocampus; and (2) the divergent cellular expression in the
mouse and the rat hippocampus.

st py.
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str. gy
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FIGURE 7 | In situ hybridization (ISH) of SNAP47 RNA in the mouse and the
rat hippocampus. (A,B) Overview images ISH with anti-sense probes in mouse
(A) and rat (B) hippocampus. (C) ISH image with sense probe in mouse
hippocampus. (D) Higher magnification images of ISH signal in the stratum
oriens, pyramidale and radiatum of the mouse CA1 area indicated by a box in
(A). (E,F) Higher magnification images of an adjacent section with double
immunofluorescence labeling for SNAP47 (E) and GFP (F) shown as separate
channels and inverted to grayscale. Scale bar represents 100 um in (A=F).

SNAP47 Immunoreactivity is Present Both
Pre- and Postsynaptically in the Mossy

Fiber Projection System

In order to determine whether the high labeling observed in the
rat CA3 stratum lucidum (Figures 3EF, 5B) was localized to
pre- or postsynaptic elements, we have next performed double
labeling for SNAP47 and the Zn-transporter 3 (ZnT3) as a
presynaptic marker, known to be highly enriched in MFs and
their terminals (Wenzel et al., 1997) or PSD95 as a postsynaptic
marker (Kornau et al, 1995; Miiller et al,, 1996; Rao et al.,
1998; Buckby et al., 2004) to identify the complex spines of
CA3 pyramidal cells present in this layer.

Pre- and Postsynaptic Labeling for SNAP47 in the
Mossy Fiber Projection System in the Rat

In sections double stained for SNAP47 and ZnT3 (Figure 8B),
ZnT3 showed a strong labeling in the CA3 stratum lucidum
(Figure 8B) and the hilus was particularly strong at locations
where MFBs were in close contact with somata and dendrites of
CA3 pyramidal cells or putative hilar mossy cells. SNAP47 and
ZnT3 labeling showed a partially overlapping pattern, indicating
that SNAP47 was present presynaptically in MFBs in the
rat hippocampus (Figure 8B). To confirm the results, we
additionally performed double-immunolabeling for SNAP47 and
VGLUT]1, the most abundant presynaptic vesicular marker for
glutamatergic synapses (Alonso-Nanclares et al., 2004). Indeed,
we detected overlapping signals for VGLUT1 and SNAP47 in
the MF termination zone in the CA3 stratum lucidum and
the hilus of the rat (Figure 8D). In sections double-labeled
for SNAP47 and PSD95, we observed a stronger overlap in
the stratum lucidum and also in stratum radiatum of the CA3
(Figure 9B) as well as in the neuropil of the CA1 area, reflecting
a preferential postsynaptic localization of the protein in both the
MEFB and the commissural/associational fiber systems of the rat.

Predominant Postsynaptic Labeling for SNAP47 in
the Mossy Fiber Projection System in the Mouse

In contrast to the rat, the labeling for SNAP47 was low
in the CA3 stratum lucidum of the mouse hippocampus.
Accordingly, we found little co-localization of SNAP47 with
ZnT3 (Figure 8A) or VGLUTI1 presynaptically in MFBs
(Figure 8C). Postsynaptically, however, SNAP47 showed a clear
co-localization with PSD95 in the CA3 stratum lucidum of the
mouse (Figure 9A). Furthermore, consistent with the stronger
labeling intensity for SNAP47 in the CA3 stratum radiatum
(Figure 8A), we found substantial colocalization of SNAP47 and
PSDY5 in this layer of the mouse hippocampus (Figure 9A).
Similarly, colocalization of SNAP47 and PSD95 was strong in the
CALl stratum radiatum, too.

