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Figure 6. Functional connectivity maps over time based on spike-clustered data.

(A) Development of the number of validated connections between stimulated neurons and recording electrodes over 80 days post induction. Lines indicate a valid
connection and are overlaid on the fluorescence image of the sample on the day of recording. Line intensity scales with connection strength. (B, C) Functional
connectivity of the sample calculated for baseline activity and (C) holographic stimulation. Thickness and transparency scale with connection strength. Blue and black
circles show general activity of the respective electrode, scaled to the maximum for each mode of experiment. (A, D) Shows a magnified view of the sample at 45 days
post induction (marked as white rectangle in (A)). White arrows indicate neurons which were stimulated but did not show a significant response, whereas blue arrows
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our MEA study on identical cultures over time corroborated all
findings on in vitro human neuronal network maturation. Burst
activity is mainly derived from contributions of excitatory and in-
hibitory synapses (Chiappalone et al, 2007; Suresh et al, 2016).
Spontaneous burst activity in INGN networks appeared at around 35
dpi and reached its peak at 60 dpi. In hiPSC-derived brain orga-
noids, highly synchronous activity has also been reported at around
day 60: this later changes to rhythmic activity (Trujillo et al, 2019).

Instead of just waiting until spontaneous neuronal activity
started to occur, we applied optogenetic stimulation. Indeed, we
detected robust neuronal activity at earlier time points, which is in
line with previous studies using electrical stimulation for hiPSC-
derived (Amin et al, 2016; Cho et al, 2016) and optogenetic activation
of mouse ESC-derived neurons (Stroh et al, 2011). We further
showed that full-field stimulation evoked a combination of direct
and delayed PSTH peaks, highlighting synaptically connected
functional neuronal networks that were blocked by AMPA- and
NMDA-receptor antagonists (Figs S& and S5). By engaging more
neurons to network activity (Fig 2E) and increasing firing rates (Fig
2F), optogenetic stimulation serves as a booster for hiPSC-derived
network maturation (Stroh et al, 2011; Yu et al, 2019). Still, further
functional studies are required to explore the optimal continuous
optogenetic stimulation parameters to accelerate functional
maturation of human stem-cell-derived neurons. In our study, the
neuronal cultures were stimulated by light during the recording
sessions. Testing continuous and regular light stimulation within
the incubators might further accelerate neuronal network maturation.
This intervention will significantly decrease the human neuronal
culturing period, saving valuable resources.

Targeting individual neurons by high spatiotemporal holo-
graphic optogenetic stimulation systems has been applied for brain
tissue and slices to extract connectivity maps (Ronzitti et al, 2017;
Chen et al, 2018). For example, holographic stimulation has been
applied to stimulate the high-photocurrent channelrhodopsin
CoChR. This optogenetic actuator was localized to the soma of
neurons within cortical slices and exploited for tracking the
functional connectivity maps between pre- and post-synaptic
neurons (Shemesh et al, 2017). Our holographic stimulation plat-
form revealed functional subunits within neuronal networks, which
was not accessible based on full-field stimulation data. When all
ChR2-expressing neurons were activated simultaneously by full-
field stimulation, connectivity patterns between neurons were
mostly masked. Holographic stimulation of ChR2-expressing neu-
rons enabled single-cell activation, which allowed us to extract the
propagating neuronal activity within sub-networks. For semi-
automated holographic stimulation, on average 400 neurons
were marked manually, followed by automated stimulation using a
programmable pattern. As a proof of principle, repeated stimula-
tion sessions at different culture ages provided insights into
connectivity motifs that showed dynamic connectivity patterns: the

total number and strength of functional connections increased
with culture age and was dependent on the network activity levels.

