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A novel system to cultivate and record from organotypic brai slices directly on
high-density microelectrode arrays (HD-MEA) was developke This system allows for
continuous recording of electrical activity of speci ¢ indvidual neurons at high spatial
resolution while monitoring at the same time, neuronal netark activity. For the rst time,
the electrical activity patterns of single neurons and thearresponding neuronal network
in an organotypic hippocampal slice culture were studied drng several consecutive
weeks at daily intervals. An unsupervised iterative spikeerting algorithm, based on
PCA and k-means clustering, was developed to assign the adtities to the single units.
Spike-triggered average extracellular waveforms of an aicin potential recorded across
neighboring electrodes, termed “footprints” of single-uits were generated and tracked
over weeks. The developed system offers the potential to stly chronic impacts of drugs
or genetic modi cations on individual neurons in slice preprations over extended times.

Keywords: organotypic slice, hippocampus, HD-MEA recordin g, new device, neuron tracking

Key Concepts

Electrical-activity map: A heat map that is plotted according to the largest absolute
values of the negative amplitudes of extracellular actiongtentials on each electrode.
Footprints: A single-unit footprint represents the spatiotemporal exaicellular waveforms
of a single neuron, which has been calculated by spike-triggred averaging of signals
determined according to spike times at the electrode with tk largest signal.

Central footprint peak amplitude  (CF amplitude) : the absolute value of the largest
negative spike amplitude, within the footprint.

Central footprint location  (CF location) : the location of the largest amplitude-signal
within the footprint.

