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In organotypic hippocampal slice cultures (OHSC), the morphological and functional characteristics of both neurons and glial cells are well
preserved. This model is suitable for addressing different research questions that involve studies on neuroprotection, electrophysiological
experiments on neurons, neuronal networks or tumor invasion. The hippocampal architecture and neuronal activity in multisynaptic circuits are
well conserved in OHSC, even though the slicing procedure itself initially lesions and leads to formation of a glial scar. The scar formation alters
presumably the mechanical properties and diffusive behavior of small molecules, etfc. Slices allow the monitoring of time dependent processes
after brain injury without animal surgery, and studies on interactions between various brain-derived cell types, namely astrocytes, microglia and
neurons under both physiological and pathological conditions. An ambivalent aspect of this model is the absence of blood flow and immune
blood cells. During the progression of the neuronal injury, migrating immune cells from the blood play an important role. As those cells are
missing in slices, the intrinsic processes in the culture may be observed without external interference. Moreover, in OHSC the composition of
the medium-external environment is precisely controlled. A further advantage of this method is the lower number of sacrificed animals compared
to standard preparations. Several OHSC can be obtained from one animal making simultaneous studies with multiple treatments in one animal
possible. For these reasons, OHSC are well suited to analyze the effects of new protective therapeutics after tissue damage or during tumor
invasion.

The protocol presented here describes a preparation method of OHSC that allows generating highly reproducible, well preserved slices that can
be used for a variety of experimental research, like neuroprotection or tumor invasion studies.

Video Link

The video component of this article can be found at https://www.jove.com/video/55359/

Introduction

OHSC are a well-characterized in vitro model to study both physiological and pathological properties of neurons, astrocytes and microglia1.
It is easy to control the extracellular environment and monitor the cellular and morphological changes after various stimuli. The organization
of hippocampal neurons and their connections are well preserved after preparationz’ . Out of several advantages, OHSC allow monitoring of
brain injury and tumor invasion without animal surgery. Six to eight OHSC can be obtained from a single rodent brain. OHSC therefore help
to significantly reduce the number of animals and allow testing multiple drug concentrations, genetic manipulations or different lesion models
in the same animal. In slice-based assays, experimental conditions can be precisely controlled. Additionally, time dependent development of
pathological conditions like secondary damages can easily be monitored by time-lapse imaging.

In the given protocol, originally established by Stoppini et al the preparation steps are described and important morphological landmarks
for the selection of appropriate slices are highlighted. We recommend the preparation of postnatal day 7-9 rats or postnatal day 4-5 mice. In
these periods, OHSC show a robust resistance to mechanical traumas and a high potential for reorganization of neuronal circuits. In contrast,
preparations from embryonic or adult rats rapidly change their structure and lose their organotypic morphology during cultivation and are
therefore less suitable for studying long-term processes in basic research5‘6'7'f:'z:2':1. Another critical point for the survival rate of OHSC is the

thickness of the slice itself as the diffusion and thus nutrient supply are limited
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Animal experiments were performed in accordance with the Policy of Ethics and the Policy on the Use of Animals in Neuroscience Research as
approved by the European Communities Council Directive 2010/63/EU of the European Parliament and of the Council of the European Union on
the protection of animals used for scientific purposes.

1. Preparation of Instruments and Culture Media

For preparation of OHSC use the following set of instruments: two small scissors, two curved tweezers, one tweezer with a fine tip, three
blades (two of size 11, one of size 15), three scalpel holders, round filter papers (diameter: 35 mm), agar, one razor blade, one unmodified
Pasteur pipette, and one modified Pasteur pipette without a tip. Sterilize all materials in an autoclave before usage (Figure 1).
Weigh 5 g agar and dissolve it in 100 mL distilled water. Sterilize the solution for 20 min at 121.7 °C at 210.8 kPa in an autoclave. Distribute
the 3 mL liquid agar solution in 60-mm Petri dishes using a sterile glass pipette, allow it to solidify for 5 h, cover with plastic paraffin film to
avoid contamination and store at 4 °C until further use. Agar blocks are needed to stabilize the brains during the slicing procedure.
Media
1. Make 200 mL of the preparation medium (pH 7.35) consisting of 198 mL minimal essential medium (MEM) and 2 mL L-glutamine
solution (final concentration 2 mM). Prepare the solution on the day of media preparation and store it at 4 °C.
2. Prepare 100 mL of the culture medium consisting of 49 mL MEM, 25 mL Hanks' balanced salt solutions (HBSS), 25 mL (v/v) normal
horse serum (NHS), 1 mL L-glutamine solution (final concentration 2 mM), 100 pg insulin, 120 mg glucose, 10 mg streptomycin, 10,000
U penicillin, and 800 ug vitamin C as reported previously. Warm the medium (37 °C), adjust the pH value to pH 7.4 and sterile filter
(0.2 uym pore size). Repeat the procedure (warming up, pH adjustment, etc.) every second day before changing the medium. Use the
medium at the most for one week when stored at 4 °C.