Subcellular Localization of SNAP47

On the basis of our light microscopic analysis two major
observations emerged: (1) SNAP47 is expressed at high
levels in VGAT-positive inhibitory neurons in the adult
mouse hippocampus; (2) in the rat hippocampus, the highest
level of the immunolabeling was observed in excitatory MF
system in putative postsynaptic elements. In order to confirm
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FIGURE 8 | Presynaptic localization of SNAP47 in the CA3 area of mouse and rat hippocampus. (A) Confocal images of the co-localization of SNAP47 (red
pseudocolor, left) and the presynaptic marker ZnT3 (in green, middle left) in the CAS3 area of the mouse hippocampus. Note that SNAP47 shows weak labeling and
weak co-localization with ZnT3 in the stratum lucidum corresponding to the mossy fiber (MF) terminals (see the superimposed signals and the colocalization on the
rigth). (B) Confocal images of the co-localization of SNAP47 and the presynaptic marker ZnT3 in the CAS3 area of rat hippocampus. The labeling for SNAP47 is
strong in the stratum lucidum and shows substantial overlap with ZnT3. (C) Sections double stained against SNAP47 (red pseudocolor) and the presynaptic marker
vesicular glutamate transporter 1 (VGLUT1; in green) in the CA3 area of the mouse hippocampus. (D) Sections double stained against SNAP47 and the presynaptic

marker VGLUT1 in the CA3 area of the rat hippocampus. Scale bar represent, (A-D), 50 pum.

and further refine our confocal-microscopy observations, we
have next performed postembedding immunogold labeling
for SNAP47 combined with quantitative electron microscopic
analysis.

Subcellular Localization of SNAP47 to Post- and
Presynaptic Components of Glutamatergic MF
Projection in the Rat Hippocampus

In order to determine whether SNAP47 can, indeed, be localized
to post- as well as presynaptic glutamatergic elements, as
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suggested by our immunofluorescence results, we next examined
the MF projection in the rat hippocampus. MF boutons and their
postsynaptic elements, the complex spines of CA3 pyramidal
cells were identified on the basis of their ultrastructural features
and localization in the stratum lucidum. MFBs show typical
morphological characteristics, namely large presynaptic surface
area, densely packed, clear, sphere-shaped SVs; a low number of
dense core vesicles (DCVs); numerous mitochondria; numerous
contacts with complex spines and puncta adherentia onto
dendritic shafts (Frotscher et al., 1994). In ultrathin sections of
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FIGURE 9 | Postsynaptic localization of SNAP47 in the CA3 area of mouse and rat hippocampus. (A) Confocal images of the double immunolabeling for SNAP47
(red pseudocolor) and the postsynaptic marker PSD95 (in green) in the CA3 area of the mouse hippocampus. Stratum lucidum and radiatum show weak labeling for
both SNAP47 and PSD95. Weak co-localization is observed in these two layers (see the superimposed signals and the colocalization on the rigth). (B) Double
immunolabeling for SNAP47 and postsynaptic marker PSD95 in the CAS3 area of the rat hippocampus. Stratum lucidum shows strong overlap of SNAP47 and

superir_nposed

CA3 stratum lucidum, immunogold-labeling for SNAP47 were
present at high levels in complex spines engulfed by MFBs
(Figure 10A and inset). However, the immunogold labeling was
not confined to spines, but was also present in dendritic shafts,
albeit at lower density. Furthermore, immunogold labeling was
present presynaptically in MFBs in areas in close apposition
to postsynaptic surface membranes of CA3 pyramidal cell
dendrites, though at substantially lower density than on the
postsynaptic side (Figure 10A). The labeling density was
highly variable between MFBs (0-26 gold particles per MFB
profile) and the distributions pattern of SNAP47 within MFBs
seemed to be inhomogeneous, with clusters of immunogold
particles associated to membrane structures within SV pools
(Figure 10A).

