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Abstract

Murine organotypic brain slice cultures have been widely used in neuroscientific research and are offering the opportunity to study
neuronal function under normal and disease conditions. Despite the broad application, the mechanisms governing the maturation
of immature cortical circuits in vitro are not well understood. In this study, we present a detailed investigation into the development
of the neocortex in vitro. Using a holistic approach, we studied organotypic whole hemisphere brain slice cultures from postnatal
mice and tracked the development of the somatosensory area over a 5-wk period. Our analysis revealed the maturation of passive
and active intrinsic properties of pyramidal cells together with their morphology, closely resembling in vivo development. Detailed
multielectrode array (MEA) electrophysiological assessments and RNA expression profiling demonstrated stable network properties
by 2 wk in culture, followed by the transition of spontaneous activity toward more complex patterns including high-frequency oscil-
lations. However, culturing weeks 4 and 5 exhibited increased variability and initial signs of neuronal loss, highlighting the impor-
tance of considering developmental stages in experimental design. This comprehensive characterization is vital for understanding
the temporal dynamics of the neocortical development in vitro, with implications for neuroscientific research methodologies, partic-
ularly in the investigation of diseases such as epilepsy and other neurodevelopmental disorders.

NEW & NOTEWORTHY The development of the mouse neocortex in vitro mimics the in vivo development. Mouse brain cultures
can serve as a model system for cortical development for the first 2 wk in vitro and as a model system for the adult cortex from
2 to 4 wk in vitro. Mouse organotypic brain slice cultures develop high-frequency network oscillations at y frequency after 2 wk
in vitro. Mouse brain cultures exhibit increased heterogeneity and variability after 4 wk in culture.

electrophysiology; in vitro development; neocortical development; neuronal morphology; organotypic mouse brain slice cultures

INTRODUCTION

Due to the limitations of experimental animal models,
which are costs, labor, and ethical concerns on animal num-
bers and suffering, many advances have been made during
recent years to improve in vitro neurological models to better
mimic the in vivo situation. Although induced pluripotent
stem cells (iPSCs) and organoids have been a big step in the
right direction and provide the advantage of recapitulating
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human development in simplified neural networks (1), par-
tially preserving genetic patient characteristics (2) and elimi-
nating the ethical concerns tied to the use of embryonic stem
cells (3), they unfortunately still encounter the problem of
impaired maturation and lack of cellular diversity and struc-
tural complexity (4, 5). Although acute brain slices are a viable
option to investigate the rodent brain at different ages rela-
tively close to the in vivo situation, they, unfortunately, do
not enable genetic modification, long-term stimulation, or
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pharmacological manipulation. Although these methods can
be applied in living animals, in vitro preparations offer more
precisely controlled experimental conditions. Organotypic
brain slice cultures (0BSCs) close this gap by providing an ex-
perimental time frame of multiple weeks along with intact
three-dimensional cytoarchitecture and the inclusion of all
cellular subtypes of the brain. oBSCs have been widely
adapted in neuroscientific research since they were first
established by Gahwiler (6) with the initial roller tube cultur-
ing technique. Though this method is robust and yields stable
cultures for multiple weeks (7-11), the thinning to 2-3 cell
layers and therefore loss of the original spatial organization
might be preferable for applications where visual accessibility
is favored, but not for electrophysiological, morphological,
and developmental studies that require the intact three-
dimensional architecture of certain brain areas. As a conse-
quence, the method was further adapted by Stoppini et al.
(12), introducing a semiporous membrane culturing method
at an air-liquid interface to preserve the original structure of
brain preparations. Both methods have been shown to main-
tain the organotypic structure, their normal cell morphology
and to generally correlate well with development observed in
vivo (7, 9, 13-17), and have been used successfully in the past,
investigating, for example, neurodegeneration (18, 19), ische-
mia (20-23), interneuron development (7, 10), axon formation
and dynamics (24, 25), and network dynamics (15, 26, 27). In
addition, oBSCs have been used as a screening platform for
novel therapy targets and therapeutics (14).

Especially, preparations of the rat and mouse hippocampus
have been used and characterized widely (11, 28-33) with only
a limited number of studies reporting the use of other brain
areas such as the cerebellum (13, 15, 34, 35), striatum (10, 36),
or cortex (7, 9, 16, 37-39). Neocortical oBSCs are of special in-
terest when it comes to the investigation of inhibition and ex-
citation balancing, developmental network dynamics, cell-
cell relationships, and pathogenesis in the maturing cortex.
Unfortunately, to date, information on the tissue develop-
ment ex vivo is scarce and has only been reported in cultures
created by the initial roller tube technique (7-10, 25, 40-42) or
in studies only focusing on specific parameters (24, 37-39,
43). This study aimed to close this gap of knowledge by pro-
viding a holistic characterization of the development of mem-
brane insert-cultured mouse neocortical 0BSCs over a time
course of 5 wk, investigating single cell and network electro-
physiology, RNA expression levels, and morphology of py-
ramidal cortical neurons, as this information will hold vital
indications on which timeframes of culturing are suitable for
different types of experimental approaches.

MATERIALS AND METHODS
Animals

All procedures involving animals were approved and per-
formed in accordance with the guidelines of the Federation of
European Laboratory Animal Science Association, the EU
Directive 2010/63/EU, and the German animal welfare law.
For harvesting of brain tissue for organotypic cultures, wild-
type C57BL/6J mice (RRID: MGI:3028467) of either sex aged 5-
7 postnatal days were used. Mice were obtained from the local
Institute of Laboratory Animal Science RWTH University
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Clinic Aachen and housed at a 12-h light-dark cycle with food
and water ad libitum. Tissue harvest was performed after the
decapitation of mice and both male and female animals were
used. Experimental subjects were not randomized because
this was deemed irrelevant to this study.

Slice Preparation

The slice preparation was performed on the bench but in
sanitized conditions. After mouse decapitation without an-
esthesia, the brain was carefully extracted from the skull
using microdissection tools. Hemispheres were separated
and glued on solidified agarose blocks with the rostral side
facing upward. Brain tissue was sliced perpendicular to the
cortical surface at 350 um and coronal whole hemisphere sli-
ces were used for cultivation. Brain slices were generated
using a vibratome (Leica VT1200S, RRID: SCR_018453) filled
with ice-cold artificial cerebrospinal fluid (aCSF), containing;:
125 mM NacCl, 25 mM NaHCOs, 2.5 mM KCl, 1.25 NaH,PO,, 1
mM MgCl,-6H,0, 2 mM CaCl,, 25 mM glucose, and 1% peni-
cillin/streptomycin (Gibco) dissolved in Millipore water.
aCSF was constantly perfused with carbogen gas (95% O,
and 5% CO,) and kept cold by reusable plastic ice cubes for
appropriate hypothermia and oxygenation during prepara-
tion. For all experiments, if not stated otherwise, somatosen-
sory cortical regions of whole mouse brain slices were used
and analyzed.

Organotypic Brain Slice Cultures

Under a sterile hood, slices were placed on semipermeable
membrane inserts (pore size 0.4 um, Millipore), adhered by
removing excess liquid, and placed in 6-well plates at an air-lig-
uid interface on 1.2 mL of controlled medium containing 20%
horse serum (Invitrogen), 1 mM L-glutamine (Gibco), 0.00125%
ascorbic acid (Sigma), 0.001 mg/mL insulin (Invitrogen), 1 mM
CaCl, (Sigma), 2 mM MgSO, (Sigma), 13 mM glucose (Sigma),
and 1% penicillin/streptomycin (Invitrogen) in minimum essen-
tial medium (MEM, Gibco) at an osmolarity of 320 mosmol/L
and pH of 7.28. Cultures were exclusively handled in aseptic
conditions as long as they were cultured and were main-
tained in an incubator with a controlled atmosphere (37°C,
5% CO,, 100% humidity) and full medium change was per-
formed every two days.