So far, connectivity studies have only been performed on de-
veloping primary cortical and hippocampal circuits using sponta-
neous activity data (Garofalo et al, 2009; Ullo et al, 2014; Poli et al,
2015) and with hiPSC-derived networks based on electrode-to-
electrode functional connections (Hyvarinen et al, 2019). How-
ever, the latter method excluded a major part of the network
activity, as most neurons were located between electrodes and
therefore not accessible to be stimulated (Nam & Wheeler, 2011).
Here, we demonstrated that holographic stimulation enabled
correlating electrode activity to neurons located far from elec-
trodes, and thus increased the spatial resolution of the connectivity
maps. The low spatial resolution of the standard MEA chips with
200-um electrode pitch could be overcome using cMOS-based
MEAs that offer higher spatial resolution (17-um electrode pitch).
Therefore, integrating the holographic optogenetic stimulation with
cMOS-based recording could be exploited to improve the resolu-
tion of the extracted functional connectivity maps. However, cMOS-
based MEAs are not transparent, which makes it challenging to
provide high-resolution live images from the network and to spot
neurons individually. On the other hand, cMOS-based systems also
offer electrical stimulation with high-spatial resolution that might
be a substitute for focalized holographic stimulation. In addition to
the stimulation of excitatory neurons, one can also use holographic
illumination to exploit inhibitory optogenetic actuators for si-
lencing neurons. The field of view (FOV) of our holographic illu-
mination system is defined by the optical system and limited to an
area of 1.5 x 1.5 mm? in the configuration presented here. Omitting
the magnification optics, an FOV of around 10 x 6 mm? and a spatial
resolution of 15 uym has been achieved (Schmieder et al, 2018).
Increasing the magnification, on the other hand, will allow for
subcellular stimulation experiments at a smaller FOV. Altogether,
holographic optogenetic stimulation promises higher flexibility on
studying functional network features than cMOS MEAs alone. Future
experiments may combine strengths of both techniques. Further-
more, single neuron stimulation in thick samples could be achieved
by combining our setup with two-photon holographic stimulation
methods (Paluch-Siegler et al, 2015; Ronzitti et al, 2017; Gill et al,
2020).

It has been shown that illumination with blue light in combi-
nation with standard BrainPhys medium can result in cytotoxic
effects due to an increase of H,0, in the cell culture medium
(Zabolocki et al, 2020). In this case, severe cytotoxicity was observed
after 24 h of ambient light and blue LED illumination. In our study,
even though the individual experiments exceeded 1 h, using in-
tervals of 50 ms the overall illumination time was just 1/20"" of that.
Furthermore, for holographic stimulation, the light pulses were only
applied on individual neurons rather than illuminating the entire
network. Tracking neuronal activity across all applied episodes

indicate neurons for which stimulation elicited a significant response. (E) The average number of neurons connected to an active electrode, normalized to the overall
number of stimulated neurons per experiment (N = 4 multi-electrode arrays [MEAs] and n = 56 electrodes with KS-validated connections). Connections per electrode
represented in logarithmic scale (log 10) to visualize all data range. (F) Number of neurons showing a valid response to the stimulation of a target neuron on each MEA (N =
4 MEASs). (G) Strength of the connection of a neuron to the target neuron (N = 4 MEAs and n = 56 electrodes). Connection strength is measured as the maximum of the
cross-correlation of the stimulus response of one neuron with the stimulus, represented by a train of boxcar functions. Data were compared between days using
Kruskal-Wallis test followed by Dunn’s multiple comparisons test. *P < 0.05, **P < 0.01 and ***P < 0.001 versus specified date. Distance between electrodes, 200 ym.
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showed a stable firing rate in all electrodes (Figs 3! and S8), sug-
gesting that phototoxicity did not influence our experiments.

Conclusion

Overall, we demonstrated that holographic optogenetic stimulation
of human neurons is robust and, regarding precise functional
properties; superior to full-field stimulation. Depending on the
particular experiment, our holographic stimulation platform is also
capable of targeting several neurons simultaneously by generating
multiple foci (Schmieder et al, 2018). Furthermore, the flexibility of
our system will be further improved by integrating combinations of
the optogenetic actuators and controlling different neurons with
diverse wavelengths. These technological advances have extended
the competence of the holographic stimulation for deciphering
precise functional features of developing hiPSC-derived networks:
this will serve both basic biomedical research as well as studying
pathophysiological features of developing networks derived from
patient hiPSCs. Specifically, these hiPSC-derived neurons are easy
to adapt to particular research questions. Here, we provide a
methodological entry point to capture high-resolution functional
data of individual neurons organized in sub-circuits within entire
random networks over time. These data provide an extended view
on precise functional differences. Having fully functional human
neurons and single-cellular activation control are important steps
to guide this model system out of its infancy and enable it to
become accepted as a complementary platform to animal research
within the neuroscience community.

