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Introduction



The term structured, tailored, or patterned light usually refers to the ability of illuminating an object with complex patterns of light. It is thereby just one aspect of a more general concept, the spatiotemporal engineering of wavefronts and of the spectral characteristics of Cellular Imaging Techniques for Neuroscience and Beyond. DOI: http://dx.doi.org/10.1016/B978-0-12-385872-6.00005-2 © 2012 2012 Elsevier Inc. All rights reserved.
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electromagnetic fields (Mias and Camon, 2008; Weiner, 2011). This technique serves many different purposes, including light and video projection in ubiquitous entertainment devices and 3D reconstruction of macroscopic surface features (Gong and Zhang, 2010). In life sciences, one example is structured illumination microscopy (SIM). The primary goal in SIM is to enhance spatial resolution beyond the diffraction limit. While different SIM configurations exploit different physical phenomena (e.g., the photophysics of the fluorophores), their common working principle is the confinement of light to generate predefined static patterns. Another important application of structured light is adaptive optics (AO). Spatial inhomogeneity in the refractive index, which is typical in biological samples, generates distortions in the light wavefront, also known as aberrations. Aberrations lead to a reduced signal-to-noise ratio (SNR), introduce distortions in the image, and limit the imaging depth in thick biological samples, such as the brain (due to decreased excitation efficiency). These sample-associated aberrations and artifacts can be eliminated using AO by applying dynamic optical elements to introduce corrections to the wavefront that compensate for the aberrations. Other applications of structured light modulation include, but are not limited to, optical traps (Dholakia and Cizmar, 2011) for noninvasive object manipulation and pico-Newton force spectroscopy (Cojoc et al., 2007; Difato et al., 2011b), laser ablation or surgery (Jayasinghe et al., 2011; Difato et al., 2011b), actuation of photoswitchable molecules (Lutz et  al., 2008; Nikolenko et  al., 2008) or proteins (Papagiakoumou et  al., 2010; Stirman et  al., 2011), activation of photosensitive polymers (Ghezzi et al., 2011), and functional fluorescence microscopy (Nikolenko et al., 2008; Dal Maschio et al., 2011), which is discussed in more detail in the section “SLM-based Approaches for the Optical Dissection of Brain Microcircuits” in this chapter. There are two principal strategies for generating structured light. The first is based on designing a structured light source. Any type of device with individually addressable emitters, such as monochromatic LED arrays, can generate arbitrary optical excitation patterns on a sample with micrometer and sub-millisecond resolutions (Choi et  al., 2004; Poher et  al., 2007; Grossman et  al., 2010). The second strategy shapes light into a desired profile by distributing it using various interference schemes or optical elements, such as fibers, lenses, masks, grids, filters, prisms, and mirrors, or a combination thereof. These elements can be passive and static or actively adjustable, such as irises, shutters, diaphragms, and liquid (Berge and Peseux, 2000; Tsai et  al., 2008) or polymer (Beadie et  al., 2008) lenses. Lenses, masks, and mirrors can also be arranged in matrices to generate a parallel, yet spatially partitioned, light distribution. Two-dimensional pattern devices for the generation of arbitrary and parallel permissive or reflective light paths include liquid crystal or
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electrophoretic displays, microlens arrays (Ren et  al., 2004), micro electromechanical system (MEMS)-based (Miles, 1999) or liquid (Brown et  al., 2009) interferometric modulator displays, single- or multi-axis digital micromirror devices (Boysel, 1991; Monk and Gale, 1995; Jerome et al., 2011; Liang et al., 2011), or cantilever-based thinfilm micromirror arrays (Kim et al., 1999). However, only a few technologies allow for control over all spatiotemporal degrees of freedom for positioning an arbitrary number of independent light spots in 3D space at any given time. These 3D light shapers include vertically and analogically actuated, segmented or nonsegmented deformable mirrors (Bortolozzo et  al., 2010; Bifano, 2011; Bonora, 2011) and a variety of liquid crystal on silicon spatial light modulators (SLMs; Efron, 1994; Maurer et  al., 2011; Venediktov et  al., 2011). Depending on their embodiments, SLMs can be addressed electrically or optically (Moddel et al., 1989; Stanley et al., 2000; Mathur et al., 2009) in reflection (Sanford et  al., 1998) or transmission mode (Nikolenko et  al., 2010). The various underlying design principles are compared and discussed in detail by Hornbeck (1998) and Collings et al. (2011). In the remaining sections, we will focus on SLM-based technology in reflection mode. First, we will briefly summarize the basic principles of SLM operation and then provide a detailed description of the different hardware configurations in which SLMs can be integrated. Finally, we will present an overview of results, recently obtained using this approach, of imaging and photostimulation experiments in neuroscience.



