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VIII. Imaging Core

VIII.1 COORDINATORS:

G. Neibur (Dept. of Aerospace and Mechanical Engineering, University of Notre Dame), I. Veretennikov (Dept. of Physics, University of Notre Dame) and P. Kulesa (Beckman Institute, Caltech).

Experimental study of tissue properties requires visualization of the tissues at high spatial resolution in three dimensions. Study of organogenesis has similar requirements for spatial resolution and dimensionality, but also requires visualization of developing tissues through time. At the Notre Dame Center for the Study of Biocomplexity, we have on site a 7 Tesla Notre Dame Magnetic Resonance Imaging Facility, capable of imaging living small animals at high resolution, and a high resolution CT scanner facility (see Resources). We plan to acquire a multispectral two-photon confocal optical microscope, with the aim of following all or nearly all cells in a developing embryo simultaneously and in three dimensions. Section VIII.1 describes our plans for using this instrument to track three-dimensional cell rearrangements during embryogenesis.

The combination of these instruments will allow us to obtain data with the necessary spatial, temporal, and spectral resolution. However, acquiring suitable raw images is only part of the problem. After the two-dimensional digital data are acquired, we must analyze and interpret them to produce a useful three-dimensional picture. This reconstruction is a nontrivial problem that grows in difficulty as image complexity grows. In section VIII.2 we propose a general approach to reconstructing three-dimensional structural information from experimental two-dimensional images. We then discuss our attempts to construct an atlas of avian development in section VIII.3. In section VIII.4 we consider approaches to solving data clustering problems as they arise in pattern recognition in image analysis. 

Finally, we are also extremely interested in developing novel imaging technologies to address otherwise intractable problems.  In the last section (Section VIX), we describe our efforts to use nanoparticle tags to target specific proteins on cell surfaces and report minute changes in the environment of membrane proteins during cell function. 

VIII.2 TWO-PHOTON LASER SCANNING MICROSCOPE (TPLSM) IMAGING:

VIII.2.i Specific Aims:

1. Visualize in three dimensions time-dependent changes in cell structure, cell signaling, gene expression, and protein distribution.

2. Track in three dimensions the rearrangements of cells in cell aggregates and in developing embryos and tissues.

3. Provide complementary data for the MRI atlas of avian embryo development.

VIII.2.ii Introduction: 

Fluorescent probes have become invaluable tools for the study of biological and non-biological samples. The combination of fluorescence with microscopy allows us to obtain detailed and selective information at the microscopic level. For instance, we can stain different structural and functional entities in biological cells selectively with (extrinsic) fluorescent probes so that they can be easily identified in images. Numerous fluorescent probe molecules are now available that enable selective imaging of the electric potential of membranes, DNA, spatial variations of free ion concentration and specific proteins within living cells.

A laser scanning microscope (LSM) illuminates fluorescent samples by focusing a laser to a diffraction-limited beam waist less than 1(m in diameter and raster-scanning it through the specimen. The combination of LSM with confocal microscopy provides excellent depth discrimination and improves spatial resolution within the plane of focus by forming the image through a pinhole placed in front of the detector, which acts as a spatial filter to select the emission from the plane of focus. Very good laser scanning micrographs result from the use of fluorescent markers that absorb and emit visible light. For stable fluorescent specimens, we can often improve image quality simply by increasing the exposure time or the illumination intensity. 

However, a serious problem with standard confocal microscopy is photobleaching that results from the intense laser illumination. When photobleaching occurs, the number of photons available to form an image of the fluorescent specimen becomes fixed. Reducing the statistical noise by increasing the number of emitted photons is no longer possible. Biological specimens are particularly demanding in this regard. Photobleaching of fluorophores whose concentration is often low to begin with, and in living cells the attendant destruction of vital cellular components, place strict limits on the amount of light available for imaging.

One very successful solution to this problem is “two-photon molecular excitation.” In two-photon confocal microscopy (TPLSM), very high local instantaneous intensity provided by the tight focusing in an LSM combined with the temporal concentration of a femtosecond pulsed laser causes excitation. With a colliding-pulse, mode-locked dye laser producing a stream of pulses with pulse duration about 100 fs at a repetition rate of about 80 MHz, the probability becomes appreciable for a dye molecule to absorb two long-wavelength photons simultaneously, thus combining their energy in order to reach its excited state. The microscope makes use of a tunable femtosecond titanium:sapphire laser enabling two-photon excitation of a broad range of fluorescent molecules, including UV probes. TPLSM is ideally suited for imaging cells in vivo due to its deeper tissue penetration and reduced phototoxicity. 