Materials and Methods

Long-term hiPSC-derived neuronal culture on MEA chips

We adapted a two-step cell-seeding protocol that included short-
term induction of iNGN cells for 5 d in a Matrigel (Corning)-coated
well plate followed by re-seeding differentiated neurons on PDL
(Merck)-laminin (Sigma-Aldrich)-coated MEAs (Multi Channel Sys-
tems). Human-derived iNGN neurons (Busskamp et al, 2014) were
thawed and passaged twice before seeding them in Matrigel-
coated well plates. These cells were cultured in mTeSR1 medium
(mTeSR1 Basal Medium with mTeSR1 5x Supplement [Stemcell
Technologies] and 1% penicillin-streptomycin [P/S; Thermo Fisher
Scientific]). For neural induction, iINGN cells were treated with 0.5
pg/ml doxycycline (Sigma-Aldrich) for 5 consecutive days (Fig 1). To
initiate the expression of EYFP-tagged ChR2 in iNGN cells, a len-
tiviral vector (plv-efia-ChR2-EYFP) was added 1 d after seeding
within a biosafety level-2 facility. Undifferentiated cells were
removed by adding Ara-C (5 uM final concentration; cytosine B-D-
arabinofuranoside hydrochloride; Sigma-Aldrich) at day 4 post
induction (4 dpi). Standard MEA chips were plasma treated for 2
min (ambient air, 0.3 mbar), coated with PDL (50 ul per electrode
area in 0.1 mg/ml final concentration) and incubated overnight at
37°C. MEAs were washed with sterile deionized water (diH,0) (three
times, each time 10 min) and dried under the hood with laminar
flow. Laminin (50 ul; 0.05 mg/ml concentration) was added to the
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PDL-coated MEAs and incubated for 3 h before reseeding the 5 dpi
iNGN cells, which were dissociated by incubating them with
Accutase (Sigma-Aldrich) for 5 min. The dissociated cell suspension
was centrifuged (359g, 4 min), supernatant was removed and re-
suspended in complete BrainPhys (BrainPhys Neuronal Medium
[Stemcell Technologies] + 1% P/S + NeuroCult SM1 Neuronal
Supplement [Stemcell Technologies] + N2 Supplement-A + 20 ng/ml
recombinant human BDNF [Peprotech] + 20 ng/ml recombinant
human GDNF [Peprotech] and 200 nM ascorbic acid [Sigma-
Aldrich]). Differentiated cells were re-seeded on PDL-laminin-
coated MEA chips (around 100,000 cells per cm? including electrode
area).

Rat primary astrocyte cultures (A1261301; Thermo Fisher Scien-
tific) were prepared in parallel (Fig 1) on PDL- and laminin-coated
coverslips (0.1 and 0.05 mg/ml, respectively). Paraffin dots were
already placed on the coated side of the coverslips (Fig 1). Astro-
cytes were cultured in astrocyte medium including DMEM + 4.5 g/l
d-glucose + pyruvate plus N2 Supplement, 10% One Shot fetal
bovine serum and 1% P/S (all provided by Thermo Fisher Scientific).
Astrocyte medium was changed to complete BrainPhys media 1d
before re-seeding the neurons on MEA chips. Astrocyte cultures on
paraffin coverslips were washed with PBS without calcium and
magnesium (Thermo Fisher Scientific), flipped and placed on top of
the re-seeded neural cells. Then, complete BrainPhys (BrainPhys
Neuronal Medium [Stemcell Technologies] + 1% P/S + Neuro-
Cult SM1 Neuronal Supplement [Stemcell Technologies] + N2
Supplement-A + 20 ng/ml recombinant human BDNF [Peprotech] +
20 ng/ml recombinant human GDNF [Peprotech] + 200 nM ascorbic
acid [Sigma-Aldrich]) was added to the MEA rings, covering neuronal
and astrocyte cultures (Fig 1). Half of the medium was exchanged with
fresh complete BrainPhys every week.