Structuring Light by Phase Modulation Using SLMs The spatial distribution of light illuminating a sample is the result of the propagation of a radiation wavefront through a compound system formed by the objective lens, immersion medium, and sample. By modulating the phase of light, it is possible to introduce a change into the propagating wavefront so that the light distribution at the sample plane can be controlled and optimized. According to the Huygens-Fresnel diffraction theory (Goldman, 2005), the objective lens performs an optical transformation of the light wavefront that can be mathematically represented as a Fourier integral. This operation transforms the initial complex field distribution, which is expressed at the back focal plane of the objective in terms of spatial frequency components, into a corresponding spatial distribution of light intensities at the sample plane. Thus, the complex spatial field distribution at the focal plane can be defined by a map of phase delays applied to the corresponding spatial frequency distribution in the back focal plane. These phase maps are generally referred to as
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diffractive optical elements (DOEs). SLMs allow the generation of different DOEs at the back focal plane of the objective through a dynamically programmable matrix of active pixels (Efron, 1994). Each pixel contains liquid crystals that are controlled by an electrical bias voltage. By changing the bias voltage, the orientation of the liquid crystal molecule with respect to the propagation direction of light is modified (Khoo, 2007). The birefringent properties of the liquid crystals are used to control the effective refraction index and, as a consequence, the phase delay that is experienced by light as it travels through the SLM (Vicari, 2003).



Wavefront Engineering Using SLMs: The Optical Setup The simplest optical design for projecting complex patterns of light onto the sample plane with an SLM resembles a classical 4f configuration (Lee et al., 2007; Lutz et al., 2008; Golan et al., 2009) and is shown in Figure 5.1A. The setup includes an SLM, continuous-wave or pulsed laser source (S), intensity modulation unit (e.g., Pockels cell, P), and some coupling optics. The SLM is placed in a plane optically conjugated to the back focal plane of the objective lens. Two telescopes (L1, L2 and L3, L4, respectively) are used to couple the SLM to the laser source and to the objective (OBJ). L1 and L2 expand the laser beam to match the dimensions of the active window of the SLM, typically in the range of 1–2×1–2 cm2. The second telescope (L3 and L4) scales the beam diameter to fit the dimensions of the back aperture of the microscope objective. Given that different objectives have distinct pupil apertures, the choice of L3 and L4 depends on the type of objective used (Difato et  al., 2011a). A field stop can be inserted between L3 and L4 to remove the zero-order nondiffracted light (Dal Maschio et al., 2010). It is important to remember that the SLM is sensitive to the polarization of the incident light (Dal Maschio et al., 2010) and acts as a phase-only modulator for light that is linearly polarized in the direction corresponding to the liquid crystal orientation. Thus, it is necessary to adjust a half-wave plate (λ/2 in Figure 5.1A), positioned in front of the SLM, to match the polarization of the incident beam with the working orientation of the SLM. A detailed step-by-step implementation of an SLM-based microscope is described in (Difato et al., 2011a).