VIII.2.iii Project: Multispectral Imaging to Resolve Multiple Fluorescent Markers: 

We intend to optically record multiple cell types within a developing embryo simultaneously using fluorescent tags inserted in avian embryonic cells using GFP-expressing retroviruses. We will record cell and tissue movements in the developing embryos using multispectral, time-lapse fluorescent microscopy in three dimensions. Then we will analyze the recorded data using computers running sophisticated cell-tracking and color discrimination software capable of distinguishing the subtle movements that thousands of individual cells make and identifying a handful of genes that these cells express. This software was developed at the Beckman Institute at Caltech and will be modified for our purposes at Notre Dame. We will integrate the gene expression and cell migration data collected using laser microscopes with MRI collected datasets in order to understand the complex flows of information and interactions that occur during development within the spatial and temporal context of the maturing embryo.

The imaging of living cells and tissues using laser-scanning microscopy offers dramatic insights into the spatial and temporal control of biological processes. The availability of genetically encoded labels such as green fluorescent protein (GFP) offers unique opportunities to trace cell movements, cell signaling or gene expression dynamically in developing embryos. Unfortunately, in TPLSM the excitation and emission spectra of GFP and its color variants are insufficiently distinct for conventional means to image them uniquely. To surmount such difficulties, we would like to use the technique, developed by our collaborators at the Beckman Institute, that combines the technologies of TPLSM and imaging spectroscopy to unambiguously identify CFP, GFP, YFP, and RFP as well as conventional dyes. A liquid crystal tunable filter (LCTF) collects the emission spectrum of each pixel within the TPLSM image (Lansford et al., 2001). Based on the fluorescent emission spectra, supervised classification and linear unmixing analysis algorithms identify the nature and relative amounts of the fluorescent proteins expressed in the cells. A software package that has been developed at the Beckman Institute then manipulates the acquired images. In optimal cases, this technique allows us to separate GFP from fluorescein, which are separated by only 7nm, and are indistinguishable by conventional techniques. We can also distinguish up to four fluorophores that spatially overlap at single pixel resolution. This approach offers the needed ability to concurrently image multiple colored, spectrally overlapping marker proteins within living cells. However, we must acquire the different emitted wavelengths sequentially instead of simultaneously, which requires multiple scans of each image plane, increasing the light exposure (and bleaching) of the specimen and requiring more time to collect data. 

To solve these problems, the Beckman Institute has designed a new generation of instrument, a multispectral detector that acquires the emission spectrum from a single scan of the specimen (Patent pending). The new multispectral detector has been engineered onto a TPLSM also equipped with a movable stage. During the initial trials, it surpassed all expectations. Zeiss will soon distribute the multispectral device as an addition to their 510 confocal/two-photon microscope. This instrument is specified in the budget of this grant.
VIII.3 THREE DIMENSIONAL CELLULAR STRUCTURE RECONSTRUCTION FROM EXPERIMENTAL IMAGES:

The problem of extracting a three-dimensional cellular structure from experimental images obtained by taking cross sections of the three-dimensional structure relates weakly to the problem dealt with by Soll and Voss (1997), where they generate three-dimensional visualizations of a cell's behavior based on two-dimensional sectional views (as obtained in a microscope) of the cell. However, we are interested in the three-dimensional shape of individual cells that are part of a larger aggregate of cells. The observation that this problem is analogous to the simpler problem (having one fewer dimension) of imaging a wireframe (for example a foam) provides us with an approach to solving this key problem. Problems of image restoration are important to medicine and industry; a solution will address a very wide audience.
VIII.3.i The Wireframe as a Model for the Structure of a Multicellular Aggregate:

Closed form formulae usually cannot represent the edges (for a wireframe) or surfaces (for a three-dimensional cellular structure); physically the surfaces are minimal energy surfaces. The experimental data are intensity values in various plane sections through the wireframe (cell-structure in the case of surface regeneration). A high intensity indicates that the plane section intersects the wireframe (cell-structure) at that point. Most of the foam (cell-structure) is empty space. Before we can regenerate the wireframe (cell-structure), we need to interpret the experimental data to deduce where vertices (and edges) of the wireframe (cell-structure) lie (which may be possible); then fit curves between vertices that connect to each other (which mean that we also must be able to deduce which vertex connects to which other neighboring vertices). The wireframe joining the vertices is not a straight line, and no closed form formula for the curves joining the vertices exists. We need to solve a similar problem for surfaces forming the cell once we have obtained edges by interpreting experimental data (or by obtaining a wireframe model as described in the previous paragraph). No closed form formula will describe the surfaces joining the edges. Finally, if the image data (intensity values depending upon whether a section through the three-dimensional structure intersects a surface/edge or just passes through empty space) is noisy or biased, we cannot use a discrete-threshold intensity value to deduce that an intersection necessarily occurred at a given location. We must, instead, apply fast algorithms to produce the skeleton and then attempt a surface reconstruction. 

Approaches for image restoration from noisy data are available in the literature, for example, so called "maximum entropy" image restoration (Frieden and Graser, 1998). Once this is carried out, we need to determine the three-dimensional placement of vertices, edges and surfaces, where the surfaces are cell-cell boundaries, determined using a minimal energy criterion. 

Dr. D. Chen’s group at the University of Notre Dame, working in the field of Computational Geometry, is carrying out such work; we aim to develop and use their algorithms for our purpose. A key to solving the image reconstruction problem is to first determine the topological structure of the biological object stored in the image (e.g., its links and joints). We plan to identify the topological structure of the image object by computing the skeleton of the object pixels in the image. The skeleton of an image object is defined as the subset of object pixels, called skeleton pixels, each of which has at least two or more corresponding boundary pixels of the object such that the distances from that skeleton pixel to its corresponding boundary pixels are the same and such distances are the minimum among the distances from that skeleton pixel to all boundary pixels of the object (Borgefors and Nystrom, 1999). We can use skeletons to capture a great deal of geometric and topological information on image objects. However, computing the skeletons of three-dimensional image objects in an efficient manner has been difficult. At Notre Dame, researchers have developed a new distance-transform based skeleton algorithm (Yi, Chen, and Mason, 2001). Our experimental study has shown that this algorithm runs fast and produces correct skeletons. We are currently applying this skeleton algorithm to analyze the micro-architecture of trabecular bone (Section VI). We provide below an example specific to experimental biology where the problem of image reconstruction arises in a natural way as a part of multidisciplinary research program currently underway at the University of Notre Dame.

VIII.4 MAGNETIC RESONANCE IMAGING OF CHICKEN EMBRYOGENESIS: CONSTRUCTING AN ATLAS OF AVIAN DEVELOPMENT:

Magnetic Resonance Imaging Microscopy (MRI) is exquisitely sensitive to soft tissue, thus making it ideal for in vivo and non-destructive in vitro imaging of anatomical structures. Three-dimensional atlases based on classical histological techniques suffer from the need to physically deconstruct the specimen from its natural three-dimensional structure into a series of two-dimensional slices. Each slice is photographed and the digitized images are reconstructed back into three dimensions. Moreover, the orientations available to the viewer are limited to samples of standard planes of section (e.g. sagittal, coronal or axial). These restrictions make it difficult to follow complex three-dimensional structures and hinder comparison of one’s own “oblique” sections with the “perpendicular” sections found in the atlas. Artifacts generated during this process (i.e. shrinkage, tearing, folding, compression, etc.) must be corrected before three-dimensional reconstruction. Correcting and aligning of sections is difficult and time consuming. The creation of three-dimensional models by this method is even more difficult for late-stage embryos because of the increasing number of slices to process. Unlike these sectioning methods, the MRI provides a non-destructive means to collect three-dimensional anatomical data from optically opaque samples. The MRI slices are intrinsically aligned, which makes straightforward the three-dimensional visualization o f structures even in late-stage embryos.

VIII.4.i Specific Aim: Integrate Gene Expression and Cell Migration Data into an MRI Avian Atlas:

1. We will use our MRI microscope to acquire multi-modal volumetric data on a live avian embryo in ovo. We will seamlessly reconstruct MRI image data into a three-dimensional atlas. This avian atlas can then be interactively rotated, computationally sliced, and analyzed from any direction. This approach does not suffer from the warping and image alignment problems of all histological approaches.