Microscopy

An inverted EVOS FL Imaging System (Thermo Fisher Scientific) was
used to capture brightfield (10x and 20x) and fluorescent images
(20x) from neuronal cultures on MEA chips at different days post
induction (Fig 1). High-resolution fluorescent images were used to
detect neural cells expressing the EYFP-tagged ChR2. In all full-field
and holographic light-stimulation experiments, high-resolution
images were prepared from all cultures just before MEA recording.
From each MEA culture, 20 images (20x magnification) were ac-
quired to cover the entire electrode area (1.5 mm?). These images
were then automatically stitched using Image) software (Preibisch
etal, 2009), adjusted for their contrast, and used to target individual
neurons in holographic light stimulation (Figs S1 and S7).

MEA electrophysiology

Neural network spontaneous and light-evoked activities were
recorded using standard MEA chips (60 MEA200/30iR-Ti-gr) on an
MEA1060-Inv-BC amplifier (sampling rate 25 kHz) using the MC_Rack
software, all provided by Multi Channel Systems (MCS). In each MEA
chip, 59 electrodes (8 x 8 matrix of electrodes including a counter
electrode) simultaneously recorded extracellular activities from
different parts of the network. Data acquisition was performed at a
sampling frequency of 25 kHz. During the recording, temperature
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was controlled by a built-in temperature controller (TC02, MCS). The
MEA chip and amplifier were mounted on an inverted microscope
(Nikon Eclipse Ti). All recordings were performed in a dark Faraday
cage shielding external electromagnetic and optical noises.
Spontaneous activity was recorded from 15 dpi onward (Fig 1).
Baseline spontaneous activity was recorded for 3 min before
starting the full-field stimulation experiment on all recording days.
Recording of spontaneous and evoked activities was performed in
the presence of astrocyte culture.

Full-field optogenetic stimulation

Before performing functional recordings, the center of each MEA
chip (electrode area) was aligned with the center of the 640-nm
light beam and its focal plane. Full-field stimulation and functional
recordings were performed from 15 dpi (Fig 1). A spectra 4
(Lumencor) LED light source was used to apply full-field stimulation
(470 nm, 50 ms pulses, 0.5 Hz) at 0.46 mW/mm? through a 4x ob-
jective lens of the inverted Nikon microscope. Blue light pulses
were applied without including the filter cubes in the light path. The
intensity of the light pulses was adjusted using commercially
available software (Lumencor Graphical User Interface). Stimula-
tion protocols including pulse width, intervals (frequency), and
number were controlled by a custom Python script and pCLAMP 11
software (Molecular Devices). Full-field stimulation light pulse
properties including light-ON and light-OFF timestamps were
digitized and recorded parallel to electrophysiology signals in MC-
Rack recording software (MCS).

Inhibition of excitatory and inhibitory synapses

Two MEA cultures were used to block the excitatory glutamate
receptors in the network at 110 dpi. We applied a combination of 2,3-
dihydroxy-6-nitro-7-sulfamoyl-benzo[flquinoxaline (NBQX; an AMPA
receptor antagonist) and (2R)-amino-5-phosphonopentanoate (APV;
a selective NMDA receptor antagonist). Before NBQX+APV treatment,
spontaneous activity and response to full-field stimulation was
recorded. Half of the medium in the MEA ring was drained and keptin
an incubator. Then NBQX (10 uM final concentration) and APV (50 uM
final concentration) were prepared in 500 ul of fresh BrainPhys
medium and added to the rest of the medium in the MEA ring. After 5-
min incubation, spontaneous activity was recorded in the presence
of the NBQX+APV, and then full-field stimulation was applied at
different light intensities (Figs S4, S5, and S10). Later, NBQX+APV was
washed out two times with warm complete BrainPhys medium. Then
the pre-used medium plus fresh medium were mixed (1:1) and added
to the MEA chamber. After 30 min of incubation, the activity was
recorded again under non-stimulated and full-field stimulated
conditions.