Computational Aspects of Phase Modulation Using SLMs A key aspect of SLMs is the identification of proper phase maps (DOEs) that result in the desired intensity distributions at the sample.
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Figure 5.1  Optical configuration for wavefront engineering using SLMs. (A) A basic system consists of a laser source (S), Pockels cell (P), half-wave plate (λ/2), two telescopes (L1, L2 and L3, L4), spatial light modulator (SLM), and objective (OBJ). (B) To achieve temporal focusing, a diffraction grating is inserted between lenses L3 and L5 and a beam blocker is used to suppress the zero-order. By adding a phase distribution resembling that of a prism to the DOE, the first and zero diffracted orders can be spatially separated and further dispersed in different directions by the grating. The zero-order can then be eliminated by using an optical blocker, which results in a total power loss of approximately half of the initial power, while the first diffracted order is directed into the objective. To obtain generalized phase contrast, a PCF and a lens (L4) are positioned along the optical path (blue inset, see also Papagiakoumou et al., 2010). (C) To perform simultaneous scanning imaging and inertia-free z-focusing, a more complex experimental setup is needed. G, galvanometric mirrors; SL, scan lens; TL, tube lens; D1, 660 nm long-pass dichroic mirror; D2, 575 nm long-pass dichroic mirror; EF1 and EF2, emission filters; PMTs, photomultiplier tubes. Modified from Dal Maschio et al., 2011. (D) Schematic representation of the procedural steps used to iteratively generate DOEs. Ein, input intensity; Et, target intensity; Φ0, initial estimate for the phase map.
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To calculate these phase maps, several mathematical transformation algorithms, primarily iterative Fourier transform algorithms (Kim et  al., 2004), have been designed on the basis of generalized discrete Fourier transforms (DFTs). These algorithms optimize the spatial light intensity distribution in terms of illumination efficiency and uniformity among different illuminated subregions. The simplest and computationally fastest approach is the so-called “gratings and lenses” algorithm (Leach et al., 2006). This algorithm is based on analytical expressions of optical transformations generated by basic elements, such as prisms and lenses. Here, a lens imposes a radial distribution of phase delays onto an incoming plane wave, modifying the convergence/divergence properties of its wavefront. Similarly, a prism steers the wavefront direction as a consequence of a linear phase delay gradient. In the case of a light spot placed at an arbitrary position (xs,ys,zs) at the sample plane, the corresponding mathematical representation of these transformations returns a matrix of phase delays to be applied to the pixel matrix (xi,yj; 1 < i < N, 1 < j < M) of the SLM. This basic approach can be extended to generate any arbitrary distribution of light spots in 3D by superimposing the phase matrices from separate holograms. However, this approach does not work for the generation of illumination patterns with extended regions of interest (ROIs) and, in general, suffers from poor uniformity across the generated pattern. To illuminate extended areas, different implementations of iterative algorithms have been adopted (Sinclair et al., 2004; Kuzmenko, 2008; Engstrom et al., 2009). Most of these algorithms are based on modifications of the procedure originally designed by Ralph Gerchberg and Owen Saxton (1971). Here, the goal is to iteratively converge onto a specific phase distribution that transforms an incoming wavefront, with some assumed profile, into the desired intensity distribution at the plane of interest in the sample. All of these algorithms share the following set of basic procedural steps (Leach et al., 2006; Lutz et al., 2008). First, a field, characterized by an input intensity distribution and a random phase (step #1, Figure 5.1D), is propagated from the back focal plane to the sample plane by means of a DFT (step #2, Figure 5.1D). The phase information of the resulting field at the sample plane is preserved while the intensity distribution is substituted with the desired one (step #3, Figure 5.1D). This modified complex field is then backpropagated to the back focal plane by an inverse DFT (step #4, Figure 5.1D), where the resulting field is modified again by retaining the phase information and substituting the intensity distribution with the initial input intensity distribution (step #5, Figure 5.1D). After a few iterations, the algorithm converges to the desired phase distribution (step #6, Figure 5.1D). At the sample plane, these phase distributions are characterized by spatial light artifacts, which lead to intensity distortions in the



Chapter 5  Optical Investigation of Brain Networks Using Structured Illumination 



projected pattern (Palima and Gluckstad, 2008; Golan and Shoham, 2009). These distortions result from the algorithm substituting amplitude information, which is obtained from the propagation procedure, with given distributions at the SLM and sample, respectively. Specific algorithms (called “input-output” algorithms) have been developed to address this issue (Fienup, 1982; Georgiou et al., 2008). During each iteration, the difference between the amplitudes computed at the sample plane and target intensities is evaluated. A small feedback correction is then applied to the target intensity pattern to reduce noise contributions. If the image plane is limited to specific subregions of interest by a proper formulation of the feedback, this procedure results in an improved SNR in the projected pattern (Kim et al., 2004).