Central footprint area  (CF area): the area of footprints that included electrodes with
negative spike amplitudes larger than 50% of th&€F amplitude
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INTRODUCTION 2003, the membrane-interface methodioppini et al., 1991
and micro uidics-based methodsE@ddings and Gale, 2006;
An important direction in neuroengineering is the developrien Berdichevsky et al., 2009; Rambani et al., 2009; Scott, et al.
of new techniques and methods to observe the activity of ayma 2013. The principle of the membrane-interface method is
neurons as possible, ideally within intact networks at higat&l  the cultivation of slice tissue on a porous membrane at the
resolution, and within a large frequency range over longetim interface between the culture medium and aftgppini et al.,
periods (Marblestone et al., 20).3Such techniques would allow 1997). The membrane-interface method o ers the advantage
for analyzing how individual neurons interact, and how thei of a straightforward implementation, however, for performin
activities contribute to the overall network activity. Higpatial- MEA recordings, the slice cultures on the membranes need
resolution recordings enable the identi cation and loealiion to be |pped so that the neurons can come in direct contact
of single neurons, while a broad recording frequency rang@ith the electrodes. The contact between the electrodeyarra
enables capturing neural activities at di erent time scaBg. and the slice cultures can be enhanced by exerting slight
developing novel tools and methods, it will be possible to oliser pressure on the membrane of the slice culture, but a precise
the dynamics and details of the activities of multiple indival  control of this pressure is di cult. If the pressure is not high
neurons within a network enVironment, over extended timés Oenough, the contact between the electrode array and slice
days or weeks. Organotypic brain slice cultures constitsi®@x  cultures is not good enough to obtain high-quality recomgtin
vivosystem, and bridge the gap between dissociated cell csilturgf electrical activities of the slice; if the pressure is taghh
and in vivo animal experiments. Organotypic hippocampalthe cells of the bottom layer, adjacent to the array, can be
slice cultures partially preserve the cytoarchitecture,apfic  damaged. Moreover, the membrane slice cultures are usually
circuits, and chemical signaling of the hippocamp@siQwiler,  disposed of after recordings, as the risk for contamination
1981; Stoppini et al., 1991; Bahr, 1995; Gahwiler et al., 19%iring a recording session is elevated. Therefore, we cereid
De Paola et al., 2003; De Simoni and Yu, 2006; Galimberfhe membrane interface method not to be ideal for realizing
et al., 200p Organotypic slice preparations o er a large time |ong-term slice recordings on MEAs. The micro uidics-based
window (i.e., up to 6 months) to investigate the functions ofmethods and replicated roller-tube method for slice culturing
and changes in neural circuits during developmental processg er the advantage of preserving the cytoarchitecture of the
(Claiborne et al., 1986; Henze et al.,, 2000r changes that sjice cultures, however, these methods ultimately do neldyi
have been induced by chronic pharmacologicaloppini et al., 3 monolayer of cells after extended cultivation tinf&dppini
1997; Noraberg, 2004; Cho et al., 2007; Baraban et al.) 20@9 a|., 199). The monolayer structure is very bene cial for 2D
and genetic manipulations_{doux et al., 1995; Thomas et al., MEA recordings, as electrical activities of cells that arelase
1998; Murphy and Messer, 2001; Du et al., 2002; Jansegroximity to the electrodes can be faithfully recorded by mea
et al., 201)L. However, long-term observation also requires aof an electrode array, whereas cells that are further away fro
noninvasive recording method. Due to the invasive nature ofthe electrode surface are more dicult to record. Moreover,
for instance the patch-clamp method, the slice cultures Biic by having a monolayer structure, most, if not all cells of the
can only be recorded from during a single experimental triareparation can be accessed.
(Stoppini et al., 1991; De Simoni et al., 2p@® up to 48 h In the roller tube method, a slice is attached to a glass
(Dong and Buonomano, 2095Long-term optical imaging of cover slip with a collagen gel or a blood clot. Then, the slice
organotypic slice cultures is possible, and has been used {@placed inside a roller-tube, which is continuously rotgtion
investigate synaptic morphologg0golla et al., 2006; Seidl and g roller drum at low speed. The continuous rotation exposes
Rubel, 201)) however, the relatively low temporal resolution ofthe slice to both, media and air, each for half a cycle of the
uorescence imaging methods may become a problem, when aftation; this method provides su cient oxygen for the slite
identi cation of Single units is desired. Extracellular (ﬂ!dings survive Gahw”er, 1981; Gahwiler et al., 199Vh||e preserving
and long-term electrical stimulations have been performgd bnutrient availability and humidity. We adapted the rollerkte
means of multi-electrode arraySifiebaud et al., 1997; Egert method to cultivate slices directly on a high-density (HD)-
et al, 1998; Duport et al., 1999; Kristensen et al., 2001; VayEA microelectronic chip rey et al., 2007, 20))9nstead of
Bergen et al., 2003; Killian et al., 2)1but due to the large ga glass coverslip. Extracellular recording by means of an HD-
electrode pitch and electrode diameter of traditional MEASYo MEA is non-invasive to neurons and enables high-resolution
population activities have been typically observed. To the begecordings at multiple time points over week®kien et al.,
of our knowledge, there are no studies showing single-neuropp15. Additionally, cultivating slices directly on HD-MEAs
activity that can be continuously tracked over multiple days  entails a rm attachment of the slice tissue to the electrode
Commonly used organotypic slice cultivation methodsarray. This attachment helps to preserve the locations of the
include the roller-tube method%ahwiler, 198), or the replicated neurons in the slice preparation relative to the array eletero
roller-tube method Egert et al., 1998; van Bergen et al.positions. Owing to the high-density of electrodes in theagrr
area (3150 electrodes per miey et al., 2009 the electrical
Abbreviations: CMOS, complementary metal oxide semiconductor; CFaCtIVIty .Of individual newons can be simultaneously recafde
amplitude, central footyprint peak amplitude; CF area, central footprint‘aare by mUItlple _eIectrersJ(a(_:keI etal., 2012; Bakl.(um etal, 3013
CF location, central footprint location; DIV, dain vitro; HD-MEA, high-density 1 h€ cultivation of slices directly on HD-MEA chips does notynl
microelectrode array; PCA, principal-component analysis. improve signal-to-noise ratios in the recordings, but alsckes
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it possible to localize and tracked recorded neuronal a@twi solution (1%, Sigma-Aldrich, A9414). Sagittal hippocampagslic
by comparing spike waveforms that have been obtained frorB00 mm thickness) were obtained by using a vibratome (Leica
multiple electrodes. VT1200 S). The HD-MEA chip was sterilized in 70% ethanol
In the following sections, we will describe a method forfor 40 min and coated with 0.05% PEI (polyethyleneimine,
recording spontaneous activity of hippocampal slice culturepH D 8.5, Sigma-AldrichBakkum et al., 20)3before slice
by means of HD-MEAs at high spatiotemporal resolution overculture attachments. Slices were attached on the HD-MEA
extended cultivation times. The aim was to track networkwist ~ surface Figures 2B,G by using a mixture of chicken plasma
as well as neuronal action potentials at single-celland gliidar (500 U/ml Sigma-Aldrich P3266) and thrombin from bovine
resolution. To achieve the goal of recording from the sareesl| plasma (200 U/ml, Sigma-Aldrich T4648). Photos of the slices
culture at multiple time points over weeks, speci c slice ctdtu on HD-MEAs were taken at this time (DIV (igure 20). Slice
chambers and rotation racks, which can accommodate the HDeulture medium (3 ml, contained basal medium eagle without
MEAs, were designed-igure 1). Extracellular recordings with L-glutamine, Hanks' balanced salt solution, inactivateatde
HD-MEAs were performed almost daily. Global network-wideSerum, 45% D-Glucose, GlutaMAX, with/without penicillin-
electrical-activity maps of the slice cultures were generatedstreptomycin, and with/without B27 supplement) was supplied
based on spike amplitudes detected across all electrodes tneach slice culture after the slice culture had been placed o
the array. Due to the high density of electrodes, the elealtri the HD-MEA surface. The hippocampal slices were cultivated in
activities of multiple single-units in the slices could bemti ed  culture chambersRigures 1A-D), which were kept rotating on
and tracked during approximately 1 month. An unsuperviseda rotation rack Figures 1E,F, placed inside an incubator with
iterative spike-sorting algorithm, based on PCA and k-meansontrolled temperature (3€), humidity (90%) and CQ (5%).
clustering, was developed to assign the activities to thglesin Culture medium was replaced after 3 days with culture medium
units. Spike-triggered average extracellular waveformsnof aontaining penicillin-streptomycin without B27.
action potential recorded across neighboring electroddschwv
we termed a footprint ” were generated. We demonstrated theHD-MEA
performance of the method by tracking multiple neurons inThe complementary-metal-oxide-semiconductor (CMOS)-
three di erent slice cultures untiday in vitro (DIV) 23. The based, planar, high-density microelectrode array (HD-MEA)
locations and magnitudes of peak amplitudes in the footprintsvas designed and produced in our labsrdy et al., 20Q7
and the extensions of the central footprint areas were contpare~igure 2A). The HD-MEA contains 11,011 platinum electrodes
between every two consecutive days. The results showeththat in an array area of 2 1.75 mn? with an electrode density of

single-unit footprints remained relatively stable over slay 3150 electrodes/mfn It employs the switch matrix approach
to exibly connect arbitrary subsets of electrodes to thes 12