Holographic stimulation

Holographic stimulation setup

The setup used has been reported previously and can be seen in Fig
S11 (Schmieder et al, 2018). Collimated light from a laser diode (450
nm; Thorlabs) illuminates a ferroelectric liquid crystal on a silicon
SLM (QXGA-R9, 1,536 = 2,048 pixels, 8.2 um pixel pitch; Forth
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Dimension Displays), which offers binary phase modulation at a
maximum refresh rate of 400 Hz. Light reflected off the SLM is
converted to true binary phase modulation using a linear polarizer.
Fresnel Holograms displayed by the SLM are demagnified by a
Keplerian telescope (magnification 8 =25 mm/180 mm =1/7.2). The
minimum focusing distance for our setup according to Schmieder
etal (2018) is f i, = BYAZ, With N = 1,536 being the number of pixels
alongthe shorter side of the SLM, Ar= 8.2 um being the pixel pitch of
the modulator, and A = 450 nm the wavelength of the laser, fpin = 6.4
mm for this setup. Taking into account the focal length f5 of the lens
facing the sample, the overall working distance is then d, = fmin +
f3 = 31.4 mm, which is required to fit the MEA recording device
underneath the front optical element. The minimum focus diameter
achieved was 8.1 um. As an improvement over (Schmieder et al,
2018), the system is now calibrated and operated using a self-
programmed graphical user interface (GUI) written in MATLAB. Co-
planarity of the sample and the focal plane of the stimulation
system was ensured by matching maximum contrast of MEA
electrodes with a minimal focus diameter as observed by the
microscope camera. Calibration of the setup is performed by
projecting a user-defined set of foci onto the sample. The
centers of these foci are then detected using a Gaussian fit
function. Sample-plane coordinates of the foci are automatically
matched to the SLM-plane coordinates of the Fresnel zone plate
centers, using a second order polynomial fit to enable precise
stimulation of individual neurons. To match coordinates of the
high-resolution stitched fluorescence images to the lower res-
olution camera images of the MEA system, the electrode grid was
used to correlate both images. Centers of mass of the electrode
heads of both images are matched using a bilinear image
transformation, which accounts for rotation, shift, and linear
scaling. This dual calibration makes it possible to calculate
holograms which stimulate individual neurons in MEA camera
coordinates which were previously selected in high-resolution
fluorescence images.

Hologram calculation

Fresnel holograms were used for holographic stimulation. They
were calculated by convolving the desired illumination pattern on
the sample with a pre-calculated Fresnel zone plate for the min-
imum focus distance fi,, followed by either phase thresholding or
bidirectional error diffusion of the phase for binarization (Tsang &
Poon, 2013), depending on the complexity of the hologram.

Holographic stimulation protocol

Before the experiments, individual neurons were manually selected
for holographic stimulation from fluorescence images using our
self-programmed MATLAB GUI (Fig S7). The GUI was also used to
define the stimulation parameters including light pulse duration,
frequency, and repetitions. After marking and saving the param-
eters, holographic stimulation was automatically guided from one
targeted neuron to another until all marked neurons were stim-
ulated. Each neuron received 20-30 pulses of 50 ms blue light (450
nm) at 2 Hz, which we call an episode of holographic stimulation
(Fig 3). Depending on the network on each MEA and the number of
available neurons, on average we applied around 400 episodes,
each including one neuron at a particular time point (dpi).
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Data analysis

