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Abstract

:

The generation and application of human stem-cell-derived functional neural circuits promises novel insights into neurodegenerative diseases. These networks are often studied using stem-cell derived random neural networks in vitro, with electrical stimulation and recording using multielectrode arrays. However, the impulse response function of networks is best obtained with spatiotemporally well-defined stimuli, which electrical stimulation does not provide. Optogenetics allows for the functional control of genetically altered cells with light stimuli at high spatiotemporal resolution. Current optogenetic investigations of neural networks are often conducted using full field illumination, potentially masking important functional information. This can be avoided using holographically shaped illumination. In this article, we present a digital holographic illumination setup with a spatial resolution of about 8 µm, which suffices for the stimulation of single neurons, and offers a temporal resolution of less than 0.6 ms. With this setup, we present preliminary single-cell stimulation recording of stem-cell derived induced human neurons in a random neural network. This will offer the opportunity for further studies on connectivity in such networks.
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1. Introduction


Based on powerful imaging techniques, such as functional magnetic resonance imaging, brain research has made great progress in recent years [1,2,3,4,5,6,7]. The analysis of combined neural networks, however, is still a major challenge due to their complexity and interconnectivity. Since insights that are gained in animal models cannot fully be transferred to humans [8], it is of great interest to perform studies directly in human neural networks. As of today, such networks can either be obtained in the form of slices as operation byproducts [9] or be cultured from human stem cells [10,11]. The aim of our work presented in this paper is to provide a stimulation setup for the investigation of neural networks derived from human induced pluripotent stem cells that are tagged with optogenetic tools [12]. A common way for observing neural network activity with high temporal resolution is by recording the electrical activity by either whole-cell patch-clamp [13,14] or extracellular electrical recording [15] techniques using multi-electrode arrays. Data on, e.g., signal transport in neural networks, can be more easily obtained by exciting neurons directly. Both patch-clamp and extracellular electrodes can provide electrical stimulation and consecutive recording. However, stimulation-wise they either are limited to small cell samples or stimulate an unknown number of neurons simultaneously. Both patch-clamp and extracellular recording can partially overcome their limitations with the help of optogenetics.



Optogenetics is a set of methods enabling control of the electrical activity of cells using light. The light sensitivity is provided by light-gated ion channels in the cell membrane, for example Channelrhodopsin-2 (ChR2) [16], which originate from green algae. These optogenetic tools are DNA-encoded and can be transduced to well-defined sets of target cells, which then express the ion channels and thus become light-sensitive. This allows for the temporally and spatially highly specific excitation of neurons and other cells either by genetically modifying specific cell types or by using focal light sources for targeted activation. Thus, optogenetic interventions not only resulted in novel medical applications like retina [17] or cochlea [18] resensitization, but also for the investigation of basic neural network functions, like signal processing and memory formation.



Insights into neural network functions can mainly be gained by analyzing the kind of connections present and their meaning for certain tasks of the network as well as their temporal evolution. The most meaningful network analyses are obtained by providing a spatially and temporally well-defined input to the network and observing the network response. In the case of neural networks, the most well-defined input is the independent activation of single cells.



For optimal single-cell optogenetic activation, several traits of neurons have to be taken into account. First the neuronal cell size. From general cell-size measurements, the average cell body size can be estimated to about 10 µm [19]. Therefore, since the cell density in a cultured random neural network can be very high, the minimal focus of an optical system for activating these cells should at most be of this size. Second is the nature of neurons as all-or-nothing switches. This means that a single neuron fires an electrical signal if the sum of all of its inputs rises over an individual threshold. Since one neuron can have connections to many others, the ability to simultaneously stimulate several neurons can be key in investigating their connections. Since neurons fire electrical signals with lengths that are in the millisecond range, temporal control over the stimulation process has to be ensured in the millisecond range as well.



As a conclusion, there are several illumination parameters the ideal setup should have for probing neuronal connections: First, achieving single cell resolution. Second, simultaneously illuminating multiple locations in an area or volume. Third, it should be possible to set time delays between illuminating single locations millisecond temporal resolution.