Quantification of the labeling intensity confirmed these
qualitative observations indicating that 19.7% of complex
spines were clearly immunopositive (>2 particles per profile)
with up to 15 gold particles per spine. In contrast, 33.9%
of complex spines showed only 1-2 particles per profile
and 46.4% were not labeled at all. The average density of
immunogold particles was 7.4 £ 1.0 particle/um? over all
complex spines (112 spines form two animals with an average
area of 0.21 + 0.02 pm?; Figure 10B). Presynaptically 76.9%
were immunopositive (>2 particles per bouton), 13.4% of
the MFBs showed labeling with 1-2 particles per bouton
and 10.1% had no immunolabeling at all. Despite the high
proportion of clearly immunopositive terminals, the mean
labeling intensity with 2.1 + 0.2 particle/um? (69 MFBs
from two animals, mean cross-section area 3.28 + 0.18
pwm?, Figure 10B) was three-times lower than postsynaptically
in complex spines. The density of immunogold particles
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measured in both pre- and postsynaptic compartments was
significantly higher compared to the background (P < 0.0001 for
both compartments; Figure 10B) measured over mitochondria
in MFBs.

To further test whether the strong, but sparse postsynaptic
localization of SNAP47 applied to other glutamatergic synapses,
we also took samples of small glutamatergic boutons in stratum
radiatum of the CA3 area. These asymmetrical synapses were
identify by the close apposition of a small presynaptic boutons
filled with small clear SVs and a postsynaptic dendritic spine with
strong postsynaptic density (PSD) separated by a well-defined
synaptic cleft (Figure 10C and inset). At these synapses gold
labeling was much lower than in MFBs and was present only
in a total of 6.5% (>2 particles per profile) postsynaptically
and 9.7% (>2 particles per bouton) presynaptically. The mean
density of immunogold particles postsynaptically, in spines
was 6.2 £+ 1.3 particle/um? (124 spines form two animals
with an average area of 0.06 + 0.004 wm?; Figure 10D)
whereas it was two-times lower at 2.8 + 0.6 particle/um?
presynaptically, in small putative glutamatergic axon terminals
(124 terminals from two animals with an average area of
0.14 £ 0.01 pm? Figure 10D). The density of immunogold
particles postsynaptically (P = 0.0101) and presynaptically
(P = 0.0151; Figure 10D) was significantly higher than
the background obtained over mitochondria in the stratum
radiatum.

In summary, our quantification documented an enrichment
of SNAP47 postsynaptically in spines and additionally revealed
quantitative differences in the expression across the layers
of the CA3 area, with higher labeling present in complex
spines in the stratum lucidum as opposed to small dendritic
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FIGURE 10 | Quantitative immunoelectron microscopy of

SNAP47 immunolabeling in glutamatergic neurons of the rat hippocampus.
(A) Electron micrograph of a MF bouton (mfb) in the CA3 stratum lucidum
labeled for SNAP47 (10 nm immunogold particles, arrowheads). The inset
illustrates the high postsynaptic localization of SNAP47 in a spine head (s).
Abbreviations: pd, pyramidal cell dendrite; m, mitochondrium; arrow, dense
core vesicle. Scale bar: 500 nm. (B) Summary chart of the pre- and
postsynaptic immunogold labeling density in the stratum lucidum of the

CAB3 area. Individual density values are superimposed for MFBs (open circles)
and complex spines (open squares). (C) Postembedding immunogold labeling
for SNAP47 in the CAS stratum radiatum. Note that the immunogold labeling
(arrowheads) is preferentially localized to spines (s) forming asymmetrical
synapses with putative glutamatergic axon terminals (at), but was also
observed in dendritic shafts of pyramidal cell dendrites (pd) and, at lower level,
in axon terminal (inset). Abbreviations: a, axon. Scale bar: 500 nm.

(D) Summary chart of pre- and postsynaptic immunogold labeling density in
the stratum radiatum of the CA3 area. Individual density values are
superimposed for axon terminals (AT, open circles) and spine heads (open
squares). Asterisks indicate significant differences (***P < 0.0001 and

*P < 0.02) relative to background labeling measured over mitochondria in the

FIGURE 11 | Ultrastructural localization of SNAP47 in axon terminals and
dendrites of GABAergic INs of the mouse hippocampus. (A) Postembedding
immunogold labeling for SNAP47 (10 nm gold, arrowheads) in the cytoplasm
of a putative interneuron cell body (icb) in the CA3 stratum radiatum
associated to the endoplasmic reticulum (ER). Scale bar: 500 nm. (B) A
putative GABAergic basket cell terminal (GABAergic terminals, gt) forming
symmetric contact onto a pyramidal cell body (pcb) in the CA3 stratum
pyramidale. Note that postembedding immunogold labeling for SNAP47