Phase Modulation and Temporal Focusing The generation of extended 2D areas of illumination introduces unwanted effects on the optical features of the projected pattern. One of the most evident is the quasilinear dependency of the axial extension on the lateral dimension of the excitation profile (Lutz et al., 2008). For example, a shape of lateral dimension around 20 μm, reaches an axial extent of approximately 35 μm (Lutz et  al., 2008). If a pulsed laser is used, this limitation can be overcome by the use of “temporal focusing.” Using this technique, an effective axial confinement is achieved by temporally focusing spatially separated spectral components of a light pulse (Oron et  al., 2005; Papagiakoumou et  al., 2008, 2009). This spectral separation is generally obtained by projecting a laser beam onto a blazed grating (Figure 5.1B). The dispersed spectral components are collimated by a lens and focused by the objective at the sample. Here, the spectral components temporally overlap to produce a short pulse only at the focal plane and are temporally dispersed in the out-of-focus regions. This technique was originally introduced by Yaron Silberberg (Oron et  al., 2005) as a method of performing scan-less two-photon imaging while preserving z-sectioning efficiency. The technique was then adopted for optimizing structured illumination as a method for reducing the axial extent of 2D illumination patterns (Papagiakoumou et  al., 2008, 2009). With respect to the basic design described in the previous section (Figure 5.1A), the implementation of the temporal focusing requires the introduction of a blazed diffraction grating, which is placed in a plane optically conjugated to the sample plane (Figure 5.1B). Using temporal focusing, 2D extended patterns with a maximum axial extent of about 5 μm can be achieved, which is several times smaller than the value that can be obtained without temporal focusing (Papagiakoumou et al., 2008).
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Phase Modulation and Generalized Phase Contrast Aside from the aforementioned axial extent, another important aspect to consider when generating extended 2D coherent illumination patterns is the appearance of significant intensity fluctuations across the illuminated area, which is a phenomenon known as speckles. These intensity variations in the spatial pattern are mainly a result of cross talk between adjacent points of the band-limited frequency plane at the SLM, where large phase modulations are superimposed. These contributions sum up randomly at the sample plane, resulting in constructive/destructive interference (Palima and Gluckstad, 2008; Golan and Shoham, 2009). The discrete levels of phase delays and spatial frequency quantization due to the pixel size of the SLM also contribute to the generation of speckles. For many applications, speckles are an unwanted side effect, and different methods have been developed to minimize their visibility, including: (1) development of ad hoc algorithms (Golan and Shoham, 2009), (2) insertion of diffusing systems in the optical path (Papagiakoumou et al., 2009; Zahid et  al., 2010), and (3) use of generalized phase contrast (GPC; Papagiakoumou et al., 2010). GPC is an extension of the phase contrast method originally introduced by Frederik Zernike for the visualization of transparent samples. It is based on the conversion of weak phase perturbations into more consistent and detectable intensity variations. The hardware implementation resembles that of a common path interferometer and differs from that of the basic holographic scheme shown in Figure 5.1A. For GPC, the SLM plane is optically conjugated to the sample plane through a telescope, and a phase contrast filter (PCF; Figure 5.1B, blue insert) is placed in a plane optically conjugated to the back focal plane of the objective (Papagiakoumou et al., 2010). This configuration implies that no calculation of Fourier transforms is needed, and the DOE applied to the SLM is simply the intensity pattern desired at the sample plane (in binary format). The PCF is designed with a central region that has a constant phase difference with respect to the surrounding area. Therefore, the PCF operates on the propagated beam as a spatial filter, introducing phase delays between the diffracted off-axis and nondiffracted on-axis components of the beam. The phase-shifted, nondiffracted on-axis component is transformed by the objective lens in a synthetic reference wave that interferes with the diffracted component at the sample plane (Gluckstad and Palima, 2010). In this way, the binary phase pattern imposed by the SLM is reproduced at the sample plane as a binary intensity pattern. The advantages of this configuration include (1) increased illumination uniformity due to spatial interference, (2) no need for complex algorithm development and reduced computation times, and (3) improved light efficiency.
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Coupling the SLM with Scanning Systems: Extending the Optical Performance of the Microscope The SLM can be inserted in the light path of a laser scanning microscope to improve the optical performance of the imaging system. For example, we recently combined a commercial twophoton scanning microscope (from Prairie Technologies) with an optical module containing an SLM (Dal Maschio et  al., 2011). To couple the two systems together, before impinging on the galvanometric mirrors (Figure 5.1C, G), the laser beam must first be expanded using a telescope (Figure 5.1C, L1 and L2) and deflected onto the SLM, which is positioned in a plane optically conjugated to the galvanometric mirrors. A second telescope (Figure 5.1C, L3 and L4) is used to match the beam size to the dimensions of the galvanometric mirrors. In this configuration, the SLM was used to shift the axial position of the imaging spot without having to move the objective (Dal Maschio et  al., 2011). By using DOEs, which radially distribute phase delays, an upward or downward offset was imposed onto the laser spot, shifting the image plane in the z-direction (Figure 5.2C, C1). We demonstrated that, depending on the numerical aperture of the objective used, this approach achieves z-focusing in the range of tens to hundreds of microns with minimal variation in the point spread function (PSF; Dal Maschio et al., 2011). This system was used to perform inertia-free 3D imaging in vivo (Figure 5.3; see also below). Using DOEs that steer the laser spot in the x-y plane, the same optical configuration may be used to extend the lateral dimensions of the rasterscanned field of view, which is usually a subregion of the field of view of the objective (Hanes et al., 2009). Alternatively, the galvanometric mirrors can be used to shift the region where structured light can be projected in the x-y plane. Aside from providing shifts in the x, y, and z directions, SLMs can be used to correct optical aberrations in scanning fluorescence imaging systems (Ji et al., 2008, 2010; see AO in the Introduction). This is particularly relevant for in vivo applications where the aberrations introduced by the objective lens sum up with those introduced by the