AP frequency and burst frequency at baseline (spontaneous
activity)
Long-term activity data were collected from four MEA chips with a total
number of 95 active electrodes on seven different days (between 15
and 80 dpi). Recorded electrophysiology data were processed offline.
Raw signals were filtered (Butterworth second order, high-pass filter
cut-off at 100 Hz) to remove low-frequency noise. The timestamps of
the action potentials (APs) were detected by negative and positive
thresholds (+50 of the peak-to-peak noise). These timestamps were
imported into Neuroexplorer software (Plexon Inc) to extract AP
frequency and burst features. For long-term spontaneous activity we
included only active electrodes in the analysis. An electrode is con-
sidered active if it showed activity on at least two sessions (days) of
recording and the AP frequency was more than 0.2 Hz in both sessions.
Most active electrodes showed consistent activity during the whole
experimental period. For the electrodes that showed activity only on
some days the activity on all other days was set to zero: it was then
possible to track the development of activity features over time.
Bursts were detected and extracted using Neuroexplorer software
based on the following parameters: 20 ms maximum inter-spike
interval to start the burst, 10 ms maximum inter-spike interval to
end the burst, 10 ms minimum inter-burst interval, 20 ms minimum
burst duration with at least four spikes in each burst (Habibey et al,
2015). Different features of burst activity, including burst frequency,
burst duration, and percentage of APs forming burst activity, were
extracted (Habibey et al, 2015, 2017; Wilk et al, 2016).

AP frequency and burst frequency evoked by full-field stimulation
We applied an identical method of data extraction for collecting the
full-field evoked responses from 95 active electrodes of 4 MEAs.
Spontaneous activity and full-field evoked activities were compared
based on electrode data (Fig S2) and data obtained from sorted
neuronal units (Fig 2). Evoked activity in electrodes was extracted
between the first and last applied pulse of the full-field stimuli, in-
cluding both the 50-ms pulse duration and 1,950-ms pulse intervals
(light-OFF periods between pulses; Fig S2). To compare the activity in
neuronal units, we extracted the APs during 50-ms pulse duration and
25 ms after (75 ms in total). The APs and burst frequencies collected on
each recording day were compared with baseline spontaneous activity
using mixed-effects analysis of variance followed by Sidak's multiple
comparisons test. The number of detected units per MEA was extracted
in different days between 35 and 80 dpi and compared between
spontaneous and evoked activities using Wilcoxon test.

Baseline AP frequency and burst frequency between NBQX+APV-
treated and untreated conditions were also compared using Wil-
coxon matched-pairs signed rank test (two MEAs and 39 active
electrodes). Light-evoked AP and burst frequencies were compared
between NBQX+APV-treated and untreated conditions using the
nonparametric Friedman test followed by Dunn’s multiple com-
parisons test (Figs S4 and S5).

Comparing activity profiles of full-field versus holographic
stimulation

To compare the evoked activity profile resulting from holo-
graphic and full-field stimulation, only APs that appeared during
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the 50-ms light pulses and 25 ms after (75 ms in total) were
used. This range included all direct neuronal responses to the
light stimulus (Fig 3). Each response to each full-field stimu-
lation pulse represented one data point. For holographic
stimulation, average response to 20-30 pulses of each episode
represented one data point. Because we applied around 400
holographic stimulation episodes (Figs 3 and S8) each day,
around 400 data points were collected for each electrode (Fig 3).
The percentage of responding electrodes, number of detected
units per MEA, and average activity of neuronal units in each
electrode was compared between full-field and holographic
stimulations at different days base on mixed-effect analysis
followed by Sidak’s multiple comparisons test (Fig 3E-G). Sig-
nificant responses of each neuron to a specific episode of
holographic stimulation were identified based on changes in
the temporal distribution of spikes based on the displaced
impulses function and a Kolmogorov-Smirnov test (see Single
neuron stimulation functional connectivity maps for further
details). Activity in these active episodes was compared with
the responses to all applied episodes together using the Wil-
coxon test.

Peri-event raster and time histogram

Peri-event raster and time histograms were created by counting the
number of APs after the light stimulus (0-500 ms for Fig 4 and 0-200
ms for Figs S4 and S5) and sorting them in 3-ms time bins. Se-
quences of the responses for repetitive light pulses of each ho-
lographic stimulation episode or 23 pulses of full-field stimulation
were aligned and superimposed in time.

