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Abstract Glomerular capillary loops are complex vascular filters composed of interdigitating podocytes and fenestrated endothelial cells with an intervening proteoglycan-rich extracellular matrix. This arrangement is crucial to maintaining the filtration barrier but renders the glomerulus difficult to analyze by conventional two-dimensional histochemical techniques. When pathologic lesions distort glomerular architecture, its complex morphology is even more challenging to interpret. Fortunately, recent advances in microscopes and computer software now enable glomerular enthusiasts to dissect this complex structure with finer detail. In this review we explore the application of new methodologies such as two-photon microscopy that optimize three-dimensional, multicolor imaging and single-cell segmentation of glomerular components. Copyright © 2006 S. Karger AG, Basel



Introduction



The unique and complex structure of the nephron and its associated glomerular ﬁltration were initially demonstrated by Bowman in 1842. A century ago, Huber [1905]
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was able to elucidate glomerular morphology by serial reconstruction of the intricate glomerular architecture and its complex development from a hollow vesicle to structurally and functionally segmented mature nephrons. Through the efforts of these pioneers and other morphologists, we recognize that glomerular tufts are threedimensional (3-D) vascular ﬁlters composed of a complex network of anastomosing capillary loops. The success of each sieve is dependent upon an intricate scaffolding of extracellular matrix (ECM) that supports specialized cells. Podocytes, or visceral epithelial cells, extend foot processes over the urinary aspect of glomerular basement membranes (GBM) while fenestrated endothelial cells carpet the vascular surface [Pavenstadt et al., 2003]. Mesangial cells and their supporting matrices serve to anchor the capillary tufts while providing contractile properties that regulate capillary blood ﬂow and secretory properties that mediate inﬂammation and immunity [Stockand and Sansom, 1998]. The architectural complexity of glomeruli is difﬁcult to appreciate by traditional two-dimensional (2-D) histologic techniques and can be daunting if pathologic lesions are present. Here we review 2-D and 3-D imaging techniques that facilitate exploration of glomeruli using microscopes that appeal to both the basic science researcher as well as hospital-based renal pathologists. Emphasis will be placed on two-photon ﬂuorescence microscopes, relatively new instruments that permit deep optical imaging of thick biological samples labeled with ﬂuorescently tagged markers (ﬁg. 1, 2).
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Brightfield Microscopy



Brightﬁeld microscopy of glass-mounted tissue sections has been the mainstay of morphologists for centuries [Bellis, 2005]. Preparation of tissue sections from formalin-ﬁxed, parafﬁn-embedded specimens is relatively inexpensive, the glass slides can be stored for decades at room temperature and hundreds of histological and immunohistochemical stains can be routinely applied with consistent results. Unfortunately brightﬁeld microscopy, a type of light microscopy, offers less contrast and resolution in comparison to confocal or two-photon ﬂuorescence microscopy. For brightﬁeld microscopy, contrast is provided by staining dehydrated 2- to 5-m-thick tissue sections with dyes (e.g., hematoxylin and eosin to distinguish nuclei from cell cytoplasm) or chromogens (e.g., diaminobenzidine that provides the brown stain for immunoperoxidase reactions). The observer sees contrast when visible light, usually originating from a halogen bulb, passes through the stained tissue and on through a series of magnifying lenses that focus a 2-D image on the retina. For renal pathologists, brightﬁeld micros-



Fig. 1. The glomerulus and its cellular components are virtually dissected in 3-D. A and E are SEM photomicrographs of immersion-ﬁxed glomeruli and B–D, F–L are volumes from perfusionﬁxed rat kidneys collected by two-photon microscopy. A Acellular capillary loops from a human kidney biopsy specimen after extraction of cells reveals the smooth outer surface of normal GBM. B Two-photon microscopy permits exploration of the interior of a glomerulus, as shown in a single 0.4-m optical slice through GBM labeled with Lens culinaris-rhodamine that was one in a series of focal planes used to build the 3-D volume shown in C (110.5 m (x-axis) ! 110.5 m (y-axis) ! 38.4 m (z-axis)). D Luminal space (red) within these anastomosing capillary loops was virtually selected or ‘segmented’ with computer software that permits free rotation and quantiﬁcation, unlike the static loops imaged by SEM in A. E SEM provides remarkable surface resolution of podocytes including the tight arrangement of their foot processes. When these epithelial cells are labeled in situ with anti-vimentin antibody and imaged by two-photon microscopy, their cell bodies and major processes can be explored in 3-D (F) because their foot processes which lack vimentin are no longer visualized. Podocytes were segmented with computer software (G) for individualized study (H). Glomerular components can be further dissected with anti-WT for podocyte nuclei (green, I), anti-podocalyxin or GLEPP1 for podocyte foot processes (green in J and K, respectively) or anti-factor VIII for endothelial cells (green, L). GBM is labeled with L. culinaris-rhodamine (tan, I–K) and podocytes are labeled with anti-vimentin (tan, L). B, C, F and I–L were rendered with Voxx software and D, G and H were segmented with Amira software.
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copy with histological stains allows relatively rapid identiﬁcation of tissue perturbations due to cell proliferation or matrix alterations resulting from immune complex deposition (ﬁg. 2A). However, when analyzing typical immunoperoxidase reactions, discrimination is often limited to determining whether a cell shows ‘positive’ or ‘negative’ antibody labeling without much intracellular detail. Another disadvantage of brightﬁeld microscopy is that 3-D data cannot be easily obtained from 2-D images. Generating 3-D data from glass-mounted tissues requires laborious examination of serial sections, assembled by an artist’s rendering or sequential scanning and digital alignment with computer software. Justiﬁcation for 3-D analysis of glomerular pathology in human disease has been provided by the brightﬁeld microscopy studies of Fogo et al. [1995], who elegantly demonstrated by serial histologic sectioning a twofold increase in the detection of segmental glomerular scars, as compared to single 2-D sections, in renal biopsies of children with nephrotic syndrome and focal segmental glomerulosclerosis. In a subsequent study by Fuiano et al. [1996], serial