Time Periods

All experiments on organotypic brain slice cultures were
performed in a time frame of 1-37 days in vitro. For patch-
clamp experiments, periods are defined as initial (1-2 days in
vitro, DIV), week 1 (6-9 DIV), week 2 (11-16 DIV), week 3 (17—
23 DIV), week 4 (28-30 DIV), and week 5 (34-37 DIV). The
remaining experiments were performed on the exact corre-
sponding day, meaning initial (2 DIV), week 1 (7 DIV), week 2
(14 DIV), week 3 (21 DIV), week 4 (28 DIV), and week 5 (35
DIV), + /-1 DIV. Experimenters were not blinded to the six
time points as experiments were performed continuously
over the time period of 5 wk, and the simultaneous mainte-
nance of multiple cultures of different ages was not feasible.

Patch-Clamp Recordings

Whole-cell patch-clamp recordings on mouse organotypic
brain slice cultures were performed at various time points
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with cultures being in vitro between 2 and 37 days. For
whole-cell patch-clamp recordings, slices were excised from
the cultivation membrane by cutting the membrane around
the slice with a scalpel and transferred to the recording bath.
During recordings, slices were continuously perfused with
carbogenated aCSF at 30°C at a perfusion rate of ~7 mL/min.
Recording pipettes were pulled from borosilicate glass capil-
laries (World Precision Instruments) with a resistance of 3-7
MQ. For recordings, pipettes were filled with intracellular so-
lution containing: 140 mM K-gluconic acid, 1 mM CacCl,, 10
mM EGTA, 2 mM MgCl,, 4 mM Na,ATP, 10 mM HEPES, and
5 mg/mL biocytin (Sigma). Neurons were patched within the
somatosensory cortical region of whole mouse brain slices,
approximately between 100 and 500 um from the corti-
cal border. Pyramidal cells were identified by their so-
matic shape and firing properties. Whole-cell recordings
were performed using an EPC10 amplifier (HEKA, RRID:
SCR_018399) and Patchmaster software (HEKA, RRID:
SCR_000034). Signals were sampled at 10 kHz, filtered at 1
kHz, and analyzed using Fitmaster software (HEKA, RRID:
SCR_016233) and custom-written MatLab (MathWorks, RRID:
SCR_001622) scripts. After recordings, slices were fixed in 4%
PFA (Morphisto) for 10-24 h.

Multielectrode Array Recordings

Multielectrode array (MEA) recordings on mouse organo-
typic brain slice cultures were performed at time points 2
DIV, 7 DIV, 14 DIV, 21 DIV, 28 DIV, and 35 DIV. Brain slices
were excised from the cultivation membrane and transferred
onto the MEA chip (256 MEA30/8iR-ITO-pr, 16 x16 electrodes,
electrode size 30 um, 200 um spacing, Multi Channel
Systems MCS GmbH) with the electrode grid covering most
of the slice, especially the somatosensory cortical region.
Slices were weighed down by a meshed harp and continu-
ously perfused with carbogenated aCSF at a temperature of
30°C. Recordings were performed using a 256-electrode MEA
system (USB-MEA 256, Multi Channel Systems MCS GmbH)
with an electrode size of 30 pm and in-between electrode spac-
ing of 200 pm. Signals were sampled at 10 kHz using Multi
Channel Experimenter software (Multi Channel Systems MCS
GmbH). After an equilibration period of 20 min, two consecu-
tive recordings of 5 min were obtained and recordings were
analyzed using custom scripts in MatLab (MathWorks, RRID:
SCR_001622).

Immunohistochemistry

Free-floating organotypic slices were washed in PBS-T
(0.1% Tween, Invitrogen; PBS 1x) for 10 min and then incu-
bated in 0.1 M glycine in PBS for 30 min. Slices were washed
in PBS-T (3 times, 15 min each) and incubated in blocking so-
lution (10% horse serum, 1% triton in PBS) for 1 h, after which
sections were incubated at 4°C with NeuN (1:500; Millipore,
ABN78, RRID: AB_10807945) and parvalbumin (1:1,000;
Sigma, P3088, RRID: AB_477329) or Tle4 (1:1,000; Santa Cruz,
sc-365406, RRID: AB_10841582) and Ctip2 (1:500, Abcam,
ab18465, RRID: AB_2064130) antibodies for 48 h. Following
this, slices were thoroughly washed in PBS-T (10 times, 15 min
each), and then incubated in the secondary antibody mix,
consisting of AlexaFluor secondary antibodies (1:500, Thermo
Fisher) and DAPI (1:500) in blocking solution, for 1 h at room
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temperature. Slices were then washed twice in PBS-T, and
mounted on slides with Fluoromount (Invitrogen). Images
were acquired using either a Leica Upright Microscope or
Zeiss LSM710 laser scanning confocal microscope.

RNA Isolation and cDNA Generation

For RNA isolation, two whole hemisphere slices from the
same culturing insert were collected into one tube to obtain
sufficient amounts of RNA. Tissue was homogenized by the
addition of one 7-mm metal bead (steel, Qiagen) and 1 mL tri-
zole (Invitrogen) per tube and inserting them into a
SpeedMill (Analytik Jena) for 2 min. Subsequently, samples
were centrifuged for 1 min at 1,000 rpm and 4°C, left on ice
for 30 min, homogenized, and then left at room temperature
for 5 min. Chloroform/trichloromethane (200 puL; Sigma) was
added to each tube, vortexed for 60 s, and left at room tem-
perature for 3 min. Samples were then centrifuged at 12.0 g
and 4°C for 30 min and the aqueous phase was pipetted
into new tubes. Isopropanol (400 pL) was added to each
tube, mixed, and left at room temperature for 10 min.
Subsequently, samples were centrifuged for 10 min at 12.0 g
and 4°C, the supernatant was discarded and 800 uL of 75%
ethanol was added. This step was repeated for a second time,
then tubes were left upside down on a clean tissue to dry at
room temperature. The pellet was finally taken up in 25 uL of
nuclease-free water each and the amount of RNA was meas-
ured on a NanoDrop.

All samples showing sufficient RNA concentration (>100
ng/ul) and purity (260/280 ratio of 2.0 + 0.2) were then
used to generate cDNA by normalizing the sample with the
lowest concentration to 15 pL volume and calculating the
amount of RNA for remaining samples accordingly. To
each sample of RNA, 4 uL of iScript reaction mix (Bio-Rad),
1 pL of iScript reverse transcriptase (Bio-Rad), and nucle-
ase-free water to fill the total volume to 20 pL were added.
cDNA was finally generated in a Thermocycler (Biometra)
by priming at 25°C for 5 min, reverse transcription at 46°C
for 20 min, and reverse transcriptase inactivation step at
95° for 1 min.