PSTH for holographic stimulation

For the single-cell stimulation data presented in Figs 4 and 6,
we calculated PSTHs using self-programmed MATLAB scripts.
All spikes occurring in a 75-ms window after the stimulation
onset were extracted and sorted into 40-us bins. The resulting
distribution was smoothed by a convolution with a Gaussian
function with a width of 3 ms as detailed in the equation
below.

N
PSTH(t) = (Zé(t— t) | «e

with N being the total number of spikes of one stimulation pulse
occurring in a 75-ms window after stimulus onset, t; the arrival times
of the individual spikes, 20 = 3 ms the full 1/e width of the Gaussian
function, M the number of stimulus repetitions per episode, and *
the convolution operator.

PSTHs of valid connections (see the Materials and Methods
section: Single neuron stimulation functional connectivity maps)
were only considered if they consisted of more than 20 individual
spikes. PSTH maxima were normalized to the number M of stim-
ulations per episode.

Distances between stimulation site and recording electrode
were calculated as the Euclidean distance between predefined
stimulus location from the fluorescence microscope images and
the centers of the recording electrodes.
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Distance-dependent responses of neurons to holographic
stimulation

Based on PSTH data for each episode, Euclidean distances between
the targeted neuron and six active electrodes of one MEA in one
MEA were calculated to correlate response features to physical
distances over the entire MEA area (Fig 4A and B). Distances were
sorted into several intervals (Fig 4A and B). For each holographic
stimulation episode, the frequency of the PSTH peak at each
electrode determined the evoked activity level. These data were
pooled from all applied holographic episodes at different ages of
the same network (n = 1,659 episodes). The latency of the PSTH
primary peak from stimulus onset determined the time an evoked
response of a neuron required to reach the active recording
electrode.

Baseline functional connectivity maps

Baseline connectivity maps were extracted using the spectral
entropy synchronicity measure (Kapucu et al, 2016). Since spectral
entropy uses the complete filtered electrode data and not only
action potential arrival times, only signals with at least one event
exceeding the threshold of 60 peak-to-peak noise were chosen for
further processing to avoid evaluating inactive electrodes. Elec-
trode recordings were split into overlapping segments of equal
length. The power spectrum of segments was then normalized to
the overall power of the segments, and summed into one value S;in
the spectral entropy signal according to:

5= [Ef‘,(an () 109(1% Paorm (f)))} / log(N),

with Phom(f) being the normalized frequency power spectrum of
segment i with a length of N samples.

The cross-covariance of the spectral entropies of two signals Sy;
and S; at lag 0 is then calculated as:

c38((5)(o5))

with O the number of segments per signal. The cross-correlation
coefficient at lag 0 is then:

— CXY

r = —7
p% 0x0y7

with o, being the SD of S, and Sy, respectively.

For our experiments, we chose a segment length of 250 ms and
an overlap of 80%. To avoid evaluating inactive electrodes, only
signals with at least one event exceeding the threshold of 6 o peak-
to-peak noise were chosen for further processing. Since ry, is
continuously distributed between -1and 1, with many values close
to 0, a threshold for the most important connections must be
defined. In Kapucu et al (2016), this value was picked manually. For
displaying the synchronous connections, we tested different
thresholds ranging from 0.05 to 0.25. For Fig 6, only connections with
a correlation coefficient >0.1 are displayed. Because spectral en-
tropy synchronicity is not calculated from event data, shuffling of
data to exclude spurious correlations was executed on S, before
calculating cross correlations. All correlations reduced greatly to
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values <0.05, well below our threshold for good correlations set for
display.