Fig. 2. Pathologic diagnosis of human biopsy specimens. A–C are taken from patients with membranous glomerulopathy and D–F are



from a single patient with lupus nephritis showing both proliferative and membranous lesions. A Jones’ silver stain outlines in black the GBM alterations of membranous glomerulopathy, i.e., vacuoles (arrow) and spikes resulting from unseen deposits of IgG and complement C3. B 3-D craters along the urinary aspect of the GBM are revealed by SEM after podocytes and a subepithelial blanket of immune deposits are chemically removed. C SEM of lupus membranous glomerulopathy following selective removal of podocytes reveals actual subepithelial immune deposits on the outer aspect of the GBM. D When visualized with 2-D wideﬁeld epiﬂuorescence, the subepithelial granular immune deposits of membranous glomerulopathy can be seen along peripheral capillary loops (arrowhead) but are nearly impossible to resolve from subendothelial and mesangial deposits in this biopsy from a patient with lupus nephritis. E The corresponding frozen tissue remaining after cryosectioning, archived at –80 ° C since 1998, was thawed and labeled with anti-IgG (green) and Lens culinaris lectin (GBM, brown). When imaged in situ with two-photon microscopy and rendered in 3-D with Voxx software, deposits of IgG can be seen blanketing the entire subepithelial surface of the GBM (arrowheads, comparable to image C) but also discerned are small patches of subendothelial immunoglobulin (straight arrows) that appear as green islands ﬂoating on a brown sea of matrix (capillary loop tunnels receding into the volume are indicated with curved arrows). These focal patches of subendothelial deposits can be easily missed in 70-nm ultrasections examined in 2-D with TEM (F, podo = podocyte, en = endothelial cell, subepithelial deposits indicated with arrowheads, mesangial deposits marked with an asterisk).
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morphometric analysis of renal biopsy specimens revealed that sclerotic lesions could be missed in single sections because segmental scars averaged less than 15% of the total glomerular volume. In another serial section study of focal segmental glomerulosclerosis, Bonsib [1999] demonstrated that tubular and glomerular injury develop in parallel, since atrophic tubules are derived from glomeruli only partially affected by sclerosis. These manual brightﬁeld analyses of serial histologic sections require extensive time and effort. While scanning electron microscopy (SEM) offers a 3-D perspective, the volumes are opaque and the interior of the tissue cannot be easily explored. Therefore, intraglomerular pathology, like glomerulosclerotic lesions, would be missed.



When combined with cell digestion techniques [Bonsib, 1985], SEM offered the earliest 3-D images of granular immune complexes and dramatic GBM damage in renal biopsies of patients with membranous glomerulopathy (ﬁg. 2B, C). While the subepithelial localization of these membranous deposits may be discerned at high resolution with TEM (ﬁg. 2F), a necessary tool of renal pathologists, this 2-D technique fails to capture the full distribution and character of immunoglobulin and complement deposition. Comparable analysis could be accomplished more easily and quickly by optical sectioning with other types of light microscopy, i.e. confocal laser scanning or two-photon ﬂuorescence microscopy, with the added advantage that critical proteins and other molecules can be identiﬁed with ﬂuorescent markers.