Figure 5.2  Generating 3D illumination patterns using SLMs. (A, A1) The image in A1 shows a cuvette of fluorescein excited by a two-photon (λ = 800 nm) illumination spot generated by the phase hologram shown in (A). Scale bar, 5 mm. B, B1 and C, C1 show the same as in A, A1 for illumination patterns generating two spots in the same plane (B, B1) and two simultaneous spots at different axial positions (C, C1)
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Figure 5.3  SLM-mediated z-focusing for inertia-free 3D imaging in vivo. (A–C) x-z profiles of illuminated fluorescent beads, 170 nm in diameter, obtained by moving the sample in the z-direction with a piezoelectric translator. Beads were dispersed in agarose and coverslipped. Profiles are obtained at different refocusing axial positions (+24 μm, −2 μm, and −24 μm) operated by the SLM control (see values in microns on the image). The corresponding x-y profiles are shown in A1–C1. Scale bars, 3 µm. (D) Plot of the x-y FWHM (gray circles) and z FWHM (black squares) as a function of the axial position of the laser beam. (E–G) Images of neocortical cells loaded with Oregon Green BAPTA and sulforhodamine in anesthetized mice at different z-positions (see values in microns on the images) obtained with the inertia-free SLM-based focus control. Modified with permission from Dal Maschio et al., 2011.



highly scattering brain tissue (Rueckel et  al., 2006). The main challenge in this approach is to infer wavefront changes of the laser beam as it travels through the sample. Direct measurements of the laser wavefront (Neil et al., 2000; Rueckel et al., 2006), as well as computational methods to optimize the fluorescence signal (Albert et al., 2000; Sherman et al., 2002; Debarre et al., 2009), have been demonstrated.