2. An important feature of the digital avian atlas is the ability to integrate other data types, such as gene expression patterns and cell migration routes, into the anatomical models. We are considering several modes to input and integrate other data types. For example, we can superimpose or 'paint' gene expression derived from histological sections onto the models (Dhenian et al., 2001). We can assimilate cell migration data by overlaying images acquired using two-photon microscopy.

VIII.4.ii Background:

In MRI, signal intensity comes from protons in water and is a function of the concentration/environment of water. Contrast in the proton MR image arises from regional differences in relaxation times (T1, T2), magnetic susceptibility and/or the proton density. All these variations are, in turn, due to regional differences in physical, chemical and structural properties of the sample. Contrast is of great importance clinically because it allows differentiation of tissue types. In addition, using a voxel-wise measurement of water diffusion rates, MR imaging can provide noninvasive information about tissue geometry, isotropy and composition (e.g. diffusion constants). 

In a physically sectioned embryo, we typically use histological staining methods to distinguish tissue types. In the MR images, we do not need to add extrinsic stains to the specimen. Instead, the “stain” resides in the intrinsic physical nature of the tissue that modulates the MR signal. However, we can use MRI contrast reagents to alter the relaxation times of nearby water molecules and thereby enhance contrast. The alteration of relaxation times is due to direct interaction between the unpaired electrons of the paramagnetic contrast agent ion and water protons. Images of gene expression or antibody staining patterns can use bifunctional agents which enhance MRI contrast and also fluoresce (Huber et al., 1998) to collect and integrate information acquired from MRI and laser microscopes. Finally, we can also directly discern gene expression patterns in vivo using MRI by synthesizing an MRI contrast agent that is inactive until cleaved by beta-galactosidase (Louie et al., 2000). Numerous beta-galactosidase expressing retroviruses have been developed alongside GFP expressing retroviruses for this type of experiment.

The main drawbacks of MRI are its lower spatial resolution than that optical methods, low signal intensity and the long acquisition time required for three-dimensional or diffusion-tensor imaging.

VIII.4.iii Experimental Considerations:

MRI studies of fixed embryos specimens are easer than studies of live embryos. Imaging embryos outside the egg allows us to use smaller imaging coils that we can place in close proximity to the subject for improved signal to noise ratio. Fixed embryos are also immobile avoiding motion artifacts that plague in vivo imaging schemes. We incubate the embryos at 37oC and 60-70% relative humidity for a few days until the desired stage of development is reached. After that, we excise the embryos and fix them by immersion in 4% paraformaldehyde for 48 hours at 4oC, then wash them several times in Phosphate Buffered Saline (PBS). For imaging, we immerse the fixed specimen in PBS or magnetite doped agarose (1% agarose in PBS, 0.26 mg Fe/ml) (Smith, 2001; Jacobs et al., 1999) or proton free perfluoro-polyether Fomblin (Hogers et al., 2001) to reduce the noise from surrounding media. To visualize the cardio-vascular system, we can perfused a BSA-DTPA-Gd contrast agent via the aorta before fixation (Smith, 2001). We intend to acquire T1, T2 and diffusion-weighted images with spatial resolution from 20m to 50m depending on the size of the embryo. Different groups use different imaging sequences to get better quality images in the shortest possible time: Spin Echo 3D (Hogers et al., 2001), RARE (Hogers et al., 2000), GRASS (Smith et al., 1999). These experiments allow us to tune all imaging parameters, like repetition time (TR) and echo time (TE), to maximize not only the signal to noise ratio (SNR) but the contrast to noise ratio (CNR) as well. The optimal parameters change during embryonic development; hence, such experiments provide a good reference point for imaging in vivo.

To extend MRI studies of fixed embryos to imaging in vivo, we need to overcome some new problems. The embryo’s heartbeat and blood flow introduce motion during the imaging sequence, producing different artifacts. To gate the pulse sequence to the embryo’s heartbeat is impractical. Instead, to use a well-designed pulse sequence and specialized post-processing of the image data to minimize the artifacts caused by proton motion are important. Three-dimensional and diffusion tensor imaging are relatively slow techniques; hence, we must limit the acquisition time as much as possible. The relatively low magnetic field of our in-house imager (7 Tesla, compared to 12 Tesla (Beckman Institute) or 17.6 Tesla used by some other groups) necessitates acquiring several averages to obtain the same SNR and CNR, increasing the total acquisition time and hence introducing an additional time constraint for imaging of live embryos. The total imaging time should be shorter than the characteristic time scale for organ/tissue development. While speed should not be a big problem during late stages of development (large embryos mean bigger voxel volumes), in the early stages of development we will needed to carefully optimize the imaging sequence parameters. Experiments with fixed embryos could be very useful in this case. The air pocket inside the egg will produce additional artifacts caused by the magnetic susceptibility mismatch of the yolk, the embryo and the air.