RT-PCR

mRNA quantification was performed by real-time RT-
PCR using the AACt-method. Quantitative PCR was per-
formed in an QuantStudio I apparatus (Applied Biosystems,
RRID: SCR_023003) containing 1x iQ SYBR Green supermix
(Bio-Rad Laboratories Inc.), 5 pm of each oligonucleotide
primer (Actb: 5'-CATTGCTGACAGGATGCAGAAGG-3' and
5-TGCTGGAAGGTGGACAGTGAGG-3'; Syp: 5'-TTCAGGAC-
TCAACACCTCGGT-3' and 5-CACGAACCATAGGTTGCCAAC-
3'; Scnla: 5'-CTTGAGCCCGAAGCTTGCT-3’ and 5'-TCCTTCT-
TCCACGCTGATTTG-3'; Scn2a: 5-CATCGTCTTCATGATTC-
TGCTCA-3' and 5'-GGTTTTTCGCTGCTCGATGTA-3'; Scn8a:
5-CATCTTTGACTTTGTGGTGGTCAT-3' and 5-TGACGCGG-
AATAGGGTCG-3'; Pvalb: 5'-CTGGGGTCCATTCTGAAGGG-3’
and 5'-TTCAACCCCAATCTTGCCGT-3'; Hcnl: 5'- TGAAG-
CTGACAGATGGCTCTT-3' and 5-GAGTCGGTCAATAGCAA-
CTGTCT-3’) and 2.5-fold diluted synthesized cDNA (total vol-
ume of qPCR reaction 20 pL), by incubating for 3 min at 95°C,
40 cycles of 15 s at 95°C and 1 min at 60°C. Quantification was
based on b-actin.
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Biocytin Stainings

Slices containing cells that were previously filled with bio-
cytin during patch-clamp recordings were washed three
times for 20 min in phosphate-buffered saline (PBS-T-T) con-
taining 137 mM NacCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM
KH,PO4, 0.05% Triton X-100 (Sigma), and 0.2% Tween-20
(Sigma). Subsequently, slices were incubated in a staining
solution containing 0.01 mg/mL of Streptavidin-Cy3 (Sigma,
RRID: AB_1948868) in PBS-T-T overnight at 4°C. On the fol-
lowing day, slices were washed three times with PBS for 10
min, incubated in DAPI (Sigma, 1.43 uM) solution for 5 min,
and again washed three times with PBS for 10 min. Finally,
slices were mounted on Superfrost Plus adhesion slides
(Epredia) with Fluoromount G (Thermo Fisher Scientific).

Confocal Imaging and Morphological Reconstructions

Neurons stained with Streptavidin-Cy3 were selected for
confocal imaging if they exhibited sufficient fluorescent sig-
nal and overall morphology of a pyramidal cell. Cells were
then scanned as a whole in x-, y-, and z-axis on an inverted
confocal microscope (Zeiss LSM710 and Zeiss LSM980
Airyscan 2) with a x40 oil immersion objective. Single stacks
were imaged at a resolution of 1,024 x 1,024 with multiple
tiles in the x and y direction and z-stacks at 0.66 pm thick-
ness. Fluorophore Cy3 was imaged with a 561-nm laser and a
569-712 filter.

Using the complete confocal neuron scans, 3-D models of
corresponding neurons were generated using the neuron
tracing tool in Arivis software (Zeiss, RRID: SCR_018000).
Axon, dendrites, and soma were segmented, and the
obtained 3-D models of neurons were further used for mor-
phological analysis.

Data Analysis and Statistics

Patch-clamp recording analysis.

Patch-clamp data were analyzed using Fitmaster software
(HEKA, RRID: SCR_016233) and custom-written scripts
for MatLab (MathWorks, RRID: SCR_001622). Cells were
included in the analysis, when membrane potential was
<=-60 mV, they were able to generate multiple action
potentials upon current injection, and action potential
amplitude was larger than 40 mV. In Fitmaster, data were
filtered digitally at 1 kHz to remove artifacts. Action
potentials were analyzed using the corresponding soft-
ware function. The membrane potential was measured at
the start points of every protocol and a mean value was
calculated for every cell. Input resistance was determined
by creating an I-V curve of current input responses in
whole-cell mode and calculating the reverse slope value
delta V/I. Spontaneous events in the current-clamp mode
were characterized as starting by reaching rheobase (at least
one spike) and ending if membrane potential returned to
baseline for at least 500 ms. Spontaneous events in voltage-
clamp mode were characterized by reaching an amplitude of
at least 200 pA and ending if the current returned to baseline
for at least S00 ms. Spontaneous events were analyzed using
the corresponding functions in Fitmaster software. Several in-
tegral values that could not be calculated in Fitmaster due to
baseline shift issues were subsequently calculated with a cus-
tom-written MatLab script. For all values corresponding to a
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single event (duration, integral, spikes, positive/negative am-
plitude), mean values were created for every cell. ROUT
method outlier test was performed and data were tested for
normality and distribution via Shapiro-Wilk test. Significance
in differences between time periods was calculated per
GraphPad Prism 10 software (RRID: SCR_002798) using one-
way ANOVA or mixed statistical test with post hoc Tukey’s
multiple comparisons test for normally distributed data. For
data that was not normally distributed, analysis was done
with Kruskal-Wallis statistical test and Dunn’s multiple com-
parison correction.

MEA analysis.

MEA recordings were analyzed using custom-written Matlab
(MathWorks, RRID: SCR_001622) scripts. For each slice, two
recording epochs of 5 min and (if present) three network-
driven local field potentials (LFPs) per recording were ana-
lyzed. The data were first filtered with a low pass filter of 50
Hz and, if present, noisy channels were removed from the
analysis. LFP events were detected at individually selected
thresholds per recording in a manually chosen reference
channel. An individual time window was subsequently set
for the analysis of an LFP event. In the first step, we qualita-
tively judged the complexity of the LFP as 1) very low, 2) low,
3) medium, 4) complex, or 5) very complex. Categorization
criteria for waveform analysis were as follows: one single
spike (very low), 2-3 spikes (low), >3 spikes (medium), initial
spike followed by high-frequency oscillation at a low ampli-
tude not reaching the initial amplitude (complex), high-fre-
quency oscillation at a high amplitude reaching the full
initial amplitude (very complex), or not applicable (n.a.),
when the waveform did not fall into one of the categories.
Subsequently, the average of the minimum and maximum
amplitudes over all channels throughout the recording was
calculated. The threshold was set for positive and negative
LFP components as a value between 5 and 20% above or
below the average value. Afterward, the electrodes that
crossed the threshold values at least once within the selected
recording period were counted as active electrodes. From
the number of active electrodes, we further calculated 1) a ra-
tio of positive versus negative electrodes (note that an elec-
trode could be both positive and negative if the signal
crossed both thresholds during the period analyzed), 2) the
propagation speed of positive and negative LFP components,
3) the average value of positive and negative LFP amplitudes
(averaged over all active electrodes), and 4) duration of the
LFP (averaged over all channels). Up to three LFPs per re-
cording and two recordings per slice were analyzed, and all
values depicted in graphs were averaged per recorded slice.
In addition, one LFP per slice corresponding to the most
dominant type of waveform for each time period was ana-
lyzed for frequency bands o (8-13 Hz), p (13-30 Hz), vy (30—
150 Hz), and § (1-4 Hz). This analysis was done by calcu-
lating the normalized power difference of frequency
bands detected during the LFP event as compared with a
control window of the same length without a LFP event.
Significance in differences between time periods was cal-
culated using one-way ANOVA or mixed statistical test
with post hoc Tukey’s multiple comparisons test for nor-
mally distributed data and Kruskal-Wallis statistical test
with post hoc Dunn’s multiple comparisons test for not
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normally distributed data per GraphPad Prism 10 soft-
ware (RRID: SCR_002798).