Phase Modulation and Optical Resolution In terms of diffraction efficiency and light confinement, the optical performances of an SLM-based microscope may be different from
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those of a conventional optical microscope and may depend on the particular illumination profile adopted. The discretization of the Fourier plane due to the finite pixel size of the SLM array and the fact that distinct patterns may have different spatial frequency content are two of the prominent reasons for the reduction in lateral diffraction efficiency. This reduction leads to nonuniform lateral intensity distribution between points at the center and at the edges of the field of view (Yang et al., 2011). The finite pixel size of the SLM and the difference in spatial frequency content also affect the diffraction efficiency variation along the propagation direction. When out-of-focus illumination patterns are generated (Figure 5.2), relatively strong phase variations are projected onto the external ring of the pupil lens. These components experience strong aberrations resulting in decreased performance. Thus, when the SLM projects light to planes out of the objective focus, there is progressive loss in the axial and lateral resolution due to the reduced effective numerical aperture (NA). Considering a 60 × WI 0.9 NA objective and light at 900 nm, the axial resolution varies from 3.02 to 4.02 μm (full-width at half-maximum, FWHM, values) while the lateral resolution varies from 0.42 to 0.63 μm within a defocus range of 60–70 μm (Dal Maschio et  al., 2011). Using the same objective with light at 405 nm, an excitation volume 80×80×100 μm3 can be addressed with light efficiency greater than 50% and with resolution losses within 66%. In this latter case, zFWHM varies from 1.2 to ∼2 μm and the x-y FWHMs vary from 0.3 to ∼0.4 μm (Yang et al., 2011).



Light-sensitive Molecular Tools for the Investigation of the Central Nervous System The mammalian brain is an extremely complex structure, containing billions of cells that form highly interconnected networks. Each neuron within this network displays an elaborate 3D structure characterized by prolonged and thin processes (dendrites and axons), which can span distances from hundreds of microns to several centimeters. Optical approaches have traditionally been fundamental in unraveling this complex 3D cellular network. Bright field microscopy of Golgi-stained fixed samples facilitated the understanding of the fine details of cell morphology (Golgi, 1885). More recently, the introduction of fluorescence markers (Heim et al., 1994; Heim and Tsien, 1996) and indicators (Miyawaki et  al., 1997; Tsien, 1980, 1981), together with the use of fluorescence microscopy, has permitted thorough optical investigation of the structure and function of brain cells in living tissue. For example, the development of genetically modified fluorescent proteins, which can be expressed
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with cellular and subcellular specificity, has allowed monitoring of cellular dynamics during migration, differentiation, and so forth (Heim and Tsien, 1996). Similarly, electrical activity and biochemical signals in both cultured brain cells and intact brain tissue can be traced with unprecedented resolution by using fluorescent indicators that modify their fluorescent properties based on changes in voltage or concentrations of specific ions (Tsien, 1980, 1981; Tsutsui et  al., 2001; Knopfel et  al., 2003; Kerr et  al., 2005; Garaschuk et  al., 2006; Kerr and Denk, 2008). Parallel to the development of these fluorescent dyes, a class of molecules called caged compounds, has also been introduced (Adams and Tsien, 1993; Ellis-Davies, 2007). Caged compounds are formed using a core, a biologically relevant molecule (e.g., glutamate or GABA, which are two major neurotransmitters), which is rendered physiologically inactive by a photolabile link to a chemical group (the “cage”). Following the delivery of a light flash of an appropriate wavelength and intensity, the bond to the cage group is broken and the active molecule is released. The broad applications of these light-sensitive molecular tools have created a need for new and advanced optical methodologies. In this context, we believe that structured light using phase modulation with SLMs is an extremely promising technique. In the following section, we will present an overview of recent studies that have applied SLM technology for the investigation of the central nervous system and focus on imaging and photostimulation applications.