The first requirement can be easily achieved by an illumination setup with steering mirror galvanometers or acousto-optic deflectors. These have been used for activating cardiomyocytes [20] or for two-photon excitation and imaging of neural networks [21,22,23]. Although these systems are capable of line scan velocities in the kilohertz range, they cannot truly generate multiple spots simultaneously. Some cells may be stimulated quasi-simultaneously by quickly switching between cells, however, the number is limited to a few by the opening time of the used ion channel [24].



Truly simultaneous stimulation is possible by actively shaping the illumination beam using spatial light modulators (SLM). Spatial light modulators are actively controllable pixelated devices that allow for the manipulation of light phase and/or intensity. Common spatial light modulators are e.g., digital micromirror devices (DMD), which are capable of binary amplitude modulation using millions of switchable mirrors or liquid crystal on silicon (LCoS) devices, which allow for a manipulation of the light phase using millions of liquid crystal cells. One SLM-based technique, which fulfills all points to an extent is generalized phase contrast (GPC). It is an extension of Zernike’s phase contrast microscopy and utilizes a phase-only SLM as well as a stationary phase mask to display speckle-free two-dimensional intensity distributions [25,26]. Extending this with holographic beam shaping will also enable cell stimulation in a volume [27]. When investigating a larger field of view, the instrumental effort of GPC is not necessary and the popular approach of holographic illumination can be applied. Here, an SLM displays computer-generated phase holograms. Optical reconstruction of this hologram with a coherent light source will then lead to the desired illumination pattern. Using this approach, all of the abovementioned requirements can be addressed in a volume and theoretically even through scattering media [28,29]. In optogenetics, holographic illumination has mainly been used in conjunction with two-photon stimulation for the excitation of neurons in deep tissue, like mouse brains, but mostly using SLMs with only tens of frames per second [30,31]. Also, fast ferroelectric SLMs were used in the past for the stimulation of blinded mouse retinas [32], albeit using the inherent modulation speed only for speckle reduction with shift-averaged holograms. A review of optical techniques for optogenetics can be found in [24].



In this paper, we present a setup that integrates the possibilities of extracellular electrical recording and fast holographic optogenetic cell stimulation for neural network analyses using a ferroelectric liquid crystal on silicon spatial light modulator. Optically, we obtain a minimal focus width of 8.4 µm and a minimal temporal resolution of less than 0.6 ms based on the frame rate of our SLM in a field of view of 1.5 × 1.5 mm2.



We show optogenetic single-cell excitation of action potentials in a neural network comprising neurons that are derived from human induced pluripotent stem cells, using this setup as a pathway to a deeper understanding of such neural networks.




2. Holographic Single-Cell Illumination Setup


The schematic setup of our holographic single cell illumination unit is depicted in Figure 1. Light from a single mode laser diode (Thorlabs PL450B) is collimated by lens L1 (Thorlabs AC254-100-A) to a diameter that is larger than 20 mm. The light is then reflected by a non-polarizing 50:50 beam splitter (BS: Thorlabs BSN10R) and is then modulated by the SLM (Forth Dimension Displays, QXGA-3DM/QXGA-R9). The polarization-modulated light is then converted to binary phase-modulated light by a linear polarizer (Thorlabs LPVISE200-A). This process is explained in detail in Section 2.1. The final step before illuminating the sample consists of a demagnification by a Keplerian telescope (L2: Thorlabs AC254-100-A, L3: Thorlabs AC127-25-A-ML). The modulated light is then used to adaptively illuminate the sample, which can be observed by a camera that is mounted onto a commercial inverted microscope. In the case of the experiments that we are presenting, the sample is a two-dimensional random network of human iPSC-derived neurons, which is adherent to a multielectrode array (MEA, 60MEA200/30iR-Ti by Multichannel Systems). The protocol for culturing these neurons, especially the stable expression of ChR2 in stem-cell-derived human neurons, was published recently [33]. In the following, we will focus on different aspects of the setup and the experiments.