MATERIALS AND METHODS readout channels. The electrode size is 57 mm?, and the
center-to-center pitch is 18m. Pt electrodes were fabricated

Ethics Statement on the chip in a post-processing step on wafer-level in the

All cell material acquisition and animal experiments weramelo Ccleanroom. The surface of the HD-MEA chips was afterwards

in accordance with guidelines approved by the Basel-Sta@ssivated with a stack of alternating gi@nd SiN4 layers.
veterinary o ce according to Swiss federal laws on animalThe chip was glued and bonded onto a PCB, and the bond

welfare (protocol number: 2358). wires were encapsulated with epoxy (Epo-Tek 302-3 M). A
plastic ring (height: 8 mm, diameter: 2.4 ciihigure 2A) was
Thyl-YFP Mice added to contain the liquid culturing media. After packaging

Thyl-YFP-16 mice B6.Cg-Tg (Thyl-YFP) 16Jrsikng et al., a layer of platinum black was electrochemically deposited ont
2000 were provided by M. Riiegg's lab, Biozentrum, Universitythe electrodes in order to reduce the electrode impedance and
of Basel, Basel, Switzerland. The Thyl-YFP mice lines weifgprove the signal-to-noise ratio. A current of 180A was
maintained as transgenic heterozygotes by a transgenic Simultaneously applied to all electrodes (current density .6f 0
homozygous wild-type@57 BL/§ cross. Genotyping was done NA/m?) in a solution containing 7 mM hexachloroplatinic acid,
through PCR analysis. 0.3 mM lead acetate, and hydrochloric acid with an adjustment
of the solution pH to 1 Bakkum et al., 2013
Organotypic Hippocampal Culture
Newborn Thy1-YFP mice, aged between postnatal day 5-7, weklectrophysiology Recordings
used to obtain brain slice cultures. The details of the appliedo perform electrophysiology recordings, a custom-made
organotypic culturing procedure have been described in previo software, adapted from MeabenctWégenaar et al., 2005;
papers Gahwiler, 1981; van Bergen et al., 20@tiey, brains Bakkum et al., 20)3 was installed on a desktop computer. A
were removed and placed in ice-cold oxygenated (9594CO eld-programmable gate array (FPGA) and a microcontroller,
5% CQ) HBSS (HANK'S balanced salt solution, GIBCO 14175)embedded in a custom circuit board, were used for data readout
mixed with D-Glucose (45%, Sigma G87691), Kynurenic acitom the HD-MEA (Muller et al., 201p. To start a recording
(2 mM, Tocris), and penicillin-streptomycin (5 U/ml, GIBCO session, slice cultures including the culture chambersewer
15140) under sterile conditions. Bi-lateral hippocampi were@emoved from the rotation rack and plugged into a stationary
dissected and embedded in low-melting-temperature agarosetup (Miller et al., 2012; Bakkum et al., 2Q1that was
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A culture media B
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exchange

7 Ies for fixing
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FIGURE 1 | Setup for culturing organotypic slices directly on HD-MEAs. (A) A slice cultivation chamber was designed to attach to an HD-MA chip, hold
culture media, and allow for gas exchange. The cultivationhamber was af xed to a custom rotation rack using the two xing holes. (B) The cultivation chamber was
equipped with a red rubber O-ring, which was used to form a sebwith the plastic ring around the HD-MEA(C) A yellow cap with a sterile lter inside allowed for gas
exchange and preserved sterile conditions inside the changr. (D) A cultivation chamber with the HD-MEA attached was af xed ont the rotation rack by using the
two holes (one on the side, and the other on the back)(E,F) The rotation rack can hold multiple slice cultivation chamérs at the same time and provides a
continuous low-speed rotation inside an incubator.

also placed inside an incubator with controlled environmant the area that the slice occupied on the HD-MEA. The slice
conditions (36C, 65% humidity, and 5% C£). Before starting area showing activity was then recorded with a series of-high
experiments, the slices were checked for actiitigre 2D).  density block-shaped con gurations. To generate theseseof
Only slices that showed spontaneous activity were includedon gurations, a boundary line was identi ed along the edyfe
for experiments. Photos of slices taken on the day of platinghe area that the slice occupied on the array. The total number
(DIV 0) and the array-wide activity map were used to identifyof electrodes within this area was calculated, and multiple

Frontiers in Neuroscience | www.frontiersin.org 4 November 2016 | Volume 10 | Article 537


http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Gong et al. Single-Units Tracking on Organotypic Slices over Weeks

-300 pV

1 mm 200 pm

FIGURE 2 | Hippocampal slice cultivated on and recorded with a HD-MEA. (A) An HD-MEA chip with a plastic ring and epoxy to encase the bondvires that
connect the CMOS chip to the PCB.(B) A brain slice on top of the HD-MEA(C) Hippocampal slice attached on the electrode array area witlechicken plasma and
thrombin. Different sub-structures of the hippocampus ardabeled, including the cornu ammonis areas (CA3, CAl), andhé dentate gyrus (DG). The photo was taken
on DIV 0.(D) Amplitude map of the detectable activity from a slice cult@. The whole array was scanned to check slice culture actiyiton DIV 4.

block-shape electrode groups were generated (block sizet® each recording experiment, slices were left alone for 30 min t
electrodes, which covered an area of approximately 8820 allow for habituation.