Immunohistochemistry analysis.

Per slice, two regions of interest were selected, one in the
prefrontal cortex/secondary motor cortex and one in the
somatosensory cortex. As no difference was found between
those two regions, both regions of interest (ROIs) were
counted and included in the analysis. Cell counting was
automated and NeuN count was used as a normalizer at
100% to calculate the overall percentage of parvalbumin-
positive cells. Mean values were generated for every slice
and subsequently, for every time period. Significance in
differences between time periods was calculated using
one-way ANOVA statistical test with post hoc Tukey’s mul-
tiple comparisons test per GraphPad Prism 10 software
(RRID: SCR_002798).

Morphological analysis.

Neurons were reconstructed with the neuron tracing tool in
Arivis software (Zeiss, RRID: SCR_018000). Dendrites were
reconstructed from the soma to terminal endpoints and 3-D
models of neurons were subsequently segmented into apical
and basal dendrites. Values for dendritic length, branch
points, and terminal end points were ascertained in Arivis
software and plotted in GraphPad Prism 10 software (RRID:
SCR_002798). The axon was not included in the analysis.
Significance in differences between time periods was calcu-
lated using one-way ANOVA statistical test with post hoc
Tukey’s multiple comparisons test.

RESULTS

Development of Cellular Electrophysiological Properties
in Organotypic Neocortical Cultures in Layer 2/3
Pyramidal Cells

For this study, we used organotypic brain slice cultures
(oBSCs) generated from mice aged 5-6 postnatal days (P5-6)
and targeted pyramidal cells of the somatosensory area of
the cortex, located at a depth of 100-500 um from the corti-
cal surface. Pyramidal cells were identified during patch-
clamp recordings by their somatic shape and general firing
behavior, and post hoc by their morphology (Fig. 1A).
Recordings were performed continuously from 2 days in
vitro (DIV) up to 37 days in vitro with six time periods char-
acterized as: initial (1-2 DIV), week 1 (6-9 DIV), week 2 (11-16
DIV), week 3 (17-23 DIV), week 4 (28-30 DIV), and week 5
(34-37 DIV). Overall, 179 neurons were recorded and
included in our analysis for periods initial (n = 21), week 1
(n =28), week 2 (n = 36), week 3 (n = 45), week 4 (n = 30), and
week 5 (n = 19). In response to depolarizing current injection,
we observed that neurons of the initial culturing period
exhibited immature firing behavior and depolarization block
after several action potentials, thus not being able to fire con-
tinuous trains of action potentials when depolarized into fir-
ing saturation (Fig. 1B, initial). Interestingly, this observation
was resolved already during the first week in culture with
neurons gaining and retaining the ability to fire continuous
trains of action potentials up to 5 wk in culture (Fig. 1B, week
1to week 5). Although nearly two-thirds of recorded neurons
displayed a depolarization block during the initial culturing
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period, this phenomenon was only found occasionally dur-
ing the later time points (Fig. 1C). Action potentials were
broad during the initial culturing period and the first week
with an action potential half-width of 2.6+0.2 ms and
2.4+0.1 ms, respectively, and decreased continuously during
the following weeks to reach mature steady-state values of
1.9+0.1 ms after 3 wk (Fig. 1D). The instantaneous firing fre-
quency was slightly, but not significantly elevated during
the initial culturing period with an area under the curve
(AUC) value of 269.3 + 31.0 but decreased and stabilized dur-
ing culturing weeks 1 and 2 to a value of 124.5+16.1.
Interestingly, this value significantly increased again at the
later culturing periods to a final value of 528.8 + 65.3 in week
5 (Fig. 1E).

Another parameter for neuronal maturation in organo-
typic cultures was found in the voltage sag, defined as the ra-
tio between the steady-state decrease and the largest
decrease in voltage following a hyperpolarizing current, in
this case —200 pA. The sag is caused by hyperpolarization-
activated cation current (I,) and is thought to be mainly con-
trolled by the activation of hyperpolarization-activated
cyclic nucleotide-gated (HCN) channels (44). The voltage sag
was significantly elevated during the initial culturing at
9.1+1.0 mV, but decreased and reached steady-state levels at
week 1with 3.1+ 0.5 mV (Fig. 2A and Fig. 3C).

The cellular input resistance displayed a similar develop-
ment over time with values significantly elevated during ini-
tial culturing at 338.2+29.2 MQ, followed by a decrease and
stabilization after 1 wk to 168.0 £9.9 MQ (Fig. 2, B and C). The
resting membrane potential resided at —73.7+1.0 mV in the
initial culturing phase and underwent significant hyperpolar-
ization by week 2, dropping to —81.2+1.7 mV (Fig. 2D). All indi-
vidual values are given in detail in Supplemental Table S1.

Overall, our data suggested a generally immature neu-
ronal phenotype shortly after culture production from
mice aged 5-6 postnatal days, but also continuing matu-
ration during the first 3 wk in vitro to a more stabilized
state with increasingly mature firing behavior and intrin-
sic excitability.

Development of Spontaneous Activity in Organotypic
Neocortical Cultures

We first wanted to observe spontaneous activity in organo-
typic cultures on a single-cell level and therefore monitored
events in current-clamp mode during whole-cell patch-
clamp recordings over our culturing periods initial (n = 17),
week 1 (n = 25), week 2 (n = 30), week 3 (n = 36), week 4 (n =
23), and week 5 (n = 17). This data set contained fewer cells
than the previous one, as recordings of spontaneous activity
were not performed for every cell. Spontaneous activity in
current-clamp mode was characterized as an “event” when it
reached the action potential threshold at least once and was
considered as finished when it returned to baseline after-
ward for at least 500 ms (Fig. 3A).

We evaluated a recording time of 3 min for every cell and
calculated mean values for every parameter corresponding
to single events, such as duration, action potentials per
event, and integral. We observed a striking increase in the
number of events and event duration over the cultivation pe-
riod of 5 wk, with neurons exhibiting nearly no spontaneous
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Figure 1. Firing properties of recorded neurons. A: exemplary pyramidal cell,

Number of action potentials

biocytin filled during patch-clamp recordings and stained with Streptavidin-

Cy3, 16 days in vitro (DIV). B: examples of induced spike trains from pyramidal cells of every time period, ~100 pA above rheobase. C: illustration of the

proportion of neurons exhibiting depolarization block upon current injection

until saturation of the number of action potentials. D: development of action

potential half-width over a time course of 5 wk. Visual comparison of action potential width between the initial culturing period and 5 wk in vitro. E: devel-
opment of instantaneous firing frequency over 5 wk of cultivation, the area under the curve illustrated in the graph on the right. For all graphs: ****P <

0.0001, ***P < 0.001, *P < 0.05 for Kruskal-Wallis test.