2.1. Modulator


The key component for achieving our goal of simultaneous steering of several foci are ferroelectric liquid crystal on silicon spatial light modulators (FSLM). They offer binary polarization modulation up to 2 kHz, depending on the model, and a high pixel count of about three megapixels at 8.2 µm pixel pitch. While being slower than modern binary intensity-modulating digital light processors (DLP) which use MEMS technology, the maximum diffraction efficiency available with binary phase modulation is twice as high [34], which is key when trying to stimulate many cells simultaneously.



The FSLM pixels in the “on” state rotate the polarization of incident light (  λ = 450   nm) by an angle of 62°, while the “off” pixels do not affect the polarization. To achieve a phase modulation of  π , a linear polarizer can be used, as indicated in Figure 2 to the left. Since the electrical field transmitted by a linear polarizer is the vector projection of the incident electrical field vector onto the transmitted polarization direction, both the modulated (pixel state: “on”) and the unmodulated (pixel state: “off”) light can be forced to the same polarization axis but with opposing signs. The respective intensities that are transmitted by the polarizer in dependence on the polarizer rotation angle are depicted to the right, assuming a polarization modulation angle of 60°. The area inside the yellow dotted line indicates the range of polarizer rotation angles that will result in an effective phase shift of  π . Same intensities will yield the highest interference contrast. Therefore, a maximum of 25% of the light impinging on the modulator can be expected to be transmitted to the sample after passing the polarizer.




2.2. Computer-Generated Holograms


Usage of the FSLM was reported previously [32]. There, a Fourier hologram scheme was employed to steer a focus over mouse retinas. Fourier holograms are utilized when SLM and sample are positioned in the respective focal planes of an objective. They use only one, usually the first, diffraction order. Since binary Fourier holograms result in symmetrical reconstructions, this approach will result in two drawbacks. First, since the   0 th   diffraction order and all higher diffraction orders have to be filtered out, it handles light quite inefficiently and it will restrict the number of cells that can be illuminated simultaneously. As a second consequence, the field of view is halved, which necessitates an objective with a smaller magnification to achieve the same field of view, which in turn limits the minimum spot size.



We are therefore using free-space computer-generated holograms (CGH) to focus the laser to the desired positions using   0 th   diffraction order binary Fresnel zone plates. This way, the modulator itself is acting as the focusing optics. The finite pixel pitch of any SLM, however, leads to a severely limited numerical aperture and therefore to a limited minimal applicable focal length. This limits the minimum focus size that is available for optically activating cells. A Fresnel Zone plate can be represented by the parabolic phase function


   φ = 2 π ∗    x 2  +  y 2    2 f λ   ,   



(1)




where  x  and  y  are the SLM coordinates,  f  is the focal length of the zone plate, and  λ  is the wavelength of the light that is used for the illumination of the CGHs. For a parabolic phase function representing a Fresnel zone plate, the minimum focal length can be expressed as [35]


    f  m i n   =   N ∗   Δ  2   λ  .   



(2)







Here,  N  is the number of pixels along the shorter side of the SLM and   Δ   is the pixel pitch of the SLM. The focal length    f  m i n     can be decreased using a telescope comprising the two lenses   L 3   and   L 2   (see Figure 1). With the magnification   m = L 3 / L 2  , the numerical aperture of the overall optical system then becomes


   N A ≈   N ∗  Δ    2 m ∗  f  m i n     =  λ  2 m  Δ    ,   



(3)




resulting in a minimum focus diameter  d  of


   d = 0.61   2 λ   N A   = 2.44 m  Δ  .   



(4)




according to the Rayleigh criterion. To achieve subcellular resolution, the magnification  m  can be adjusted to tune  d .