(10 nm gold; arrowheads) was preferentially found postsynaptically in the
pyramidal cell body and only at lower level presynaptically in the inhibitory
axon terminals. Scale bar: 200 nm. (C) Putative gt making symmetric contacts
with the axon initial segment (AIS) of a pyramidal cell in the CA3 region.
Arrowheads indicate immunogold labeling for SNAP47 (10 nm gold) found at
low level in the axon terminals. Scale bar: 500 nm. (D) Putative gt making
symmetric contact with a dendritic shaft (pd) of a putative pyramidal cell in the
CA3 region. Arrowheads indicate immunogold labeling (10 nm gold) for
SNAP47 found in pyramidal dendritic shaft and at low level in the axon
terminal. Scale bar: 200 nm. (E) A putative interneuron dendritic shaft (id)
receiving convergent asymmetrical, presumably excitatory synapses with
small axon terminals (at) in the CA1 stratum radiatum. Arrowheads indicate
immunogold labeling (10 nm gold) for SNAP47 found in the dendritic shaft and
in the axon terminal. Scale bar: 500 nm.

stratum lucidum (B) and stratum radiatum (D).

spines in the stratum radiatum. Moreover, labeling for
SNAP47 was clearly present in most presynaptic terminals
examined, but at a level lower than that detected in postsynaptic
compartments.

Subcellular Localization of SNAP47 to Post- and
Presynaptic Components of GABAergic INs in the
Mouse

Consistent with the strong immunofluorescence labeling for
SNAP47 in VGAT-Venus INs in the mouse hippocampus,

immuno-electron microscopy showed high levels of
immunogold particles for the protein at the membrane of
the endoplasmic reticulum (ER) in cell bodies of VGAT-positive
INs (Figure 11A). Similar to INs, somata of putative PCs
in the CAl stratum pyramidale showed high levels of
immunogold particles associated to the ER (Figure 11B).
This localization plausibly reflects a reserve pool, related
to production and trafficking of the protein in these
neurons.

To address the subcellular distribution of functional
protein at pre- and postsynaptic membranes, we next
examined immunolabeling for the protein presynaptically
in well-defined GABAergic synapse populations: (1) putative
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basket cell terminals forming symmetric synaptic contacts
with cell bodies of principal cells (Figure 11B); (2) axo-axonic
synapses on the axon initial segment (AIS) of principal cells
(Figure 11C); and (3) axo-dendritic inhibitory synapses
forming contact onto dendritic shafts of principal cells in
the CA1 and CA3 area (Figure 11D). All types of inhibitory
synapses were identified based on their symmetric contact
to the postsynaptic component. In all these three major
inhibitory presynaptic axon terminals, we could occasionally
detect labeling for SNAP47, suggesting that SNAP47 could
be trafficked to presynaptic sites also in inhibitory neuron
populations. Finally, we investigated labeling postsynaptically,
in IN dendrites in the neuropil. Indeed, immunogold
particles for SNAP47 protein were consistently found to be
localized, albeit at low levels, to non-spiny dendritic shafts of
putative INs receiving convergent asymmetrical, presumably
excitatory synapses in the stratum radiatum of the CAl area
(Figure 11E).

Thus, the immunogold labeling pattern of SNAP47 in
INs observed in the electron microscope indicates
trafficking of this protein to both pre- and postsynaptic
compartments.