Fill one 35-mm Petri dish with preparation medium to store the brain. Place two empty Petri dishes for collecting the tissue on a cooling pack
in the working area.

2. Preparation and Slicing with a Vibratome

Use brains from 7-9 day old rats or 4-5 day old mice for the OHSC preparation according to Stoppini et al.* After decapitation of animals,
remove the skin from the skull with scissors.

Introduce the blade of a fine scissor into the foramen magnum and open the skull by cutting along the caudal (back) rostral (front) axis. Make
two cuts perpendicular to the first one, so that the scissors point towards the left and right ear, respectively ("T-incision").

Open the skull carefully with fine forceps, paying attention not to injure the brain. Use a scalpel (blade size 11) to cut the most rostral part of
the frontal pole and the cerebellum.

By means of a spatula, remove the brain and place it carefully in the Petri dish filled with preparation medium (Figure 2). Position the brain on
the specimen holder and fix it with medical cyanoacrylate glue. Use the pieces of agar to assure mechanical stabilization.

Dissect the tissue horizontally in 350 pm thick OHSC using a sliding vibratome.

Evaluate the slices optically using a binocular microscope. Discard OHSC of low quality immediately. It is important to take only those slices
with intact cytoarchitecture isolated from the middle part of the hippocampus (see Figures 3 and 4) between the dorsal and the ventral
hippocampus.

Separate the hippocampal region and the entorhinal cortex using a scalpel (round blade size 15; Figure 3). The perforant pathway and
entorhinal cortex must be preserved.

Six to eight OHSC are obtained from each brain. Transfer 2-3 slices into one cell culture insert (pore size 0.4 ym) and place it in one well of a
6-well culture dish containing 1 mL culture medium per well.

Incubate the 6-well dishes at 35 °C in a fully humidified atmosphere with 5% (v/v) CO, and change the cell culture medium every second day.
NOTE: Conduct your experiments at 6 day in vitro (div). Inflammatory reactions associated with the slicing procedure disappear by day 6. At
this stage, microglial cells show a ramified morphology again and synaptic connections have matured.

3. Evaluation of Tissue Quality

1.

2.

Fixation, labeling and visualization of degenerating neurons in OHSC

1. After performing the experiments, incubate the OHSC with 5 ug/mL propidium iodide (PI) for 2 h prior to fixation, in order to stain the
nuclei of degenerating neurons.
CAUTION: Pl is a suspected carcinogen, always wear personal protective equipment (PPE) such as gloves.

2. Wash the OHSC with 0.1 M phosphate buffer (pH 7.4) and fix them with a 4% (v/v) solution of paraformaldehyde (PFA) for 24 h.
CAUTION: PFA is a toxic and suspected carcinogen. Work under fume hood and wear PPE.

3. Wash the OHSC in inserts with 1 mL PBS and use a rigger brush to separate slices from the membrane.

4. Label the OHSC with IB,4 dye in a 24-well plate (Figure 5).

Conduction of tumor invasion experiments using fluorescently labeled single cells
1. 24 h prior to the start of an experiment, label the tumor cells by using the fluorescent dye Carboxyfluorescein diacetate succinimidyl
ester (CFDA SE).
2. Detach and count the tumor cells using a Neubauer chamber.
3. Resuspend the cells in medium, such that 10 uL of suspension contains the desired cell number (normally 50,000 or 100,000 cells).
4. Apply 10 pL of the cell suspension onto the slice culture and allow the cells to invade for 3 days.
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5. At the end of the experiment, fix the slice cultures using 4% (v/v) PFA for 24 h, and label the co-cultures with Pl for another 24 h to
visualize the cytoarchitecture.
CAUTION: PFA is a toxic and suspected carcinogen. Work under fume hood and wear PPE.