2.3. Computer-Generated Hologram Calculation and Binarization


Since the SLM is used as the focusing optics, the calculation of the focusing hologram  H  is straightforward. Each of the SLM pixels represents one spot on the sample that can be illuminated. Therefore, first a matrix  M  representing all of the neurons that should be activated has to be created. A complex-valued computer-generated hologram for focusing to these neurons is then calculated by convolving this matrix with a single Fresnel zone plate, which has been pre-calculated for the focal length    f  m i n    :


   H  (  x , y  )  = ∬ M  (  x − τ , y − υ  )   e  i ∗ φ  (  τ , υ  )    d τ d υ   



(5)







Because the FSLM is a binary modulator, the complex-valued holograms have to be converted to binary phase holograms. For the case of sparse holograms using well-separated foci, the binary phase    φ ′    can be easily obtained using a thresholding algorithm on the continuous phase  φ  of the complex-valued hologram:


   φ ′  =  {      π ,     π / 2 ≤ φ < 3 π / 2       0 ,     e l s e     .    



(6)







For illuminating patterns that do not consist of well-separated minimal foci but of larger illuminated areas, a more complicated CGH calculation scheme is applied. Again, all of the areas that have to be illuminated are registered in a matrix, which is then again convoluted with a single complex Fresnel zone plate. This, however, results in a complex-valued hologram, in which the amplitude is sparsely distributed. Reconstructing such a hologram, which was binarized according to Equation (6) with plane-wave illumination, results in deteriorated illumination patterns due to the suppression of high spatial frequencies [36]. We are therefore using bidirectional error diffusion [37] to binarize these complex holograms. This method iterates through all pixels of the hologram in a meandering pattern. Each pixel is binarized separately and the resulting error as compared with the complex hologram is distributed among unprocessed neighboring pixels. The whole process of hologram generation is illustrated in Figure 3.




2.4. Sample


As mentioned above, our samples are random networks consisting of neurons that were derived from induced human pluripotent stem cells (iPSC) by forced induction of Neurogenin-1 and Neurogenin-2 transcription factors [10]. The neurons are genetically modified to express wild type ChR2 as well as the coupled fluorescent dye Enhanced Yellow Fluorescent Protein (EYFP) and form a two-dimensional (2D) layer which is adherent to a multielectrode array (MEA) [33]. These devices are used to noninvasively record the extracellular electrical signals of neurons. The MEAs used in our experiments are made from 60 TiN electrodes with Ti wiring on an 8 × 8 grid (excluding the corners). The electrodes are spaced 200 µm apart and they have a diameter of 30 µm. Figure 4 shows human neurons fluorescently labeled with ChR2-EYFP on an exemplary MEA. We took the fluorescent labeling as an indicator for the position of optogenetically excitable cells. The electrodes and their wiring are overlaid in gray for enhanced visibility. The inset in the white borders in the top right-hand corner shows a magnification of one electrode. The white circles indicate the typical (inner circle) and maximum (outer circle) recording distance of this electrode. Hence, the activity of more than one neuron can be recorded with a single electrode.




2.5. Calibration of the Illumination System


For conducting spatially resolved cell stimulation experiments, it is important to know exactly which position on the MEA is illuminated in order to enable a correlation between this location and the recorded electrical signals. Also, when the recording electrodes are illuminated, they generate large artifacts through the Becquerel effect [38,39], complicating data evaluation. Therefore, the process of CGH generation needs to be calibrated. This is achieved by consecutively focusing on the MEA in a rectangular grid and recording the respective positions with a camera through the microscope. The illuminated position on the camera is then extracted by fitting a two-dimensional Gaussian function to the brightest spot. The original SLM positions are then fitted to the previously extracted camera positions using a 2D polynomial function of 2nd degree. Thusly calibrated, all following CGH can be calculated with respect to camera positions.





3. Results


3.1. Setup Specifications


3.1.1. Minimal Focus Diameter


We measured the minimum achievable focus of our system using a single Fresnel zone plate of focal length    f  m i n    , which calculates to 229 mm according to Equation (4). To achieve focus diameters of less then 10 µm, we set the magnification  m  to 1/6. The resulting focus was observed by a camera through the microscope using a 20× objective. The effective pixel pitch of the camera was calibrated using the MEA structure. A 2D Gaussian function was fitted to the recorded focus. The x and y cross-sections of the fit resulted in a mean focus diameter of about 8 µm. Both of the components are displayed in Figure 5. Sidelobes of the focus are clearly visible and they indicate spherical aberrations that may be corrected in future iterations of out setup, e.g., by using phase conjugation. Over a field of view of (1.5 × 1.5) mm2, the spot diameter varies by a standard deviation of 5%.