Spike sorting

For spike sorting, we used the open-source toolbox wave_clus3 (Chaure
et al, 2018) for automatic nonparametric spike detection and sorting. For
spike detection, raw signals were filtered (Butterworth second order,
high-pass filter cut-off at 100 Hz) to remove low-frequency noise. The
timestamps of the APs were detected by negative and positive
thresholds (50 of the peak-to-peak noise). Data from baseling, full-field
stimulation, and holographic stimulation experiments were pooled for
each MEA and day, evaluated together, and split again in post-
processing. Wave_clus3 performs a multiresolution decomposition of
waveforms into sets of Haar wavelets, whose scale factors serve as
parameters for clustering. Thresholds for the m most significant pa-
rameters are chosen automatically. Exceeding the threshold of 40,000,
additional spikes are assigned to found clusters by template matching.
The clustering method of Chaure et al (2018) is called super-
paramagnetic clustering. Here, each waveform represents one point in
m-dimensional phase space with an interaction strength to neigh-
boring points depending on the Euclidean distance between points.
From an initially random state of each point, a new random state is
assigned to individual points, changing the state of nearby points
depending on their interaction strength and the hyperparameter of a
virtual temperature assigned to the system. Lowering the temperature,
more points will fall into the same state, resulting in clusters of similar
waveforms. In Chaure et al (2018), a lower false positive rate and lower
overall error rate than comparable unsupervised spike sorting algo-
rithms were reported for superparamagnetic clustering.

Single neuron stimulation functional connectivity maps

For the evaluation of connectivity using holographic single-cell
stimulation, all episodes were evaluated separately. Detected
spikes were sorted into separate units by spike-sorting using
wave_clus3 (Chaure et al, 2018), a freely available toolset for au-
tomatic nonparametric spike sorting based on a wavelet decom-
position of spike waveforms. To achieve consistent spike cluster
detection, baseline and stimulation experiments were evaluated
together and split again in post processing. To detect connections
from stimulated to recorded neurons, deviations between stimu-
lated and unstimulated states of single units were distinguished
using the displaced impulses function (DIF) (Awiszus, 1993). DIF
functions were tested for deviations from baseline using a
Kolmogorov-Smirnov (KS) test. Values of P < 0.01Twere considered to
be significantly influenced by stimulation, and therefore a valid
connection to the recording electrode. To avoid the possibility of
misinterpreting the results based on one burst in the time series,
displaced impulses functions were calculated and tested with the
KS test for all Ngim stimuli of one episode, excluding spikes be-
longing to a specific stimulus event, resulting in N, individual
tests for one episode. DIFs from electrodes without baseline activity
(spikes only evoked by light stimulation) were tested against dis-
tribution functions with all values equal to zero. Only episodes
passing these Ny, tests were finally considered to be a valid
connection between the light-stimulated neuron and one unit at a
recording electrode. We call these functional connections valid
connections throughout this article.
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Connection strengths were calculated as follows
For a stimulus pulse train,

Nstim

2 6(t- (T + 25ms))| = P,
k

%]
1

with the single pulse signal P,

1 -25ms <t <25ms
P(D) = { 0 else }’

where 1, are the times of the stimulus onsets, and the connections
strength is regarded as the maximum of the cross correlation of S
and the spike events E:

Nspike

E = z 6(t-ts),

n=1
with Nspire being the number of spikes in the time interval between the
beginning of the first stimulus and the end of the last stimulus of one
episode. For better overlap of S, E is additionally convoluted with a
Gaussian function with a full 1/e width of 3 ms. However, because the
overlap of the two functions is still very small, the connection strengths
calculated this way are probably still very much underestimated.

So far, only connections between stimulated neurons and spike
units on electrodes have been considered. To estimate functional
connectivity maps in a similar way to the baseline connectivity maps,
these connections have to be converted to electrode-electrode
connections. To this end, all valid connections produced by one
stimulation episode are considered. If there are valid connections
from the stimulation site to a spike unit on more than one electrode,
the connection strength between these electrodes is increased by
one. Finally, connection strengths are normalized by the duration of
the holographic stimulation experiment under the assumption that
longer experiments with more stimulated neurons will, on average,
have higher resulting connection strength values in a well-connected
network. For comparison between days, all connection strengths
were also normalized to the maximum value across days.

One main result of the holographic single-neuron stimulation is
the set of all valid connections njj, of the neuron stimulated in
episode i to the unit j, on recording electrode k. The number of
functional connections per neuron is then:

Nconn.neuron,i = ZHW'
Jr:R

The number of valid connections per electrode, on the other
hand, is then:

Nconnelectrode k. = Zn'j»k'
Ik
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