6. Mount the co-cultures onto a cover slip for further analysis using the mounting media.

4. Evaluation of OHSC Experiments

Analyze the OHSC with a confocal laser scanning microscope (CLSM). For detection of Pl labeled, degenerating neurons or the PI labeled
cytoarchitecture use monochromatic light of the wavelength A = 543 nm and an emission band pass filter for wavelengths A = 585-615 nm. For
CFDA labeled tumor cells or 1B, microglia, use an excitation wavelength of A = 488 nm. For both experimental types, record a z-stack with 2 pm
thick optical slices and used for evaluation.

Representative Results

Neuroprotection studies: To determine neuronal damage, the number of PI positive nuclei and 1B, positive microglia in every third optical
section of the granule cell layer (GCL) of the dentate gyrus (DG) was counted. For tumor invasion experiments, the maximal intensity z-
projection of the stack was used for calculating the area covered by tumor cells, as a measure of invasion and to visualize different invasion
patterns (Figure 6).

In the untreated control OHSC (CTL), neurons remained well-preserved. In the GCL of the DG almost no Pl positive neuronal nuclei (Figure 5A)
were observed. In the molecular layer, the majority of microglial cells were ramified. In the GCL of the DG, only very few IB, positive microglial
cells (Figure 5A) were detected. After incubation with 50 uM N-methyl-D-aspartic acid (NMDA) a strong increase in the number of Pl positive
neuronal nuclei (Figure 5B) and IB, positive microglial cells (Figure 5B) was detected when compared to control OHSC. Pre-damaged OHSC
of lower quality can be identified by higher numbers of amoeboid microglia and PI positive cells in the DG (Figure 5C) under control conditions.
Treating pre-damaged slices with NMDA led to destruction of DG cytoarchitecture and a very high number of Pl positive death cells spreading to
the hilum and CA3 region (Figure 5D).

Tumor invasion studies: Slices were treated with 50,000 cells of the two glioblastoma cell lines U138 (Figure 6A) and LN229 (Figure 6B)
for three days. In both cases the cytoarchitecture of the slice cultures remained intact and the cornu ammonis and the DG were preserved.
Furthermore, both cell lines showed distinct invasion behavior. While U138 cells formed round, clearly distinct tumors (Figure 6A), LN229 cells
built a tumor network within single tumor spheroids and were often hard to distinguish. When looking at the amount of tumor mass in slice
cultures, a higher invasiveness for LN229 cells was found when compared with U138 cells.

FIGURE 1: Dissection tools and materials. For preparation of slice cultures, a suitable set of dissection tools and materials is required as
shown. The set includes three scalpels with small exchangeable blades, one spatula, two fine scissors, three forceps, one normal Pasteur
pipette, one Pasteur pipette without tip, agar, Petri dishes, filter paper, a cooling pack, preparation medium, and medical cyanoacrylate glue. The
dissection tools must be autoclaved before usage and placed in a plastic package to keep it in a sterile atmosphere. Please click here to view a
larger version of this figure.
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FIGURE 2: Location of the hippocampal formation in the rat brain. The hippocampal formation, shown by the black dotted line is a bilateral
structure enclosed by the cerebral cortex and the thalamus. The hippocampus bulges into the temporal horn of the lateral ventricle. The

hippocampus is bilaminar, consisting of the cornu ammonis (hippocampus proper) and the dentate gyrus (or fascia dentate), with one lamina
rolled up inside the other. Please click here to view a larger version of this figure.
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FIGURE 3: Visualization of rat OHSC. A whole brain slice containing OHSC is visualized by a binocular to assess the tissue quality. Slices are
kept in a Petri dish filled with cooled preparation medium (A, B). Magnification of the brain slice. The intact hippocampus (HC) and entorhinal
cortex are visible on the left and right side of the image (C). OHSC is separated from the rest of the brain. The granule cell layer (GCL) of

the DG, the cornu ammonis subfields CA1 and CA3, the hilus region (HI), the entorhinal cortex (EC) and the molecular layer (ML) are clearly
distinguishable (D). C, D: scale bar =4 mm.
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FIGURE 4: Time dependent changes in OHSC.
Directly after the preparation, microglia and astrocytes begin to form a glial scar. From 1-3 days in vitro (div) gliosis and edema formation are
observed. The stratification of hippocampal formation and DG is no longer visible. At the cellular level, OHSC on 5 div display a reduction in the
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number of activated cells. At 6 div, almost no edema is present, the slice is thinner, and the areas included in the intrinsic neuronal circuits have
survived. OHSC can now be used for the experiments. Scale bar = 1 mm. Please click here to view a larger version of this figure.

representative CTL representative NMDA

FIGURE 5: Evaluation of tissue quality by CLSM. As revealed by CLSM, a good neuronal preservation is observed in the non-lesioned control
OHSC (CTL). Virtually no PI positive neuronal nuclei (red) and only a few IB, positive microglial cells (green) are found in the granule cell layer
(GCL) of the DG (A). In contrast to non-lesioned OHSC, a strong increase in the number of Pl and 1B, positive cells is visible in the GCL of
NMDA-lesioned OHSC (B). Please note the morphology of the DG, activated microglial cells and a large number of Pl positive nuclei in pre-
damaged OHSC (C, D). Bars = 50 uM. Please click here to view a larger version of this figure.