3.1.2. Pattern Update Rate


To demonstrate the pattern update rate, i.e., the frame rate of the modulator, we scanned a single focus over a field of view of (1.5 × 1.5) mm2. We observed the moving focus using a Phantom v1610 high speed camera. The column-wise scan pattern is illustrated in Figure 6a. Figure 6b shows the time required to scan to the respective point on the sample. All of the points from (a) are indicated by color. Scanning all 961 points of the raster took 568 ms, which results a frame rate of the modulator of 1.7 kHz. Therefore, our setup achieves a temporal resolution of 0.59 ms.




3.1.3. Generation of Multiple Foci


We also conducted experiments to determine the number of individual foci that can be generated using our setup. Since the object of our investigations will be random neural networks, we generated patterns of random equally distributed foci. We then evaluated the mean peak-to-background ratio (PBR)  r  of the resulting illumination pattern, including the speckled background. The corresponding PBR in dependence on the number of spots is shown in Figure 7b. Ideally, the available light power distributes equally among all of the spots with no increase in background noise, leading to an    n  − 1    -distribution with  n  being the number of generated spots. We fit an exponential function   r = A ∗  n  − b   + c   to the measured data in Figure 7b, with the maximum PBR  A . It shows an exponent  b  of −1.4, which reveals a proportionality of background noise with a rising number of spots. Furthermore, we executed simulations to compare the approach of binary phase-only modulation that we are using in our setup with binary amplitude modulation, which can be realized e.g., using DMDs. We calculated holograms for an increasing number of simultaneously generated foci as described in Section 2.2 and Section 2.3 using the physical parameters of our setup and binarized them using bidirectional error diffusion. The holograms were computationally propagated to the sample plane to obtain the image of the desired foci. The resulting images were evaluated, as explained above. The resulting PBR curves are depicted in Figure 7a. As can be seen, in our case, the PBR using binary phase-only modulation is on average six times higher than when using binary amplitude modulation, e.g., when using a DMD for holographic illumination. Also, both of the fitted PBR curves show a dependency on    n  − a     with a   > 1   and    a  a m p l i t u d e   >  a  p h a s e    . This reveals that in both cases there is an increase of background noise with increasing spot number, which is more pronounced in the case of binary amplitude modulation. Therefore, the intensity decrease per spot with an increasing number of simultaneously illuminated spots cannot simply be circumvented by increasing the power of the light source. Since the peak-to-background ratio should not fall below a certain threshold in order to avoid the unwanted stimulation of neurons with random background noise, the useful number of stimulation spots should be restricted. Since a higher pixel count will enable the representation of higher spatial frequencies in the holograms, an increase in PBR for multiple foci can be expected for SLMs with a higher pixel number.



Due to the design of the modulator and the overall setup, only 11.1% of the light arriving on the modulator is available on the sample surface. The maximum available power density in one spot, however, can be estimated to 1.5 W/mm2. This is three orders of magnitude above the EC50 for activating ChR2, which is 1 mW/mm2 [40]. For stimulating one or only a few neurons, the maximum power density can be easily adjusted using neutral density filters.