SLM-based Approaches for the Optical Dissection of Brain Microcircuits When combined with fluorescent indicators and caged compounds, SLMs represent a unique tool for investigating brain circuits. They have several advantages over more traditional approaches (e.g., wide field and sequential scanning microscopy) for a number of reasons (Watson et al., 2010). SLMs permit simultaneous light delivery to multiple ROIs in the field of view with high spatiotemporal control. This gives unprecedented precision in illuminating cellular networks, in particular when combined with two-photon excitation. Several applications of SLM-mediated illumination in combination with the use of light-sensitive molecules have been demonstrated. First, SLMs can be used for uncaging purposes (Lutz et  al., 2008; Nikolenko et  al., 2008; Dal Maschio et  al., 2010). Diffraction limited spots as well as complex ROIs within the cellular processes of a neuron can be simultaneously illuminated to release caged glutamate, thus mimicking the complex patterns of synaptic inputs that neurons experience under physiological conditions
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(Lutz et  al., 2008; Yang et  al., 2011). Second, when combined with fluorescence indicators and camera imaging (Nikolenko et al., 2008; Dal Maschio et al., 2010), SLM-mediated parallel illumination at different positions in the field of view allows faster functional imaging compared to sequential scanning approaches (Figure 5.4). Recently, the strengths of these two different applications were combined in a dual holographic optical setup for combined two-photon imaging and uncaging with structured light illumination (Figure 5.4) (Dal Maschio et al., 2010). Third, the SLM can be used to correct the aberrations that affect the excitation beam traveling through the highly scattering biological tissue. Using pupil segmentation to measure image shifts between sequentially and complementary illuminated subregions, correction of large aberrations and significant increases in image quality were demonstrated (Ji et  al., 2008, 2010). Finally, when positioned in the fluorescence emission light path, SLMs have been used to capture high-resolution, nonscanning 3D images of biological samples without having to move the objective (Rosen and Brooker, 2008).
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Figure 5.4  Fast holographic fluorescence imaging combined with galvo-steered uncaging. (A) Based on the image, ROIs corresponding to different cells in culture are identified (green dots numbered 1 to 9). DOEs enabling fluorescence imaging of calcium indicators over time in only those ROIs are then projected onto the SLM. Scale bar, 20 μm. (B) Values of ΔF/F0 for Fluo-4 fluorescence are shown as a function of time for the nine regions identified in A. The arrows indicate the time of delivery of the four photolysis stimuli (red crosses in A) to uncage the MNI-glutamate present in the bathing medium. (C) Time course of the fluorescence signal in ROIs 1, 2, and 5. ROI 1 and 2, but not 5, display a clear response to MNI-glutamate uncaging. Modified with permission from Dal Maschio et al., 2010.
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Photostimulation of Neuronal Cells with Complex Light Patterns One fundamental advantage of SLMs is that the pattern of illumination can be precisely tailored to the structure of the cell or network under investigation. To this aim, the SLM has to be combined with high-resolution imaging techniques, such as high-frequency/ low-frequency sequential acquisition microscopy (Zahid et al., 2010) or two-photon scanning microscopy (Dal Maschio et al., 2010). Using these approaches, different research groups were able to demonstrate simultaneous photorelease of caged glutamate at specific locations along cellular processes to study the integration of synaptic inputs at the dendritic tree (Lutz et al., 2008; Nikolenko et al., 2008). This approach can also potentially be useful for suprathreshold, cell type-specific stimulation in connectivity studies. For example, using a newly synthesized form of caged glutamate (RuBi-glutamate) and scanning two-photon excitation, the connectivity between a particular subtype of interneurons and glutamatergic neurons could be mapped (Fino and Yuste, 2011). In this context, SLM technology, with its ability to excite different cells in parallel, will allow the investigation of how presynaptic signals, coming from different cells, are integrated at the level of the postsynaptic neuron. Moreover, by coupling the SLM to an imaging system, the illumination pattern can be dynamically adjusted according to the changes in experimental conditions (Lutz et al., 2008; Dal Maschio et al., 2010). This provides more flexibility over structured illumination systems that use static lenses, which require changes to the optical setup to adjust the illumination pattern. The rate of change of light projections in systems using SLMs is only limited by the relaxation time of the liquid crystals (Dal Maschio et al., 2011), and the refresh rate of commercially available SLMs, which typically is on the order of 60–100 Hz.