mmZ, Figure 30), with 25% overlap between the electrode blocks

(Figures 3A,B. To assign the electrode blocks, we started witData Analysis

the rst block at the upper left corner of the selected area, ando extract extracellular action potentials, the signals reedrd
then generated the next adjacent block (smaller value oris; axon the HD-MEA were sampled at 20 kHz, Itered with a digital
larger value on x axis) by also including 25% of the elecgodenand-pass (500—-3000 Hz), and a threshold detection was applied
of the previous block that were closest to the new block. Eag{s.5 times the noise standard deviation). A MATLAB (R2012a
block was recorded during 405, so that one recording sessieihd R2014b) code was used for data analyiiskel et al., 2012;
lasted about 1.5 h. Recordings were performed almost every dgjliller et al., 201p

between DIV 6-30 to record the network activity and single-

unit activities of the slice cultures. A closed-loop cotied  Global Network Activity

cooling device (built in house) was attached to the HD-MEA toThe global network activity of the slice cultures was evaldia
maintain a stable temperature (36) during recordings. Before with two di erent methods: (1) by using the “electrical-adtiv
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2000V —

FIGURE 3 | High-density block con gurations.

bars mark 200 mm.

High-density block con guration recordings were performedfor generating global network electrical-activity maps
and single-unit footprints. Gray dots indicated the largesnegative spike amplitudes detected on the electrodes(A) The electrical-activity map of the slice culture was
generated based on the largest negative spike amplitude onach electrode. Slice activity was recorded on DIV4. The cartm labeling of hippocampus sub-areas was
drawn based on a photo on DIV 0.(B) Close-up of multiple block con gurations (colored rectangds) in a speci ¢ recording area (dark blue box). The high-dernty

block con gurations were designed with 25% electrode overlp. (C) One high-density block con guration contains 18 6 (108) recording electrodes. Unlabeled scale|

map” without spike sorting; (2) by assessing the total number

of neurons that could be detected through spike sorting of the
high-density block recordings. To generate the electacivity
map of the slice culture, the largest absolute values oféigative
amplitudes of the extracellular action potentials on eacbtedele
were plotted (see algeigure 6later in the article).

Spike Sorting and Single-Unit Footprint Generation
To extract single-unit activities, o -line spike sorting was

performed with an automated spike-sorting analysis on each

recording con guration. The footprints of single units were
generated through spike clustering and template matchingsste

and template merging steps were used to deal with neurons that

extended over adjacent con gurations. The spike sortingstee
described as follows:
Step I. Spike clustering:

(a) Spikes were extracted via threshold detection (5.5 stahd

deviations above the noise level) for each of the recording

electrodes.

(b) Negative spike amplitudes were ranked for each electrode.

200) with k D 2, 3, 4, and 5, wheré& is the number

of clusters. The silhouette analysis was then applied to
determine the optimal number of clusters to us&(isseeuw,
1987; Sadgrove et al., 200%he silhouette coe cientyvary
between -1 and 1, which respectively indicates “misclassi ed
and “well-clustered” data. The following analysis was done
for everyk: (i) asilhouette valugvas obtained for each spike
waveform to assess how well each spike belongs to its cluster.
(i) The mean of allsilhouette valuewas computed. The
cluster with the largest mean silhouette valuesas chosen
(Figure 4B). If the spike clusters hasilhouette valudsrger

than 0.5, and the biggest spikes from these spike clusters were
larger than 80% of the largest spike amplitude, these clusters
were further considered as candidates for generating spike
templates Figure 4B).

(f) The spike times of one selected spike cluster were used

to detect spikes from all other recording electrodes in the
con guration. The median values of spikes, identied as
belonging to the sorted neuron, were calculated for each
recording electrode and generated the spike template in

The electrode with the largest spikes was selected as a “core Figure 4C

electrode” Figure 4A).

(c) As neuronal action potentials could be detected on sévera

Step Il. Template matching:

neighboring electrodes simultaneously, the spike time&) To con rm that all recorded spikes belonging to the sorted
detected from the core electrode were used to investigate neuron had been collected from the selected 10 electrodes,

recordings of neighboring electroddsigure 4A).
(d) From these, the 10 electrodes recording the largesiatsgn
were selected to assist spike sorting.

and to avoid the same neuron being sorted as two di erent
neurons due to over-sorting at the spike-clustering step, all
recorded spikes from the 10 electrodes were compared again

(e) The spike waveforms of the selected 10 electrodes were with the sorted neuron template by temporarily subtracting

up-sampled by a factor of 6 in time. Spike clustering was
done via PCA andk-means [ewicki, 1998; Duda et al.,

all spikes from the template. The residuals were sorted
into 2 new clusters via PCA ani-means (withk D 2,
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FIGURE 4 | Spike sorting procedure. (A) Raw spikes (gray traces), recorded from a block con gurationwere identi ed via threshold detection. The electrode with
the largest spikes was selected as the “core electrode” (lagded as electrode “1”), and the neighboring electrodes hamg the largest spikes were identi ed (gray
traces). From all these electrodes, the 10 electrodes withhe largest spikes were chosen for spike sorting(B) Spike waveforms from the selected 10 electrodes were
up-sampled by a factor of 6 in time (gray traces, median valu@ black). The waveforms were clustered with PCA an#i-means while using different numbers of
clusters kD 2, 3, 4, and 5, in the colored panels). The silhouette scores ere assessed to detect the best number of clusters to use, with was indicated by the
largest silhouette values (here, the orange colored panefeaturing 2 clusters). The selected cluster (green tracesyith the largest spike at the core electrode, was
chosen for generating the spike template (the median of thergen traces, indicated as red trace)(C) From spikes in the selected cluster, a spike template was
generated covering all electrodes in the respective con guation. The green traces are the waveforms that belong to thea@ted neuron. Black and red traces are the
spike template for this neuron, which is the median of the gren traces. The red traces show the template for the 10 chosenlectrodes in (A), and the core electrode
is labeled with “1”. (D) All recorded spikes from the selected 10 electrodes were sutbacted from the spike template to calculate residuals, in @ler to avoid the
over-sorting issue from the spike-clustering step. The raduals were, again, clustered by PCA and k-meansk(D 2). Green dots are the residuals that match the
template, gray dots are the residuals that do not match the teplate. The black cross represents the negative template ghals (i.e., zero minus the template, which is
used to represent the location of a signal with only noise irhe PCA space).(E) The spike template was re-calculated from the mean signal ahe spikes matching the
(Continued)
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te