3.2. Single Cell Stimulation


Finally, to show that we are able to stimulate a single neuron with our setup, we conducted a preliminary stimulation experiment. For comparison, we first stimulated cells using wide-field stimulation with 488 nm LED light. We recorded the electrical response of all the electrodes with a temporal resolution of 25 kHz. Stimulation consisted of 10 pulses of 500 ms length, followed by a pause of 5 s, during which no illumination was present. Figure 8a shows a crop of the raster plot of this experiment, i.e., the recorded action potentials of all electrodes as a function of time. The 500 ms stimulation intervals are marked by the 4 blue vertical line pairs. The network under investigation exhibited a strong spontaneous, i.e., unstimulated, activity. The average activity that was recorded by the electrodes during stimulation is shown in Figure 8b as a heat map. Electrode 64 recorded the highest activity with 34 action potentials/s, other electrodes registering high activity are electrode 82 and 32. We then manually set our setup to stimulate a neuron close to electrode 32. The temporal parameters of the experiment were the same as with full-field stimulation. The corresponding raster plot and activity heat map are shown in Figure 9a,b, respectively. Electrode 32 recorded activity that was highly correlated with the stimulation pulses. The mean activity amounted to 17 spikes/s, which is a marked increase in activity as compared to 6.8 spikes/s during full-field stimulation. Apparently, no other electrode recorded activity correlated to the stimulation pulses.



To ascertain that only a single neuron was stimulated in the single-cell stimulation experiment, we performed spike sorting using Wave_Clus [41,42]. This revealed two spike clusters for electrode 32 during full field stimulation, which are depicted in Figure 10a,b. As expected, spike sorting of the signal of electrode 32 for the single cell stimulation revealed only one cluster in Figure 10c, demonstrating the ability to stimulate a single neuron using our holographic illumination.





4. Discussion


Our setup can provide multiple foci with a diameter down to about 8 µm. This does not meet the diffraction limit, a fact that we mainly attribute to spherical aberrations, and, in the case of multiple spots, to not meeting the sampling theorem of the superposed binary Fresnel zone plates. Using the same focal length, this problem can partly be solved either by using a smaller pixel pitch or by using more pixels and a higher magnification. Nevertheless, the focus size is well below the size of neuron soma and therefore suited for single cell stimulation. Employing two-photon excitation using femtosecond lasers is quite common as of today and provides higher lateral and axial resolution. The object of our future investigations, however, will be nearly two-dimensional neural networks that do not require ultrafast lasers. The power density in a single focus can be as high as 1.5 W/mm2. Regarding single cell stimulation, it can be estimated from the data presented in [40] that a minimum PBR    r  m i n     of about   20   should be observed to ensure minimal unwanted optical stimulation. Using the fit function to our measured data of multiple focus generation, the maximum number of simultaneously stimulatable cells in future experiments can be estimated as n =       8200    r  m i n   − 5.9     1.4   ~ 100  , at the full laser diode power of 60 mW.



We showed that the ferroelectric modulator is able to switch modulation patterns at a rate of up to 1.7 kHz, which allows for single cell stimulation times down to less than 600 µs. More importantly, multiple foci can be generated with delays that are down to this timescale. It has to be noted that temporal modulation can be done using the modulator only without the need for modulated light sources, which stresses the need for a fast modulator. Furthermore, a fast switching between wavelengths for the alternating stimulation and inhibition of neural ability becomes feasible. Regarding speed alone, DMD/MEMS-based modulators could be faster. However, using amplitude modulation such systems offer poor light efficiency, as discussed in [32] as well as a lower diffraction efficiency when compared to binary phase modulation, as demonstrated here in accordance with [34]. Our simulations indicate that for the generation of randomly positioned foci, an about six times higher PBR can be achieved using our system as compared to the amplitude modulation of DMD-based approaches. This is of higher importance for our future experiments employing simultaneous cell stimulation than multi-kHz stimulation speed. In our first experiments, we compared common full field optogenetic stimulation with single-cell optical stimulation and could observe a localized highly correlated and even increased response to the single-cell stimulation. Spike sorting of the respective electrode’s spike train shows we are able to stimulate a single neuron.



Future iterations of the setup could be used e.g., for subcellular stimulation by several means: According to Equation (4), either the magnification  m  or the pixel pitch  Δ  of the modulator could be decreased. Since the latter mainly depends on technological development, the former is the immediate option. However, the resulting reduction of the working distance has to be taken into account.