FIGURE 6: Visualization of tumor invasion by CLSM. PI (in red) applied after the fixation labels the cytoarchitecture of the OHSC, while CFDA
(in green) illustrates the tumor cells invading the slice. The invasion process of U138 cells is visualized after three days of invasion time. Single
tumor spheroids are clearly distinguishable (A). In contrast, the glioblastoma cell line LN229 formed a tumor network (B). Bars = 400 um. Please
click here to view a larger version of this figure.
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The present protocol describes the preparation of OHSC. This model allows testing of intrinsic capabilities and reactions of brain tissue after the
application of physiological and pathological stimuli. Besides analyses of electrophysiological parameters, OHSC can be lesioned and the effects
of damage on all cell types can be determined. Treatment with different substances and the detailed description of lesioning processes or healing
in the absence of macrophages and lymphocytes is possible.

The most critical steps for a successful preparation and culturing are to: 1) work under sterile conditions, 2) prepare the media correctly,
considering temperature and pH, and 3) develop the necessary manual dexterity during handling of OHSC.

Characteristics of the OHSC

Because of the unaltered morphology of neuronal cells and their in vivo-like organization, the slices are called organotypic. The OHSC
consist of the stratum pyramidale and stratum granulosum, composed of the pyramidal cornu ammonis (CA1, CA2, CA3) and DG granular

cells. Parts of the hippocampus are highly ordered and the afferent fiber projections terminate in distinct layers in a non-overlapping way. The
efferences between entorhinal cortex (the perforant pathway), DG, CA3 and CA1 neurons remain intact after the preparation and behave
functionally similar to those in vivo. As previously shown, development of dendritic trees, synapse formation and network activities of the granular
cells in OHSC are comparable to acute slices obtained from time matched controls 14,15.16

Oligodendrocytes and astrocytes have been studied in OHSC by both light and electron microscopy. Oligodendrocytes display an organotypic
spatial distribution, including different morphological subtypes 8. Also, the axons become myelinated during the first two weeks in vitro. Some
authors postulated that the layer specific localization of astrocytes is absent in slice cultures and believe that the astrocytes do not reach a full
maturation in vitro. This aspect cannot be fully answered, since specific markers for all activation steps of astrocytes are still missing 119,20

In the first 3 days after the preparation, microglial cells respond with migration and proliferation and accumulate at the slice surface where they
form the glial scar together with astrocytes. All cells seem to be in a highly-activated state. However, in the inner layers of OHSC and between 3
and 6 div, microglial cells change their amoeboid morphology towards a ramified form, characterized by small cellular bodies and long branching
fine cytoplasmic protrusions extended in all directions®’

Similar expression and distribution of glutamate receptors have been reported in adult tissue and OHSC?*%, The frequency of synaptic currents,

the miniature synaptic currents and the frequency of GABAergic currents in OHSC (7, 14 and 21 div) are not significantly different compared to
acute preparat|ons on postnatal days 14 or 15 respectively. In contrast, the frequency of glutamatergic signals is higher in OHSC than in acute
slices™

Comparison of different preparation methods

The preparation of embryonic and early postnatal tissue is quite easy, because of the good cell survival rates in vitro. It should be considered
that at this early stage, the neuronal cells are still migratory and active leading to a loss of organotypic organlzatlon of slices’. After 7-9 postnatal
days, some synaptic connections in rats are established. During the next 2-3 weeks in vitro the synapses mature'®. One of the advantages

of the presented model is its resistance to mechanical trauma during the preparation and its high plasticity due to the age of the animals (7-9
days)1 1424 1t must be mentioned that the slices are highly sensitive to mechanical manipulations by instruments. Even the wrong angle of
slicing may cause incline cutting of neuronal fibers responsible for anterograde or retrograde neuronal demise. The preparation of slice cultures
from adult animals for long-term purposes is challenglng and still not established. Such OHSC show a massive degeneration shortly after the
preparation presumably due to the loss of plast|0|ty Nevertheless, there is a strong need for a preparation method allowing for work with adult
slices.