activity during the initial culturing phase and becoming
gradually more active over time. The mean duration of spon-
taneous events increased from short bouts of activity to
more complex and elaborate activity patterns that still con-
tained single spikes and short events, but also cellular up-
states. This resulted in a significant increase in the mean du-
ration of events between the initial culturing period, where
events displayed a mean duration of 0.3+0.2 s, and the fol-
lowing time periods, with a mean duration of 2.4+0.4 s at
week 2 and 8.0 £4.7 s at week 5 (Fig. 3B). The development of
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spontaneous activity is best illustrated by the exemplary
traces shown (Fig. 3C), showing the mostly silent state of
initial cultures (Fig. 3C, initial) progressing to up-states
exhibiting only a few action potentials and partial depola-
rization block (Fig. 3C, week 1) to elaborate spontaneous
events accompanied by prolonged bursts of action potentials
during later cultivation periods (Fig. 3C, weeks 2, 3, and 4).
Interestingly, several neurons started displaying abnormal
forms of excitatory discharges at week 5 in culture (Fig. 3C,
week 5), however, it has to be stressed that these high-
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frequency events were not the exclusive or dominating form
of spontaneous activity and were only rarely observed in cul-
tures aged 4-5 wk (Supplemental Fig. S1). This is also high-
lighted by the fact that spontaneous activity did not seem to
continuously accelerate into a high-frequency phenotype
during culture as shown by the overall number of events per
cell, with on average 0.9+0.5 events observed per 180 s in
the initial culturing period and stable values of 9.0+1.5
events by week 2 (Fig. 3D). This was also reflected by the
active time spent above resting membrane potential,
increasing from 0.5+0.3% at initial culturing periods to a
steady-state value of 11.8 + 2.5% by week 2 (Fig. 3E). These ac-
tivity parameters only showed a significant increase when
comparing the initial culturing phase to later culturing peri-
ods, but no continuous increase in-between later periods.
Instead, spontaneous activity shifted to more complex pat-
terns composed of single spikes, bursts, and long-lasting up-
states. The absolute number of action potentials recorded
per cell over a period of 3-min recording time significantly
increased after the initial culturing from 1.2+0.6 to
63.7+18.6 at week 2, stayed stable until week 4 and subse-
quently showed a trend toward increasing further in week 5
to 108.2 +64.2 (Fig. 3F). The change between the proportions
of different types of spontaneous activity was especially
highlighted by the number of spikes per event, which saw a
significant increase from initial values at 0.4+0.2to 4.9+1.1
at week 2, but also a clear trend in late time periods toward
spontaneous events encompassing larger numbers of action
potentials with a final value of 25.1 £20.4 at week 5 (Fig. 3G).
This was further illustrated by calculating the integral for ev-
ery event, resulting in values for the area under the curve in
unit V-s, and comparing mean values between individual
cells. The integral value increased significantly from 1.2+ 0.9
Vs at the initial culturing phase compared with 66.2+20.4
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V-s at week 3, but the difference ceased to be significant in
week 4 and 5 despite values of 79.9+50.4 V-s and 95.1+75.5
Vs, respectively.

This was due to the activity of the neurons becoming
more heterogeneous, resulting in a rise of variance and a
clustering into cells exhibiting predominantly single spikes
and short bursts versus cells that tended to display long,
elaborate up-states, some of them potentially drifting into ei-
ther high-frequency oscillations or runaway excitation and
pathological activity. All individual values are given in
Supplemental Table S1.

In summary, when looking at the intracellular sponta-
neous activity of the cell, cortical pyramidal neurons were
nearly silent in the initial phase of cultivation but started
to progressively develop spontaneous activity during the
first 2 wk in culture (Fig. 4, week 1). For later cultivation
time points, especially weeks 4 and 5, heterogeneity
between individual cells and cultures rose, including all
kinds of spontaneous activity patterns from near-silent,
single spiking, and bursting activity to complex up-states
(Fig. 4, week 4) and even discharge patterns that could be
characterized as high-frequency oscillations or epilepti-
form activity (Supplemental Fig. S1).

To further evaluate how these patterns of spontaneous
activity develop, we also analyzed voltage-clamp whole-
cell patch-clamp recordings. Cells were included over the
whole time course of the culturing periods, namely initial
(n = 14), week 1 (n = 17), week 2 (n = 21), week 3 (n = 34),
week 4 (n = 23), and week 5 (n = 17). The development of
synaptic input was coherent with the findings made in
current-clamp recordings (Supplemental Fig. S2). Events
gradually increased in frequency, length, and complexity
over the culturing period, mirroring the development of
spontaneous neuronal activity. The rise of inhibitory input
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was observed with a slight delay to excitatory input and Morphological Development of Neocortical Pyramidal
values became more heterogeneous and clustered into Neurons in Culture

low- and high-activity profiles during culturing periods

weeks 4 and 5. All individual values are given in the Next, we investigated the cellular morphology and its de-
Supplemental Table S1. velopment over the culturing period in cells that were filled
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Week 1

Figure 4. Spontaneous network activity of u,\
organotypic cortical cultures after 1 wk vs. ‘
4 wk. Depiction of 3 min of current-clamp
whole-cell patch-clamp recordings of py-
ramidal neurons in mouse cortex during
week 1 vs. week 4 in culture. Up-states
were found in both periods, however, up-
states found during week 1 of culturing
were lower in frequency and displayed
partial depolarization block, which was
resolved in later culturing periods.

Week 4

with biocytin during patch-clamp recordings. Cells were
stained with Streptavidin-Cy3, imaged on a confocal micro-
scope, and reconstructed (see MATERIALS AND METHODS for
details). Per time period, we included five cells in the analy-
sis (Supplemental Fig. S3).

All cells exhibited the typical morphological form of py-
ramidal cells (Fig. 5A) and were analyzed for their total den-
dritic length, number of branch points, and number of
terminal endpoints. The total dendritic length of neurons
increased significantly from 1,511.0 +269.6 pm at the initial
culturing phase up to 5,030.0 +143.2 um in week 4 but signif-
icantly dropped to 3,310.0 £286.4 um between week 4 and
week 5 (Fig. 5B). A similar development was observed for the
number of total branch points, increasing from 24.4+2.4 at
initial culturing to 55.0 + 3.9 by week 2, but dropping again to
37.8+3.5 in week 5 (Fig. 5C) and number of terminal end-
points, which significantly increased after the initial cultur-
ing phase from 34.2+3.7 to 67.4+4.0 by week 2, but
decreased again to 49.0 +3.7 in week 5 (Fig. 5D).

A coherent development was observed when apical and
basal dendrites were analyzed separately (Supplemental Fig.
S4). All individual values are given in the Supplemental
Table S1.

In conclusion, these findings mirror the ongoing matura-
tion of neurons after the initial culturing phase up to week 2
of culturing and stability thereafter, but also again highlight
the occurring changes in week 5 of culturing.

Slice Culture Progression Is Coherent with In Vivo
Postnatal Development

After we investigated the development of several main
neuronal parameters in neocortical mouse brain cultures
over 5 wk, we wanted to determine whether this develop-
ment was comparable with postnatal development in vivo.
For this purpose, we compared our data to the results of
studies investigating the postnatal development of neurons
in the mouse visual cortex (45), medial prefrontal cortex
(46), and auditory cortex (47) in acute brain slices over the
postnatal period. Postnatal days were compared with days in
vitro with the initial age of euthanized mice added (P6 +
days in vitro = postnatal days). Strikingly, the development
of intrinsic properties such as resting membrane potential
and input resistance closely resembled the in vivo develop-
ment in other cortical areas (Fig. 6, A and B). The action
potential half-width was slightly shorter in neurons recorded
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in acute slices compared with cultured neurons, and devel-
oped more slowly than in vivo, reaching steady-state values
by week 4 in culture, comparable with 35 postnatal days,
whereas steady-state in the living animal was already
reached at postnatal day 14-28 in comparable studies (Fig.
6C). The morphological development of the dendritic arbori-
zation of the neurons in culture was on par with the progres-
sion of total, apical, and basal dendritic length as seen in
vivo (Fig. 6, D-F). In conclusion, pyramidal neurons in the
somatosensory area of cultured neocortical mouse brain sli-
ces develop normally in terms of morphology and intrinsic
electrophysiological features and closely resemble in vivo
development up to 3 wk in culture.