DISCUSSION

The present study reveals a divergent distribution of SNAP47 in
mouse and rat hippocampus. While immunolabeling for
SNAP47 is broadly distributed in all areas and layers of the
hippocampus in both the mouse and rat, it shows an almost
complementary staining pattern. In the mouse the strongest
labeling was observed in VGAT-positive inhibitory INs of the
hippocampus, whereas in the rat hippocampus the highest level
of immunostaining was observed in the termination zone of
the excitatory MF projection. Independent of these differences
in areal and cellular distribution, at the subcellular level the
protein was found to be localized to both postsynaptic and
presynaptic elements, with higher densities in postsynaptic
elements.

High Expression of the SNAP47 in Somata
of GABAergic INs in the Mouse

Immunofluorescence labeling for SNAP47 revealed a strong
expression of this protein in cell body layers of the mouse
hippocampus. ~ Furthermore, particularly  high labeling
was observed in somata scattered in all areas and layers
corresponding to inhibitory GABAergic INs. This finding is
in good agreement with previous documented localization of
this protein in cell bodies of cultured striatal neurons (Holt
et al, 2006). Although the precise subcellular localization
could not be identified in that study, our postembedding
immunogold data suggest that the protein is closely
associated to the ER in both GABAergic VGAT-positive
and glutamatergic pyramidal neuron populations. This pool
could recruit factors involved in the regulation of the structural
organization of the ER or Golgi-ER and post-Golgi transport
possibly through interaction with cytoskeletal elements
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(Kuster et al, 2015), but the precise role remains to be
established.

The high accumulation of SNAP47 in inhibitory GABAergic
neurons of the adult mouse hippocampus was an unexpected
finding. Previously, Tafoya et al. (2006) reported a high
expression of SNAP25 in GABAergic terminals (gt) of
the hippocampus and the thalamus, however this finding
was contrasted by several reports suggesting the lack of
SNAP25 in hippocampal GABAergic axon terminals (Verderio
et al, 2004; Bragina et al, 2007; Matteoli et al, 2009).
In contrast, SNAP23 has been reported to be highly and
selectively expressed in at least a subset of hippocampal and
neocortical inhibitory axon terminals (Verderio et al, 2004;
Bragina et al, 2007). Our results indicate that GABAergic
neurons in the mouse hippocampus synthesize SNAP47 at
high levels and the functional protein can be localized
both postsynaptically in somato-dendritic compartments
and presynaptically in axon terminals. In the rat somatic
expression levels were markedly lower than in the mouse,
albeit not absent, suggesting that the storage and trafficking
of this SNAP isoform underlies species-dependent regulatory
mechanisms. Further investigations are necessary to identify
the precise localization and role of the functional protein
in diverse IN populations and whether, despite a low
presynaptic expression, it can participate in the SNARE
complexes involved in supporting vesicle fusion in GABAergic
boutons.

Post- and Presynaptic Expression of

SNAP47 at Glutamatergic Synapses

In the rat hippocampus, SNAP47 immunolabeling of the cell
body layers was weak, whereas the neuropil, in particular the CA3
stratum lucidum where MFs terminate showed strong staining.
We could detect SNAP47 at high level in subset of dendritic
spines, and showed localization similar to the postsynaptic
marker. This finding is consistent with the conclusion from
a previous study demonstrating that SNAP47 is present in
postsynaptic compartments and an essential component of the
fusion machinery required for regulated AMPAR insertion
to the membrane during the expression of LTP (Jurado
et al,, 2013). However, the protein does not contribute to the
regulation of basal AMPAR- or NMDAR-mediated synaptic
responses or basal AMPAR surface expression (Jurado et al.,
2013). The study by Jurado et al. (2013) did not allow
any conclusions about the specific dendritic nanodomains at
which AMPAR exocytosis occurs during LTP or about the
specific timing of these events. Other studies have found that
following NMDAR activation, recombinant AMPAR subunits
are inserted into perisynaptic membranes, either adjacent to
the PSD or adjacent to the base of dendritic spines, from
where they can laterally diffuse into the PSD to increase
synaptic strength (Petrini et al, 2009; Opazo et al, 2010).
The sources of the AMPARs that are exocytosed during LTP
have been suggested to be recycling endosomes containing
transferrin receptors (TfRs) in dendrite spines (Jurado et al.,
2013). As there is a close correlation between dendritic spine
size and PSD size (Harris and Stevens, 1989) and between PSD
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size and AMPAR density at synapses (Takumi et al., 1999),
small spines in the stratum radiatum are likely to contain
lower numbers of AMPARs. Assuming that SNAP47 expression
is proportional to AMPAR numbers, this could explain the
higher intensity of SNAP47 labeling in complex spines in CA3
stratum lucidum in comparison to spines in CA3 stratum
radiatum in rat hippocampus, as observed in our study. In
general, predominant localization of SNAP47 to the postsynaptic
elements supports role of this protein in the control of receptor
trafficking.