fo

FIGURE 4 | Continued
con gurations and within individual con gurations in order o merge templates arising from the same neuron. This was donby calculating the matching coef cients

waveforms, divided by the sum of the two individual wavefornareas. Areas are indicated with gray color. Based on the mating coef cient values, different templates
were merged (see text for more details)(G) Final template of a sorted neuron across multiple con guratins. Red is the core electrode, where theCF amplitudeis
determined. The respective electrode location de nes theCF location The red circle indicates the core area of the single-unit fiprint, which was de ned as CF area
(H) A zoom-in of the spike at the core electrode. The red dashedrie marks the threshold of 50% of the largest negative signalraplitude within the footprint area,
which has been applied to calculate theCF area The scale bars in(G) also apply to (A,C,F).

mplate (i.e., the spikes that generated the green dots iD). (F) The generated spike templates, termed “single-unit footpnts,” were compared between overlapping

r waveforms at all common con guration electrodes. The mathing coef cient was calculated as 2 times the overlap area biveen the dark and light blue

(b)

(©

Figure 4D, the green and gray dots). The residual clustersvere compared between consecutive recording days. If they had
were evaluated based on relative values of the rst PCAnatching coe cients larger than 0.85, the respective single
component. If one cluster was at least two times closer tanit footprints recorded on di erent days were considered as
the origin of the rst PCA component than the other cluster, belonging to the same neuron. Single-unit footprint tradinas
then the rst cluster was recognized as belonging to theautomatically done with a software (MATLAB), and the results
sorted neuron. Otherwise, both of the two clusters weravere checked and evaluated manually. Only neurons showing
considered as coming from the same neuron. As a result, allaceable activity during at least 7 recording days werkiged

the spikes that featured similar waveforms as the template the manual evaluation (an example is showrfigure 5).

were collected at this step and were included to produce The single-unit footprints tracked on dierent days were
the single-unit footprintFigure 4B). Until this point, spike presented as heat mapBigure 5. Single-unit footprints that
sorting was done for one neuron in one con guration. belonged to the same neuron, showed similar shapes on
Thus, asingle-unit footprintrepresents the spatiotemporal the heat maps over di erent days. Manual evaluation of the
extracellular waveforms of a single neuron, which hasingle-unit footprint tracking was performed by comparing
been calculated by spike-triggered averaging of signatke heat maps of the single-unit footprints across dierent
according to the spike times at the electrode with the largestays. Data that met the following criteria were then mangall
signal. removed: (1) single-unit footprints with dierent heat map
To sort the second neuron from the same block recordingshapes that were mistakenly recognized as identical nelrpns
the spikes from the rst sorted neuron were permanentlythe software; (2) single-unit footprints that had negative lpea
subtracted from the recordings, and steps | (a) to Il (a) werdootprint amplitudes of less than 58V (i.e., their amplitudes

repeated. were too close to noise levels); (3) single-unit footpriratt
Single-unit footprints were established for all recogli showed multiple footprint centers on heat maps; (4) the central
blocks over the whole array. footprint area of single-unit footprints which was partially

missing.

Missing parts of a single-unit footprint can be an artifact of
To assess whether the obtained single-unit footprintshe recording procedure, in which not all electrode blockseve
originated from the same neuron, the spike waveforms ofecorded at precisely the same time. Missing neuron parts could
all detected single-unit footprints were compared, and accur, if the neuron had not been spontaneously active while
matching coe cient value Figure 4P was calculated for the respective electrode block (in which the neuron or parts of
every possible pair of single-unit footprints. When comparingthe neuron were located) was recorded. Then, upon merging the
across con gurations, only electrodes common to bothelectrode blocks, the respective neuron part would be missing.
con gurations were considered. The single-unit footprints The consequences of this recording artifact can, for instame
recorded from the same recording block were considered ageen inFigure 5in the heat maps of DIV 15-16 or 23, where
belonging to the same neuron if they had matching coe cientsa fraction of the recording area is missing. But in this céise,
larger than 0.95. The single-unit footprints, recorded fromcentral footprint area was intact, therefore, this neuronlcdcstill
adjacent recording blocks, were considered as belonging tee included in the tracking analysis.
the same neuron if they had matching coe cients larger than
0.85. In case of large enough matching coe cients, the singl
unit footprints were me'rge.dF(lgure 4G The total number The largest negative spike within the footprint was allocated
of detectable single-units in a slice culture was measuted

each day of the recordings and was used as a second meth r(]:ﬁqglfi;e;q\;v anotlj :\h% abf:ee“faetr \lleftluet :?rf'\t the knegatlli\t/e d peak
to analyze the global network activity of the slice culture. ampiitude was de ned as a' footprint peak ampiitude

(CF amplitudg. The precise locations of the peak spike with
regard to the electrode positions was calculated by using cubic