Network Dynamics of Neocortical Organotypic Brain
Slice Cultures Show a Transition to High-Frequency
Oscillatory Phenotype

Considering our findings on the single-cell level, we
were wondering how the development of spontaneous ac-
tivity would reflect on a network level. Therefore, to get
more insights into the overall network activity of our corti-
cal cultured slices over time in vitro, we performed multie-
lectrode array (MEA) recordings for every time period,
namely n = 17(9) for initial, n = 17(9) for week 1, n = 7 for
week 2, n = 8 for week 3, n = 8 for week 4, and n = 7 for
week 5, n = number of slices. Recordings were performed
on a 16 x 16 (256) electrode grid and the slice was posi-
tioned in a way that would cover the somatosensory corti-
cal area. Afterward, recordings were analyzed using
custom-written Matlab scripts (see MATERIALS AND METHODS
for details) detecting every electrode that reached the indi-
vidual threshold for positive or negative components of
local field potentials (LFPs) and calculating their corre-
sponding amplitudes (Fig. 7A, top row).

As all slices displayed robust network-driven LFP activity
covering all neocortical portions, we chose reference chan-
nels with the highest amplitude for every recording to ana-
lyze a maximum of three LFPs per recording. Our analysis
scripts detected onset and termination points for each LFP
and calculated their individual amplitudes, timeframes, and
waveforms (Fig. 7A, bottom row). Subsequently, we analyzed
which waveforms of LFPs were the most dominating
throughout the slices at different time points. We found
mostly simple waveforms for the initial culturing phase, con-
sisting of merely one positive and one negative component,
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followed by maturing of the activity pattern into more elabo-
rate waveforms encompassing a higher number of different
components throughout culturing in week 1, week 2, and
week 3, but shifting into multiple seconds long, oscillating
events in week 4 and week 5 (Fig. 7B). Though LFP wave-
forms were more of a spectrum rather than clearly distin-
guishable subtypes, it appeared like patterns of certain
complexities were dominating each culturing period. Hence,

Figure 5. Development of pyramidal cell
morphology. A: representative recon-
structions of neurons for each culturing
period, depicted at their corresponding
depth as measured from the cortical
surface. Apical dendrite is color-coded
in orange, basal dendrites in blue. B:
graph depicting the development of
total dendritic length over the culturing
periods. C: graph depicting the devel-

opment of the number of total branch
D points over the culturing periods. D:
graph depicting the development of the
number of total dendritic end terminals
over the culturing periods. Significance
levels for all graphs: *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001 for
one-way ANOVA test.

Total end terminals

to give a better overview of which type of LFP is dominat-
ing which culturing period, we classified LFP waveform
complexity by spike number and pattern, with one spike
defined as consisting of both positive and negative compo-
nents. LFPs were classified into complexities very low (sin-
gle spike), low (2-3 spikes), medium (>3 spikes), complex
(initial spike(s) followed by low amplitude oscillation, not
reaching amplitude of initial spike), and very complex
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Figure 6. Comparison of organotypic brain slice culture development to the in vivo situation. Data obtained from cultured mouse neocortex was com-
pared with data from other studies, obtained from acute slices at comparable time points concerning postnatal days/days in vitro. Data presented in this
study is depicted in black, data from other studies is depicted in color. Comparison depicted for resting membrane potential (A), input resistance (B),
action potential half-width (C), total dendritic length (D), apical dendritic length (E), and basal dendritic length (F).
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Figure 7. Multielectrode array (MEA) recordings of organotypic cultures. A: schematic representation of MEA recording and analysis pipeline. Slices
were positioned on 16 x 16 (256) electrode grid to cover the somatosensory cortical area. Every slice was recorded for 2x 5 min and from each record-
ing, three local field potentials (LFPs) were analyzed at most. During analysis, electrodes reaching threshold for either positive or negative components
of LFPs were detected and maximum amplitude was calculated. The specific LFP was analyzed from one reference channel, representative of activity
seen in the remaining electrodes as illustrated in the overview of the recording. Onset and determination points of positive and negative components
were detected and the waveform of the individual LFP was generated. B: exemplary waveforms of LFPs over a time course of 5 wk. C: development of
LFP complexity over 5 wk with LFPs categorized into very low (single spike), low (2—3 spikes), medium (4-5 spikes), complex (1-3 initial full-sized spikes
followed by low amplitude oscillation), and very complex (initial spike followed by full-sized amplitude oscillation). D: mean duration of LFPs for every re-
cording over 5 wk, ¥**P < 0.001 and ****P < 0.0001 for Kruskal-Wallis test. E: ratio of electrodes reaching positive vs. negative threshold for every re-
cording obtained.
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(initial spike(s) followed by high amplitude oscillation,
reaching full amplitude of initial spike).

Although in the initial culturing phase, exclusively LFPs
of very low complexity were observed, and LFP waveforms
seemed to follow a similar maturation course as observed in
the other experiments. LFPs became more elaborate up until
week 3 of culturing, however, complex (37.5%) and very com-
plex (31.25%) oscillating events were taking over and domi-
nated over half of the recordings performed by week 4 (Fig.
7C). Interestingly, while events of very low complexity only
made up small proportions from week 2 to week 4, they sud-
denly reappeared as one of the dominating components in
week 5 (28.57%) along with very complex oscillating events
(35.71%), again illustrating the increasing heterogeneity of
the cultures and their clustering into groups of low/medium
basal activity and high activity, especially during week 5.
This was also reflected in the duration of events, which sig-
nificantly increased from 1.0+0.1 s at the initial culturing
phase to 17.9+7.0 s in week 3 and 25.5+6.1 s in week 4, but
also showed distinct clustering into shorter and longer dura-
tions from week 3 to week 5 (Fig. 7D), resulting in a decreased
mean duration of 16.9 £ 4.8 s in week 5 because of a cluster of
slices exhibiting simple, short waveform LFPs as seen before
in Fig. 7C.

Comparison of the ratio between electrodes reaching
threshold for either positive or negative components of the
LFP remained stable with no significant differences (Fig. 7E),
indicating there were always both elements to every LFP. We
then analyzed the amplitude of both positive and negative
LFP components per detected LFP (Supplemental Fig. S6, A
and B) and averaged the values per recorded slice to obtain
quantitative data on LFP development. The average negative
LFP amplitude increased from —0.2+0.1 mV to —0.5+0.1
mV by week 4 (Supplemental Fig. S6C) and the average posi-
tive LFP amplitude increased from 0.3+0.6 mV to 1.4+0.3
mV by week 4 (Supplemental Fig. S6D). Interestingly,
changes in average LFP amplitude gradually increased over
the whole culturing period, but only became significant
between the initial culturing phase and week 4, due to the
occurrence of oscillations including increasingly larger
spikes. All individual values are given in Supplemental Table
S2. Furthermore, we analyzed LFP propagation parameters
such as propagated distance and propagation speed by eval-
uating the time course of single electrodes crossing LFP
threshold (Supplemental Fig. S6, E and F), however, no sig-
nificant differences were found (Supplemental Fig. S6, G
and H).