For several preparation methods, the freshly excised tissue is sliced to a thickness of 300-400 ym, using a tissue chopper to cut the isolated
hippocampus. This quick method may frequently result in widespread tissue damage. Critical factors for the quality of OHSC are their final
thickness and the time they are kept in vitro. The best results with the highest survival rates have been achieved for 300-400 um thick slices.
In thicker slices the upper layers degenerate during the culture time due to diffusion limitations”. Depending on the scientific questions asked,
OHSC are used either directly after preparatlon or after several days in culture Therefore, over the years several cultivation techniques were
established, like the Roller-Tube technlque 3 or static slice technlques

Out of different preparation methods we are convinced that using the interface technique together with a vibratome is the most precise and least
damaging procedure for preparing OHSC to date. This method is further improved by using porous membranes. OHSC keep their 3D structure,
stay morphologically and functionally intact for months, and can visually be evaluated during the cultivation perlod

Applications

OHSC can be Prepared from both wild type and transgenic animals ' . They survive for months and provide options for Iong -term

experlments . OHSC are used to address physiological, pharmacological, morphological and developmental questlons under highly
standardized conditions such as chronic application of neurotherapeutics or stem cell therapy 62128 The investigation of developmental aspects
of neuronal connectivity or processes related to synaptic transmnssmn synaptic plasticity, effects of chronic epilepsy of dendritic spines of
pyramidal cells, or neurogenesis all represent additional fields®®

Glutamate, the primary excitatory neurotransmitter, and ionotropic glutamate receptors play a central role in excitotoxicity. Excitotoxic lesions
occur during neurological diseases like stroke, Alzheimer disease, HIV neurotoxicity, traumatic brain injury and repair mechanisms 1424,
Application of glutamate receptor agonists NMDA, a-amino-3-hydroxy-5-methy-4-isoxazolepropionic acid (AMPA), or kainic acid to OHSC
mimics selective and region specific neuronal cell death?®28:33:34 . Furthermore, glial cell response to neuronal injury e.g., microglial migration
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and phagocytosis in OHSC have previously been analyzed3 38

. The influence of microglia during the lesion can be predicted by pharmacological
depletion of these cells by the bisphosphonate clodronate 3,

A further important application arises mimicking in vivo conditions for investigations of tumor i |nvaS|on using OHSC. Spheroids formed by glioma
cell lines were capable of invading the slice cultures, a phenomenon that was species overlapplng . The diffuse infiltration pattern of the cell
lines used resembled the observed pattern in vivo 3 .In addltlon primary glioblastoma spheroids implanted into OHSC kept their invasion
potential and stem cell character over several days in vitro®® . Thus, the model aIIows the observation of invasion patterns and interactions
between neuronal tissue and tumor cells that correspond to those observed in vivo ™ In comparison to collagen or gel based models (e.g. )
the use of OHSC seems more beneficial for analyses on metastasis and tumor invasion in the brain. The physiological milieu, including neuronal
and glial cell types and extracellular matrix, remains intact.

Furthermore, OHSC allow studying direct interactions between single tumor cells and brain tissue under controlled conditions. For example,
microglial cells were found to enhance the capabilities of tumor cells to enter the brain by forming guiding structures for invasion

In addition, the effect of transient and permanent cellular alterations on invasion processes can be analyzed. A stable expression of metastasis
associated colon cancer gene 1 (MACC1) in glioma cells was associated with an increased proliferation and subsequent i invasion®’. The
transient alteration of cell stiffness in glioblastoma cell lines was directly correlated with the invasive properties of the cell lines*'. OHSC and
tumor cell co-cultures can thus potentially be used for drug testing, reproduction of clinical observations, and to model and image tumor invasion
under highly controlled and standardized conditions.

After studies in primary cell cultures, OHSC are the logical next choice for performing experiments in a more complex system to approximate
the in vivo conditions. Another field of interest in brain slices is the screening of potential therapeutic drugs before testing in vivo. Brain slices
allow monitoring and mimicking of injuries under observer control and without animal surgery. Up to 8 OHSC can be obtained and the number of
necessary animals is significantly reduced. It is possible to obtain results in the same animal under similar settings but with different or multiple
conditions. Thus, OHSC is a powerful tool to observe amongst others morphological, cellular, molecular changes during the lesion period,
development of secondary damage and tumor spreading.
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