In vitro imaging of an embryo in a controlled culture chamber provides a good compromise between in vivo and fixed embryo imaging. For example, a mouse embryo can maintain normal growth in a culture chamber for more than 24 hours. We can design the culture chamber to accommodate an imaging coil that is just larger than the embryo. The embryo can undergo normal growth during interesting periods of organogenesis, and we avoid some of artifacts that hamper imaging the embryo in vivo. However, in order to maintain oxygenation and nutrient levels, we must refresh the culture medium by maintaining a slow continuous flow. Currently, our collaborators at the Beckman Institute can acquire three-dimensional quail datasets with 20-50m voxel resolution using a T2-weighted three-dimensional multi-spin echo imaging technique, which Dhenain et al., 2001 have used to collect images of murine embryos at different developmental stages.

VIII.5 DATA CLUSTERING IN IMAGE ANALYSIS:

Another analysis and visualization problem that repeatedly arises in Biocomplexity research relates to pattern formation. We have encountered this problem as part of the organogenesis research carried out at the University of Notre Dame which is described in Section VI under the Organogenesis Project.

Both simulation and experimental data give a dynamic picture of pattern formation during organ development. Recognizing the interfaces of cells, clusters of cells, and tissues is an important data-clustering problem. We can characterize these problems by their geometric structures (e.g., distances, diameters, and centers) as well as their combinatorial properties (e.g., concentration and number of the desired clusters). In general, such data clustering problems are computationally intractable (Arya et al., 2001). We plan to tackle our data clustering problems by exploiting their specific features of the biological setting and applying the geometric and combinatorial optimization techniques for data clustering that we have developed at Notre Dame (Wu et al., 2001; Xu, Chen and Smid, 2001). These techniques include dynamic geometric nearest neighbor data structures and approximate graph partitioning schemes.

VIII.6 DEVELOPMENT OF ADVANCED MICROSCOPY FOR THE STUDY OF MEMBRANE PROTEIN ORGANIZATION IN ERYTHROCYTES UNDER PHYSIOLOGICAL CONDITIONS:

VIII.6.i Introduction:

The proteins and molecules on the surface of the cell perform a variety of functions ranging from maintaining the physical integrity of the cell interior to complex molecular recognition chemistries needed for cellular communication and organismal survival. In many instances, the arrangement of specific proteins on the cell surface is not random, but forms patterns that may also have some larger function. We can observe the existence of such patterns using transmission electron microscopy methods, but in this case we cannot probe structure and function simultaneously since the cell is no longer under physiological conditions. Advanced microscope techniques such as atomic force and near field scanning optical microscopy performed in the ‘liquid mode’ can get around this problem while still achieving angstrom level topographic information. However, we still needed new approaches to allow chemical identification of the proteins and their associations.

VIII.6.ii Project:

We are developing a strategy to use immunological labeling and the creation of ‘smart’ molecular or nanoparticle tags to target specific proteins and to report minute changes in the intracellular environment during cellular function. In this project we are applying advanced transform techniques to extract from NSOM/AFM images information about patterns of protein arrangement on the erythrocyte surface. By this mathematical approach we hope to identify spatial relationships between proteins that are functionally linked in the cell. Since chemical identification of molecules is not possible from a simple topographic map, we apply spectrographically-resolved high resolution NSOM (~50nm resolution) to survey the absorption or emission spectrum of various points on the cell membrane surface. We obtain an absorption or emission spectrum for each 50 nm pixel. We will treat this information as a three-dimensional map (two spatial (x, y) dimensions and one spectrum dimension) of the cell surface. Part of this project is to develop a method for deconvolving this complex spectral information to obtain organization information on the membrane structure. To assist in developing usable algorithms and to enhance the spectral and topographic uniqueness of various parts of the membrane we are also developing nanoparticle and molecular tags that can assist in exploring unique parts of the membrane. 
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