Finally, we analyzed the frequency bands by comparing
the frequencies detected during LFP events to baseline con-
trol regions without LFP events. Frequency bands were sepa-
rated into o (8-13 Hz), p (13-30 Hz), v (30-150 Hz), and & (1-4
Hz), and the normalized power difference of the event region
was analyzed per recorded slice as compared with the base-
line control region.

Alpha (o) and B frequency bands significantly increased
by week 1 in culture from 7.2+1.9 dB to 16.9+1.6 dB and
4.2+1.2 dB to 16.5+ 0.6 dB, whereas y frequency bands were
only detected from week 3 onward, rising from 1.2+0.5 dB
during the initial culturing phase to 7.6 +0.9 dB by week 3,
coherent with the appearance of increasingly complex high-
frequency oscillations. No significant differences were found
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in the & frequency band, which was present throughout the
whole culturing period, corresponding to the persistent pres-
ence of slow network oscillations with simple waveforms
(Fig. 8A). The development of frequency bands during late
culturing periods weeks 4 and 5 shows a general trend of
decline in all analyzed frequency bands, coherent with the
trend observed in other parameters. During week 5, frequen-
cies could not be detected as evenly distributed over the elec-
trode grid covering the cortical area as it was seen before in
earlier culturing periods (Fig. 8B).

Summarized, the MEA data confirmed the maturation of
spontaneous network activity into more elaborate patterns
from week 1 to week 3 of organotypic neocortical cultures,
but also the increase of heterogeneity and variability accom-
panied by the appearance of high-frequency oscillations in
week 4 and 5.

Development of the Expression of Syp, Pvalb, Hcn1,
Scn1a, Scn2a, and Scn8a in Neocortical Organotypic
Cultures

To gain more insight into the cellular development of
cortical oBSCs, we extracted RNA from whole hemispheres
cultured as organotypic brain slices. We examined the
expression levels of synaptophysin as a general neuronal
marker, and parvalbumin as a marker for fast-spiking inter-
neurons. In addition, we analyzed the expression levels of
Hcnl, Scnla, Scn2a, and Scn8a to investigate the develop-
ment of ion conductance. Tissue was collected at 2 DIV (n =
7), 7 DIV (n = 7), 14 DIV (n = 6), 21 DIV (n = 8), and 28 DIV
(n = 6) respectively. Quantitative RT-PCR revealed that syn-
aptophysin expression levels showed a trend of slight
increase after the initial culturing period up until week 2,
and showed a trend to decline between week 2 and week 4
(Fig. 94), indicating first signs of neuronal loss, though not
significant. Parvalbumin expression increased significantly
between the initial culturing period and week 3, but also
showed a trend to decrease toward later culturing periods
(Fig. 9B). Hcnl showed a trend of increasing expression
between the initial culturing and week 3, decreasing again
at later time points (Fig. 9C). Scnla and Scn8a expression
increased significantly between initial culturing and week 3
with a declining trend afterward (Fig. 9, D and F).

The expression curve for Scn2a showed high variability
and was inconclusive, however, it appeared like Scn2a
expression peaked in week 1 of culturing, but subsequently
decreased and stabilized at lower levels during week 2 to
week 4 (Fig. 9E). Especially parvalbumin showed a clear
elevation in expression between the initial culturing phase
and week 3, with a nearly 20-fold increase in expression
levels. We therefore decided to perform histological stain-
ings on tissue sections of acute samples and cortex cul-
tured for 7, 14, and 21 days respectively, and label for
NeuN and parvalbumin.

Although the general cellular and neuronal content of sli-
ces largely persisted as demonstrated by DAPI and NeuN
labeling, we observed a clear upregulation of parvalbumin-
positive cells during week 1 and week 2 (Fig. 10A). This devel-
opment was followed by a significant decline of the propor-
tion of parvalbumin-positive neurons between week 2 and
week 5 as seen in RT-PCR, but interestingly, already seemed
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Figure 8. Evaluation of frequency bands in multielectrode array recordings of organotypic cultures. Normalized power difference of detected a, B, v, and
d frequency bands within local field potential (LFP) events as compared with baseline recordings without LFP event over the time course of 5 wk (A), ex-
emplary heat map depiction of normalized power difference in frequency bands on the electrode grid of the multielectrode array (MEA), illustrated for
time points initial, week 1, week 2, and week 5 (B). Significance levels for all graphs: ***P < 0.001, **P < 0.01. *P < 0.05 for Kruskal-Wallis test.

to start during week 3 (Fig. 10B). To ensure the specificity of
the staining, we obtained confocal images of the stained tis-
sue section (Fig. 10C). The general neuronal cell count did not
significantly change throughout the whole culturing period
(Fig. 10D), however, there was a trend of neuronal decline
from week 3, consistent with the decline of parvalbumin-posi-
tive cells and other parameters. Moreover, cellular markers
enriched in layer 5 (Ctip2) and layer 6 (Tle4) were consistent
throughout the culturing (Supplemental Fig. S7), indicating
that layer arrangement remained intact in cultured slices. All
individual values are given in Supplemental Table S2.

In conclusion, RT-PCR and staining results indicated a
clear upregulation of the markers parvalbumin, Hcnl, Scnla,
and Scn8a between the initial culturing phase and week 3.
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Synaptophysin expression remained mostly stable, whereas
Scn2a expression peaked in week 2 and declined afterward.
Nevertheless, nearly all markers dropped in expression by
week 4, potentially indicating a general neuronal loss in late
culturing phases week 4 and week 5. Our stainings confirmed
a significant neuronal loss of parvalbumin-positive cells and
a beginning trend of overall neuronal cell count during late
culturing periods.