Step Ill. Merging templates within and across con gurations:

eSingle—Unit Footprint Dynamics Analysis over Days

Single-Unit Footprint Tracking interpolation and a spatial up-sampling by a factor of 100,

Th

e matching-coe cient method Figure 4F was also used for which yielded a spatial resolution ofr@m over the array. The

tracking single-unit footprints recorded on di erent daysngle-  location of the largest amplitude-signal within the footprinas/

un

it footprints generated from the same block con gurationsused to de ne thecentral footprint location (CF location). A

Fro
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DIV 13 DIV 15 DIV 16 DIV 17 DIV 18 4
DIV 19 DIV 20 DIV 21 DIV 23 DIV 24
=
=1
o
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g
FIGURE 5 | Heat maps of a single-unit footprint tracked over mult iple days. Footprints of a single unit from DIV 13-24 plotted as heat mapsThe positions of
the electrodes within the included recording blocks are regesented as gray dots. For DIVs 15, 16, and 23 some of the eleatdes are missing due to a recording
artifact as described in the text. The shape of the central fatprint area (red), however, was intact and remained stablever the recording duration.

threshold of 50% of the largest-amplitude signal (red dadimed period. The roller-system consisted of culture chambers and a
in Figure 4H) was used to de ned theentral footprint area (CF  rotation rack Figure 1). The culture chamber included a culture
area) (Figure 4G red circles), which included electrodes that hadmedia chamber, an opening for gas exchange, and holes for
negative spike amplitudes larger than 50% of @feamplitude positioning. A rubber ring Figure 1B) was inserted into the
The CF locationCF amplitudeandCF areavalues of the tracked culture media chamber to form a seal with the plastic ring

single-unit footprints were calculated for each recordiray d surrounding the HD-MEA Figures 1G 2A), which created
The distance that th€F locatiormoved between consecutive an enclosed chamber space that preserved culture media. A
recording daysdi) was compared, and calculated as: cap with a sterile Iter Figure 10 allowed for gas exchange
between the culture chamber and the incubator environment.
Movement distancedi D abs(CF location(di) The culture chamber was xed on the roller rack at two xing
CF locatiorn(di 1)) holes, one on the side of the culture chamber and one on the

other end of the chamberH{gures 1A,D. The roller rack was

The group medians were compared across days for Gite dgsigned to continuously rotate at a very slqw speed (ab&ut 1.
locationmovement analysis. The group mean was used fo€ie Min per cycle). Each roller rack held a maximum of 8 culture
amplitudeanalysis and th€F areaanalysis. In total, data from chambers with HD-MEAs, and was placed inside an incubator

22 single-units tracked in 3 di erent cultures between DIV-PA.  With controlled temperature (3€), humidity (90%), and C®

were used to analyze the single-unit footprint dynamics. level (5%).
The results evidenced successful and reliable culturirdy an
RESULTS recording of organotypic slice cultures on HD-MEAs with the
roller-tube method. In total, 32 slice cultures from 7 di ene
Roller-Tube System preparations were produced. Of these, 26 slice cultures showed

To observe the changes in electrical activities of an orygni®  spontaneous activity on the rst day of HD-MEA recordings.
slice culture with HD-MEA recordings over extended time There were 20 cultures (out of the 26 cultures) still showing
periods, a roller-tube setup, adapted to the HD-MEA format, wasictivity after DIV 10, 12 cultures after DIV 20, and 4 cultsadter
developed in house. This system allowed for culturing bréges DIV 30. Five cultures from 2 di erent preparations were recodde

on HD-MEAs over weeks, while HD-MEA electrophysiologyfrom consistently between DIV 13-23, and these data were used
recordings could be performed at any time during the cultivat to generate electrical-activity maps and to perform singié-u
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detection for network analysis. Three of these ve cultunese
selected for single-unit tracking over days.

Global Network Activity of Slice Cultures

over Days

As expected, the global network activities of the slice cefu
decreased while increasing cultivation time. Electraetivity
maps were generated for each slice culture during everydawpr
session, based on the largest absolute signal amplitudesi(larg
than 50 mV) extracted from the spikes on each electrode
(Figure 6A). The number of electrodes that still detected activity
was counted at each day of recording, and was normalized with
respect to the rst day of recording. The relative percentafe o ;
electrodes that detected activity decreased in averageoyrdm ¥ 4
DIV 13-23 Figure 6B). . 3 *

1 mm
t‘,
“.

- 300 pv

Single-Unit Activity Obtained from Spike

Sorting
The overall network activity of the slice cultures was alsp B
characterized in terms of detectable single-units at eacbnding
day. Due to the high electrode density of the HD-MEA, single
unit activities could be identi ed from the high-densitytdck
recordings with the help of an automatic spike sorting sofeva
developed in house. Multiple single-units could be identi ed
within the same high-density recording block, and each k&ng
unit location could be de ned according to its nearby electe
positions Figure 7A).The number of detected single-units was
counted on each recording day and normalized with respect t 0
the number on the rstday of the analysis (DIV 13). The number 12 13 14 15 16 17 18 19 20 21 22 23 24 25
of detected single-units decreased in average by 72.7%d&etw DIV

DIVs 13-23 Figure 7B).