In our study, we could also confirm presynaptic
localization of SNAP47 in glutamatergic synapses. The
labeling intensity was particularly high in MFBs in CA3
stratum lucidum in the rat. We could detect co-localization
of SNAP47 immunofluorescence signal with both VGLUT1-
and ZnT3 in MFBs, but not all MFBs were labeled and the
overlap was weaker than with the postsynaptic marker. In
fact, postembedding immunogold-labeling confirmed these
findings and demonstrated that SNAP47 immunogold
particles were present presynaptically in the majority
of MFBs however at substantially lower densities than
postsynaptically in the complex spines of CA3 pyramidal
cells.

The presynaptic localization of SNAP47 in MFBs may
have important implications in vesicular exocytosis of BDNF
(Shimojo et al, 2015). BDNF is stored in discrete vesicles
within MFBs and some MFB-filopodia (Danzer et al., 2004;
Dieni et al., 2012). BDNF-containing clusters co-localize neither
with SV markers such as synaptophysin or VGLUT1, nor with
proteins that are stored in dense core vesicle fractions. In
good agreement, the staining pattern for SNAP47 was different
from established markers for synapses. Furthermore, the
co-fractionation pattern indicates that a pool of SNAP47 resides
on a subpopulation of small vesicles, but the nature and origin
of these vesicles remains to be established (Holt et al., 2006).
Synaptic BDNF is not uniquely stored in MFBs, but was generally
found in discrete synaptic granules/vesicles in majority of
glutamatergic axon terminals in cultured hippocampal neurons
(Andreska et al, 2014). Based on our results which show
irregular, clustered localization of SNAP47 within glutamatergic
presynaptic boutons, different from the homogenous vesicular
labeling for VGLUT1, we hypothesize a co-localization of BDNF
and SNAP47. Moreover, as BDNF protein is further localized
in cell bodies (Conner et al., 1997) and SNAP47 protein is also
accumulated in neuronal (glutamatergic and GABAergic) cell
bodies. This co-localization pattern seems not to be restricted
to MFBs, but may be a general principal for all neuronal
compartments.

In summary, our work shows that SNAP47 is present
postsynaptically at high levels in a subset of postsynaptic
elements, including CA3 complex spines in the stratum lucidum
and small spines in the CAl and CA3 stratum radiatum.
However, SNAP47 is also present presynaptically at lower levels
in subsets of axon terminals, including MFBs and small excitatory
axon terminals in the stratum radiatum. Concluding, our data
suggest that SNAP47 may be involved not only in postsynaptic
function but also in unique fusion machinery, distinct from
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the one involved in neurotransmitter release at the presynaptic
sites.

Future Perspectives

With respect to the strong accumulation of SNAP47 in
GABAergic cell bodies and the co-localization of GABA
pre- and postsynaptic markers with this SNAP isoform
examined in the present study, it will be of interest to
clarify its precise cellular and subcellular expression in
various types of inhibitory neurons and to identify the
mechanisms that regulate its intracellular distribution and
trafficking and will helps us better understand the functions
of SNAP47 protein in GABAergic neurons. The preferential
localization of SNAP47 to the postsynaptic components
in the rat at physiological conditions raises the question
whether the trafficking of this protein, in terms of favored
localization to the presynaptic terminals and/or postsynaptic
sites, could be changed dynamically during development or brain
disorders.
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