So far, experiments showing the effects of stimulating several individual input channels, i.e., dendrites, of neurons have only been done using patch-clamp techniques, which opened a new view on neurons as multi-threshold signal switches. Investigations along the same lines with more individually controlled inputs might offer new views on neural network connections and signal pathways, as well as into the forming of memory. This is especially true for human neural networks, whose investigation at the cellular level is lacking e.g., due to the hindrances in obtaining suitable samples. Here, stem cell derived human neural networks combined with optogenetics and our holographic stimulation setup offer a great opportunity for functional human brain disease modeling, which up to now was commonly modeled in animal networks, and is therefore of limited value for the understanding of the precise mechanisms in human brains. Our setup enables new research in this direction.
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Figure 1. Schematic drawing of the setup. Laser: 450 nm laser diode. L1–L3: Lenses. BS: Non-polarizing beam splitter. Spatial light modulator (SLM): Ferroelectric liquid-crystal on silicon spatial light modulator. LP: Linear polarizer. S: Sample. Only the SLM is used for focusing on the sample. 
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Figure 2. (a) Turning polarization modulation into phase modulation. The incident polarization is rotated by the ferroelectric liquid crystal on silicon spatial light modulator (FSLM). An appropriately aligned polarizer then projects both the modulated and the unmodulated light onto the same polarization axis but with opposite sign, resulting in a phase modulation of  π . This also ensures that interference between modulated and unmodulated light is possible. (b) Simulated intensity of modulated and unmodulated light transmitted through the polarizer in dependence of the polarizer angle with respect to the incident light, following a   c o  s 2   -distribution. The area indicated by the dotted yellow line shows all polarizer rotation angles allowing for opposing polarizations and therefore for an effective phase polarization of  π . A maximum interference contrast can be expected for equal intensities, here at 25% of the original. 
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Figure 3. Scheme of binary hologram generation. (a) Centers of desired focus positions mapped to the SLM (Simulation). (b) Fresnel zone plate for focusing light to a single point at the desired distance. (c) Phase of the convolution of the complex-valued functions depicted in (a,b), i.e., of the desired complex-valued hologram. (d) Binary phase hologram as a result of binarizing the complex hologram in (c). 
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Figure 4. Fluorescence image of the electrode area of a multielectrode array with an adherent random network of human stem-cell-derived neurons. The inset in the top right-hand corner exemplarily shows a magnified electrode as well as the maximum and typical signal recording distance of a single electrode as indicated by the concentric white circles. A single electrode can therefore record extracellular electrical signals from more than one neuron. The bright area at the top of the picture is a folding region of detached neurons. Scale bar, 400 µm. 
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Figure 5. Cross-sections of a single focus observed using a 20× objective. The fits reveal an average focus diameter of about 8 µm. 
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Figure 6. Raster scan of an area of (1.5 × 1.5) µm at 961 positions. The raster positions are indicated in (a). The time taken to scan the positions is depicted in (b). The overall scan takes 0.568 s, which results in a framerate of 1.7 kHz or a temporal resolution of 0.59 ms. 
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Figure 7. Mean peak-to-background ratio in dependence of the number of foci created on the sample. (a) Comparison of simulated binary phase-only modulation as with our FSLM and simulated binary amplitude modulation as with a digital micromirror devices (DMD). On average, binary phase-only modulation yields an about 6 times higher PBR as well as a lower increase in background noise with higher spot number as indicated by the lower exponent of  n . (b) Measured Data using the fast FSLM. 
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Figure 8. (a) Section of the raster plot for full-field stimulation. Red dots show the action potentials recorded by all electrodes. The blue vertical lines indicate the time windows of 500 ms full field optical stimulation. A high spontaneous, i.e., unstimulated activity is present in the network, stimulation leads to increased activity on some electrodes. (b) Full field stimulation activity heat map showing the mean per-electrode activity in spikes per second during optical stimulation. 
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Figure 9. (a) Raster plot single-cell stimulation. (b) Single-cell stimulation activity heat map. 
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Figure 10. Spike sorting of the spike train of electrode 32 during full field stimulation resulted in two clusters (a,b). Holographic single-cell stimulation revealed only a single cluster (c). 
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