1 mm

150,

100

Electrode %

50 |

O

FIGURE 6 | Spontaneous activity of a hippocampal slice record ed with
an HD-MEA during several days and displayed as “activity map. " (A)
Example of spontaneous activity in a hippocampal slice culte observed over
Single-Unit-ACtivity Tracking over DayS several days. The largest negative spike amplitudes prodd by spontaneous
In a next step, we wanted to demonstrate that activities af lact?vity are displayed asaheat map acrqss the whole array,atk red color
multiple single-units can be identi edFigure 84), separated | JCCRe L R T e e o st
(F|gure 88)1 and tracked IElgure BQ within the same slice (mean SEM, n D 5). The percentage was normalized to the number of
cultures over multiple recording daysFigures§ 9). The electrodes detecting activity on the rst day (100%). In all cses the
single-unit footprint patterns were characterized accogdiio percentage decreased with increasing cultivation time.
their electrical-footprint CF location the CF amplitude and
the CF area The CF locationswere compared between every
two consecutive recording days (calculations provided ia thDISCUSSION
Materials and Methodpart). The analysis was performed on 22
neurons, which were tracked between DIV 16-21. This study presents a new method to continuously characterize
The results showed that single-unit activity patterns in theneural networks and single-unit activity of organotypic
slice cultures changed over time, but that the magnitudes diippocampal slices over long periods of time. Compared to
the changes between every two consecutive recording dagissociated cell culture preparations, organotypic braimesli
were relatively small. Between DIV 16-21, the averagentista cultures largely preserve the neuronal network architezgur
of the CF locationmovement was close to zer&igure 9A). and cell type combinations, so that they are considered
The footprint CF amplitudemagnitudes varied from neuron to more representative of functional brain areassaqwiler,
neuron, were about 106V on average, and slightly decreased1981; Stoppini et al., 1991; Bahr, 1995; Gahwiler et al., 1997
over days[cigure 9B). The CF areasizes varied from neuron to De Paola et al., 2003; De Simoni and Yu, 2006; Galimberti
neuron, on average about 22003200mm2, and increased over et al., 2005 Due to the relatively high cell density in slices
days Figure 90. (over 10,000 cells/mfp Abusaad et al., 1999: Sadgrove et al.,
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FIGURE 7 | Number of single-units detected in slice spontaneo us network activity over days. (A) Example of multiple single-units, identi ed via spike sonmig
from the same recording block con guration, on different reording days. Due to the high electrode density, the locatios of identi ed single-units could be assigned
according to the electrode positions. The approximated loations of the detected single-units are represented by bldccircles. (B) The mean of number of detected
single-units decreased over days in a set of hippocampal sé cultures (mean SEM,n D 5).

2009, slice cultures pose larger challenges to single-unitommonly performed by using the patch-clamp technique, this
activity identi cation and long-term tracking of the veryamme method is invasive, and, therefore, only suitable for oneet
neurons in comparison to cultures of dissociated neuronsexperiments per culture, so that chronic studies can hardly be
Although, single-neuron electrophysiological studieslices are  performed.
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FIGURE 8 | High-density block recording analysis.  Activities of multiple single-units can be identi ed from fgjh-density block recordings over multiple days.
Different colors represent the different single units, wel are labeled with numbers. Color shades indicate the diffent recording days: darker colors indicate early
DIVs, lighter colors indicate later DIVs. The colored circlenark the CFA of the respective single units. Rectangles inchte the CFs. Gray squares represent electrode
locations. (A) Multiple single-unit activities were distinguished and acked over different days. The movements of the CFs over dayare indicated by the colored
arrows. (B) Detailed waveforms of three overlapping single-unit aciiies (1, 2, and 5 fromA) recorded on DIV17 are shown. The spike waveforms of the three
single-unit activities can be clearly distinguished basedn spike shapes and amplitudes. Examples of waveform sepatmns at the respective CF locations are shown.
(C) Tracking of single-unit activities over days. The CFAs ofrajle-unit # 5 are, again, represented by blue circles. Wavefms of single-unit # 5 at three different
locations are shown over days, and the CF location is markedybthe blue rectangle. The gray dotted lines in the waveform pts indicate the 50% amplitude threshold.
Unlabeled scale bars mark 100mm.
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FIGURE 9 | Statistics on multiple single-unit activities ove r days. The
tracked single-unit footprint patterns were characterizé according to their CF
location, CF amplitude and CF areavalues. The average distance that theCF
location moved, the averageCF amplitudes,and the averageCF areasizes
were calculated based on 22 neurons from three different ctires between
(Continued)

FIGURE 9 | Continued

DIV 16 and 21. The average values of all tracked single-unitsedisplayed as
black squares, the corresponding errors as gray-shaded ar&s. (A) Distance
that single-unitCF locationshave moved between two consecutive recording
days (median SEM). The red dashed line indicates the electrode pitch of 18
mm. (B) The CF amplitudesover days (mean SEM).(C) The CF areasize
over days (mean SEM).

To |l this gap, we developed a setup, which allows for
cultivating organotypic slices directly on HD-MEAs. High
spatiotemporal-resolution recordings allow for trackinggie-
unit activity over extended periods of time. At the same time,
network activities can be studied, and the measurement time
window is exible. Slice cultures can be e ciently used for
a sequence of experiments, large numbers of single-units per
recording session can be found and studied, and a tracking of
single-units over multiple days is possible. This holds paldidy
true, as the registration of the slice and its units with restge
the array electrodes is largely preserved over the entirarandf
and recording time due to the rm attachment of the slice to
the chip surface. This is an advantage in comparison to other
slice cultivation methods, for instance the membrane ifgee
method Stoppini et al., 1991 which requires ipping the slice
culture upside down to bring the tissue side in contact with
the recording electrodes, so that the application of marking on
the slices is necessary for knowing its orientation. Moreove
repeatedly and reproducibly placing a slice with large precision
on the electrode array poses a major challenge, slices alg eas
damaged by being pressed down to the electrode surface with an
extra weight.