DISCUSSION

The development of the early postnatal mouse neocortex in
vitro concerning electrophysiological properties, morphology,
and RNA expression levels holds important implications for the
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planning of experiments involving mouse cortical oBSCs. When
generating these cultures from postnatal P5-6 mice, we
observed significant changes in the neuronal and network prop-
erties over 5 wk in culture. During the initial culturing phase,
neurons displayed immature firing behavior characterized by a
depolarization block and incomplete trains of action potentials.
In the developing cortex, an increased input resistance along
with a slow membrane time constant allows for the summation
of excitatory postsynaptic potentials despite low network firing
frequencies during the early developmental stages of the cortex
(48). During the first week in culture, neurons matured and
intrinsic properties and firing behavior became increasingly
mature as demonstrated by significantly decreasing resting
membrane potential, voltage sag, input resistance, and action
potential (AP) half-width, closely mimicking the development
in vivo (45, 49). Especially the progression of dendritic length
and parameters such as resting membrane potential and input
resistance were on par with the development seen in vivo when
compared with studies in acute slices from equivalent ages in
the auditory (47), visual (45), and prefrontal cortex (46), whereas
the action potential half-width reached the reported mature val-
ues with ~1 wk of delay when compared with the alive animal.
This maturation was also previously described in hippocampal
cultures, accompanied by an increasing expression of synapto-
physin (37). Intrinsic and firing parameters were probably
hugely influenced by the ion conductance dynamics of the neu-
rons, as RNA expression levels showed a continuous increase of
Hcnl, Scnla, and Scn8a expression levels between the initial
culturing phase and week 3, which is also observed in vivo (50—
52). Particularly the expression of sodium channels, which pla-
teaus at week 2, is coherent with the development of the capa-
bility of neurons to produce elaborate up-states accompanied
by repetitive firing of action potentials. The mismatch between
the rise in Hcnl transcripts and the inversely proportional
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decline of the voltage sag could be explained by several factors.
First, the lysates used for the RT-PCR analysis originated from
whole hemisphere slices, whereas electrophysiological evalua-
tion was concentrated on the somatosensory area of the cortex.
Second, these results could reflect the elevated early expression
of other Hcn isoforms such as Hcn2 and Hcn4, which have
been shown to be expressed at manifold levels compared to
Hcnl in thalamic neurons during the immediate postnatal pe-
riod (53). The changes in ion conductance were furthermore
reflected by the development of spontaneous activity, which
was very rare on single-cell level in the initial culturing phase
and increased over time in culture. Neurons gradually shifted
from simple single spikes and short bursts to complex patterns
of activity, containing elaborate up-states. This development of
spontaneous activity in cultures of the somatosensory cortex
along with the significant variability was described previously
(39). It is also coherent with the rise in Hcnl expression levels,
as Hcn channels have been found to influence bursting behav-
ior (54). These results were also reflected by the phenomenon
found in current-clamp events, where cells clustered into
groups of medium or low activity and high activity, highlighting
the heterogeneity of organotypic neocortical cultures in cultur-
ing week 4 and week 5. The variability of spontaneous activity
on single-cell level could be attributed to the fact that network
activity has been found to be initiated in L5 (55) with informa-
tion in L2/3 being more sparse, variable, and informative (56).
To analyze the network properties of the slice cultures, we
measured activity using a 256 MEA system and focused on
recurrent network events, which correlate with the spontaneous
activity detected in the current clamp recordings of layer 2/3 py-
ramidal neurons. The network events in the MEA were ana-
lyzed using a threshold-based detection method (based on the
mean of all channels) to identify active electrodes after applying
a low-pass filter to the signals of all channels. We used a flexible

1051


http://www.jn.org

()) NEOCORTICAL DEVELOPMENT IN ORGANOTYPIC MOUSE BRAIN CULTURES

A Initial

|| Week 1 || Week 2 || Week 3 || Week5 | B

DAPI

100 100 pm

NeuN

Parvalbumin

upper layers

deeper layers

upper layers

deeper layers

upper layers

deeper layers

600

D | Week1 || Week2 || Week3 || Week 4 || Week5 |

NeuN DAPI

400 H/‘\E{

200

Normalized cell count

0

\ e'b *b”’ é‘f;
\o @0 & @q' &
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week 5 and graph depicting the development of normalized cell count of NeuN-positive cells over the whole culturing period. Significance levels for all

graphs: **P < 0.01, ****P < 0.0001 for one-way ANOVA test.

threshold-based approach on the average voltage signal, as our
experience showed this method provided the most reliable
results, minimizing false positives and false negatives in the
detection of LFP components in the MEA recording. Network
activity was present in all culturing phases, however, developed
from a simple and short LFP waveform to high-frequency oscil-
lations lasting multiple seconds by weeks 4 and 5. It is question-
able whether these events can be categorized as pathological
and epileptogenic, or if they are physiological oscillations.
Considering the steep increase of parvalbumin expression levels
by 20-fold as compared between the initial culturing phase and
week 3, equivalent to the development seen in hippocampal
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cultures (57) and in vivo (58), and the retained regularity of
these events (Supplemental Fig. S5), it is likely that they were
not caused by runaway excitation. The oscillations observed
during MEA recordings had a controlled and rhythmic charac-
ter, different from the aberrant activity found in few single-cell
recordings or the epileptiform phenotype described after 4 wk
in hippocampal cultures (11). Furthermore, slow & oscillations
were found to be constantly present throughout the whole cul-
turing period, whereas o and B oscillations only occurred from
week 1 onward and v oscillations were only found from week 2
onward. Up-states and network oscillations both rely on a deli-
cate balance between excitation and inhibition, which only
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developed over time in culture, raising the possibility that the
observed oscillations could be physiological. It has been shown
that parvalbumin-positive neurons are crucial for the initiation
of v oscillations (59) and phase-lock to different oscillations in
the hippocampus (60), whereas their loss leads to a decrease in
overall oscillation and especially y rhythm (61). This is consist-
ent with the result that y oscillations were predominantly found
in week 2 of culturing with a subsequent trend of decline,
matching the levels of parvalbumin found in RT-PCR and stain-
ings. As high-frequency network events were also terminated in
a controlled manner, this indicates balanced excitatory and in-
hibitory forces. The maturation of single-cell and network prop-
erties in general happened independently from sensory input
and therefore had to be driven intrinsically. This was also
observed in sensory-deprived animals, where maturation onset
happened with a delay of several days, but with the same time
course (62). External electrical stimulation influences the fre-
quency and distribution of spontaneous activity, and the pro-
portion of up-states (26). Hence, it is likely that the deprivation
of external input in oBSCs is balanced by an increase in sponta-
neous network activity and overall excitability as observed in
visually deprived animals (63), which would explain the overall
increase in excitability in culturing weeks 4 and 5 despite the
network reaching a mature state by week 2. This alteration of
network properties to promote excitability as a response to the
loss of external input is a form of homeostatic plasticity, needed
to maintain network stability and variability and depends on
intact excitation/inhibition (E/I) balancing mechanisms (64).
Nevertheless, aberrant heightened activity and runaway excita-
tion was observed in intracellular recordings, however, only in
very few cells. The clustering into cellular and network pheno-
types with either very basal or very high activity, especially
observed in week 5 of culturing, could be due to a general heter-
ogeneity in slice viability or potentially even differential
changes in transcriptomic profiles influencing homeostatic
plasticity and activity, such as the transcription factor family
PARDZip (65). A certain degree of neuronal loss takes place dur-
ing weeks 4 and 5, evidenced by the collective drop of RNA
expression levels in these culturing periods, as well as parvalbu-
min-positive neurons and a beginning trend of overall neuronal
decline, albeit not significant. An indication of potential degra-
dation in week 5 was also found in morphological analysis by
the significant loss of neuronal complexity. However, the gen-
eral dendritic arborization of pyramidal neurons in culture
closely mimics the in vivo maturation process during the first
postnatal week (46) and both in vitro and in vivo results indi-
cate that the final dendritic configuration is established after
this time frame. This is highlighted by the fact that coherent
morphological changes could not be found in studies investi-
gating mice from P10 onward (45).

Conclusions

In this study, we provided a holistic characterization of the
development of the early postnatal mouse neocortex over 5
wk in vitro. In summary, the immature cortex underwent a
similar maturation as observed in vivo in terms of intrinsic
and firing properties, network activity, morphology, and RNA
expression levels. Cortical oBSCs therefore approach a mature
state after ~2 wk in vitro. Our data indicate that experiments
aiming to investigate developmental phenomena of the cortex
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are best performed from O to 14 days in vitro. In contrast,
studies requiring an adult configuration of the network, such
as simulations of adult brain diseases, will find the cortical
network to be most stable and physiologically mature during
weeks 2 and 3 of culturing. Beyond this time frame, rising vari-
ability, heterogeneity, excitability, and potential neuronal loss
have to be considered, however, cortical cultures aged 4 or 5
wk could potentially serve as models for high-frequency net-
work oscillations.
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