Activation of Light-sensitive Proteins Expressed Over Large Areas Under many experimental conditions, light-sensitive molecules or indicators are distributed over relatively large areas. This is also the case for light-sensitive membrane proteins of the rhodopsin family (e.g., channelrhodopsins and halorhodopsin). Channelrhodopsin-2 (ChR2) and halorhodopsin (HR) are membrane proteins that mediate the transfer of ions across the cell membrane upon light absorption, thus leading to excitation (ChR2) or inhibition (HR) of the illuminated neuron (Zhang et  al., 2007). Networks of rhodopsinexpressing neurons are generally stimulated using wide field illumination techniques (Zhang et  al., 2010). By illuminating the whole
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field of view simultaneously, this approach precludes any cell specificity and leads to synchronous activation/inhibition of all rhodopsin-expressing cells. This simultaneous activation might not reflect the true physiological pattern of cellular activation. An alternative approach to overcome this issue is sequential scanning of a diffraction limited spot by using galvanometric mirrors or acoustooptic devices. However, this method results in suboptimal activation of rhodopsins. The diffraction-limited spot only illuminates a restricted number of molecules, and sequential scanning of the beam leads to a poor temporal summation of single activation/inhibition events. To achieve a sufficiently large depolarizing/hyperpolarizing effect, a large number of rhodopsins need to be activated simultaneously, which typically requires illuminating areas on the order of tens of square micrometers (Andrasfalvy et  al., 2010). SLMs provide an ideal solution to this problem because they can simultaneously deliver light to independent areas of arbitrary shape distributed over a large region. This allows the activation of numerous receptors, while maintaining cell-type specificity within a network of different rhodopsin-expressing cells. The application of SLMs and two-photon excitation for ChR2 activation has been successfully demonstrated (Papagiakoumou et al., 2010).



Illuminating Neurons with 3D Light Patterns The SLM permits the generation of complex illumination patterns in 2D and 3D (Emiliani et  al., 2005; Figure 5.2C, C1). The group of Valentina Emiliani has recently proven this approach feasible for the activation of the dendritic tree of hippocampal neurons in slice preparations for studying the integration properties of neuronal dendrites in 3D (Yang et  al., 2011). We have taken advantage of the ability of SLMs to shape the light in the axial direction to perform inertia-free 3D imaging. By using photomultiplier-based detection and a scanning system, we used the SLM to remotely control the focus position and imaged fluorescent neurons and glial cells in the neocortex of anesthetized mice at multiple planes (Figure 5.3). The minimum time required to move the diffraction limited spot between two different positions was 21  ±  2 ms. Using electrically tunable lenses, similar speeds for z-positioning can be obtained without moving the objective (Grewe et al., 2011). These remote focusing approaches promise to be important for fast and inertia-free 3D functional imaging in living animals. These techniques overcome previously reported temporal (10 Hz) and perturbation limits imposed by mechanically moving parts, such as translating objectives, while imaging in living animals (Gobel et  al., 2007). These advantages may become particularly relevant when imaging experiments are combined with microelectrode
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insertion for electrophysiological recordings. Therefore, inertia-free SLM-focus control is an indispensable tool for imaging living animals at frequencies higher than 10 Hz. It is also important to note that the use of SLMs for z-focusing may be useful for other important neuroscience applications. For example, when combined with two laser sources (one laser beam going through the SLM light path and one through scanning mirrors), this technology could allow for simultaneous imaging at one plane and photoactivation at different planes, which cannot be achieved by using a piezoelectric actuated objective lens.



Conclusions In this chapter, we provided an overview of some major applications of SLMs for the study of mammalian brains. The application in neuroscience of SLMs is only beginning. The development of nextgeneration SLMs, with improved characteristics and faster and more user-friendly software, will provide better optical performance and allow this technology to be broadly applied in life sciences research. In combination with the ever-growing number of light-sensitive biological sensors and actuators, we foresee SLM-based approaches providing precise and noninvasive control of neuronal cells and networks in their natural environment in living animals. This will allow the hypothesis-driven testing of the contribution of specific cellular subpopulations to the generation and modulation of network activity driving behavior and thus promises to advance our understanding of the complex cellular dynamics underpinning brain function.
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First, we will briefly summarize the basic princi- ples of SLM operation and then provide a detailed description of the different hardware configurations in which SLMs can be integrated. Finally, we will present an overview of results, recently obtained using this approach, of imaging and photostimulation experiments in. 
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