Besides the preservation of the relative position of slices
and electrode array in repeated measurements, the cutiivati
of slices directly on the array provides better contact betwe
slice tissue and electrodes, which improves the recordigugsi
quality. There is no need for marking of the slices. A photo can b
taken after the slice plating on the HD-MEA, and the photo can
then be aligned—according to the visible electrode positiens
with the electrical activity readings of the slice networlsimgle
units. Here, we showed that the electrical activity maps cbeld
aligned with photos of the slices to identify the relative posit
of the hippocampal architecture on the microelectrode array.

In comparison to other recording methods, HD-MEA
recording is non-invasive to neurons, and, therefore, does
not impact basic cellular physiology. Moreover, there are no
problems or limitations associated with phototoxicity e eetsd
bleaching, or limited recording times, which are common for
many optical methods.

On the other hand, there are some open issues that became
evident in this study. For instance, although spontaneous
activities of hundreds of neurons could be recorded in a gngl
hippocampus slice culture, there were many silent neurons
that did not show any activity, or alternated between active
and silent states during dierent recording sessions. These
silent but not active neurons could be identied through
immunohistochemical staining. This also aggravated the j@rob
of optically identifying the recorded neurons, as all viable
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neurons were immunohistochemically stained after xingeth The spike waveform analysis over days has been demonstrated in
slice. Furthermore, slice cultures take about one to 2 wéeks other studies Rousche and Normann, 1998; Schmitzer-Torbert
thin down to about 1-2 cell layersHumpel, 201%, but there and Redish, 2004; Guldimann et al., 2j)1and the authors
are multiple cell layers in the slices at the beginning of thergued that very similar waveforms can be used to infer that
cultivation period. Signals from neurons located furtheragw the same neuron has been recorded from. In our measurements,
from the electrodes contributed to background electriczihdty  single-unit footprints were observed to be relatively stahler
or “noise” during early DIVs. the recording duration. We are therefore convinced thatsit i
To observe the electrical activity patterns of slices duringossible to investigate the activity or the extracellular cacti
cultivation, electrical-activity map recordings and spiating potentials of the same neurons in slice cultures over a lotiges,
based single-unit detections were performed between DIV 6and that extracellular neural activity footprints can be used t
30. A more detailed neuron-tracking analysis was perfornoed f identify single-unit neurons.
the three cultures that were consistently recorded betwi2idh

13-23. According to previous studies, the optimal experiMentaCONCLUSlON AND OUTLOOK

time window is DIV 6-18, and slice viability decreases after

DIV 18 (Nagerl et al., 2004; De Simoni and Yu, 2006ye geveloped a method to culture organotypic hippocampal
Galimberti etal., 20061Investigations of pyramidal neuron spine gjices on HD-MEAs. with the goal to study hippocampal

electrophysiology and density in organotypic hippocampal slicé,enyork dynamics and track single neuron activity duringeth
showed that they were comparable to those in acute slices @y stages of brain development. The established method
equivalent stagesipyer et al., 1998; McKinney et al.,, 1999; D& grs the potential to study chronic impacts of drugs or
Simoni et al., 2003 Our electrical-activity maps of slice cultures genetic modi cations on individual neurons in slice prepacats.
Were. based on detecting the amplitudes of spontaneous Spiki@ﬂngle-unit activity can be tracked over extended periods,
activity across all electrodes on the HD-MEAs. The eledtrica,yhich may become important for neuron implantation studies
activity maps evidenced that a large fraction of the oveles g single-unit pharmacological studies in the future. Ferth
area showed large spike amplitudes. Besides gradual da:heas‘?mprovements to the current method will deal with the
slice network activity and single-unit activity partiallyused by  jssyes we encountered in this work. A main development
cell death Gtoppini et al.,, 1993 and besides temporal silence i st includes increasing the overall number of simultangly

periods in neuron activity u_ctuations, neuronal activitgvels | o54aple electrodes, which then yields larger blocks assl le
also were impacted by media changes or pH- and temperatuig,jired total experiment time and less artifacts in the futs.
yarla.tlons 6”, et aI.,.ZOll, ,’V"?Wes, et .al.,.ZX)JAMy degreases An 8-fold increase in the number of simultaneously readable
in spike amplitude will entail di culties in signal detectioand  4actrodes has been recently achievetiiller et al.. 201%
assignment of the signals to the respective single-units. _ This will also allow to increase the recording time for each
~ The spike-sorting based analysis provided more detaileffigh_gensity con guration in order to obtain more data
|nformat|on on the number of electrically active single-tain useful for single neuron tracking over days. To counteract
the slice network. Most cell number analyses for organotypigynoxia and medium depletion during the recording sessions
slices were performed through staining and imaging, in presio ithoyt device rotation, a micro uidic system for perfusion
studies busaad et al, 1999; Guldimann et al., 201and ot gyygenated media will be developed. Moreover, electrical
showed that the cell viability remained at 60%_ in hippocampaliimulation experiments{akkum et al., 20)%an be performed,
slice cultures between DIV 0 and DIV 4&(ldimann et al, , jdentify and possibly activate silent neurons and to

2013. However, due to the existence of silent neurons thaj, estigate axonal signal propagations and neural network
then also had been stained, the imaging of xed cultures May|asticity.

potentially overestimate network activity in slice cultsreOn

the other hand, the number of single-units that can be sorted

from extracellular recordings depends on many issues, dicty AUTHOR CONTRIBUTIONS

the length of the recording time, and the signal-to-noiséaa . .
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