Electron Microscopy Widefield Epifluorescence Microscopy



Ultrastructural examination of biological structures began in the 1930s when Max Knott and Ernst Ruska invented the electron microscope and Albert Claude focused this technology on mitochondria in the 1940s [Palade, 1971]. Compared to brightﬁeld microscopes, electron microscopes offered greater resolving power to early biologists seeking a closer look inside cells. Instead of photons of light, the electron microscope utilizes the shorter wavelength of electrons and electromagnetic lenses to provide nanometer resolution to evaluate subcellular and molecular structure. For SEM, an electron beam stimulates the generation of secondary electrons that are ejected from the sample, collected by a detector and converted into a signal that conveys 3-D information to a 2-D viewing screen. Limited aspects of glomerular 3-D structure have been revealed by SEM of kidneys from animal models and human biopsy specimens. For example, SEM has provided insight into the complexity of anastomosing capillary loops (ﬁg. 1A) and podocyte architecture (ﬁg. 1E). Podocytes are remarkably intricate cells with elaborate branching processes that end as interdigitating foot processes or pedicles [Pavenstadt et al., 2003]. Transmission electron microscopy (TEM) and SEM have unraveled the sequential morphologic alterations that develop in proteinuric states where podocyte process simpliﬁcation occurs with disappearance of their cell pedicles [Arakawa and Tokunaga, 1972; Farquhar et al., 1957] or complete podocyte loss resulting in adherence of naked GBM to Bowman’s capsule [Kriz and Lemley, 1999].



p78



Nephron Physiol 2006;103:p75–p81



Advances in ﬂuorescence microscopy address many of the limitations of brightﬁeld and electron microscopy. Like brightﬁeld microscopy, ﬂuorescence microscopy relies on photons of light to visualize cells or tissue samples. However, ﬂuorescence microscopes do not require conventional histologic stains to impart contrast in samples but instead have the capacity to excite (excitation wavelength) and capture light emitting from (emission wavelength) ﬂuorochromes that decorate cells and tissues [Herman et al., 2000–2005]. By the 1970s, wideﬁeld epiﬂuorescence microscopes focused light from mercury bulbs onto immunolabeled renal biopsy specimens and were crucial in differentiating among various glomerulonephritides such as IgA nephropathy [Berger, 1969]. The instruments are relatively inexpensive in comparison to laser scanning confocal microscopes (at least a tenfold difference in price for basic systems) and can be readily outﬁtted with ﬁlters that discriminate among commonly employed ﬂuorochromes (e.g., ﬂuorescein or rhodamine) or equipped with cameras for the collection of video, digital or ﬁlm-based 2-D images. The major disadvantage of wideﬁeld epiﬂuorescence is an inability to exclude out-offocus light which requires the user to manually focus up and down through various focal planes (z-axis) to distinguish morphologic features such as granular deposits of IgG in a biopsy specimen from a patient with lupus nephritis (ﬁg 2D). While 5-m-thick cryosections can be rapidly screened in this manner, the observer is compromised in his or her ability to ﬁnely discriminate labeled structures within individual focal planes and lacks the
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capacity to assemble individual focal planes into discernible 3-D compositions. These limitations can be answered by optical sectioning a series of focal planes (Z-stack or Z-series) with laser scanning confocal or two-photon ﬂuorescence microscopy.



Confocal and Two-Photon Fluorescence Microscopy



Table 1. Advantages and disadvantages of two-photon ﬂuorescence



microscopy Resolution less than SEM and TEM but comparable to other forms of light microscopy Multiple antibodies can be employed (also available with WEM and CLSM, but challenging with BFM, TEM and SEM) Tissue can be optically sectioned along z-axis and resultant volumes can be explored in 3-D (available with CLSM but not with BFM, WEM, TEM and SEM) 3-D images superior to CLSM due to better depth of imaging and less photobleaching



The ﬁrst commercial confocal laser scanning ﬂuorescent microscopes were introduced in the 1980s following the essential contributions of scientists such as Ernst Abbe who laid down the principles of optical microscopy in the later part of the 19th century, his young contemporary Paul Nipkow who ﬁrst converted 2-D optical images into electrical signals and Marvin Minsky who patented the ﬁrst confocal microscope in 1957 [Inoue, 1995]. Depending on the required excitation wavelength, these instruments rely on a variety of lasers providing visible light (e.g., argon-ion, krypton-ion, mixture of krypton and argon, helium-neon and helium-cadmium) and/or ultraviolet light [Gratton and vandeVen, 1995]. Each system employs a confocal pinhole that rejects out-of-focus light thereby solving the major limitation encountered with wideﬁeld epiﬂuorescence. These features, combined with high-quality objectives, motorized stages and computerized raster scanning of individual focal planes, provided an extremely powerful tool to cell biologists who could now collect thin optical slices of ﬂuorescently labeled specimens. Around 15 years ago, another form of ﬂuorescence microscopy that optically sections tissue was launched [Denk et al., 1990]. Because of its ability to image hundreds of micrometers into tissues, the two-photon ﬂuorescence microscope is a morphologic imaging tool that can help us examine glomeruli in ways never before imaged (see table 1, Denk et al. [1995], and the review by K.W. Dunn, this issue). Using excitation wavelengths nearly twice as long as confocal systems (e.g., 800 nm), two-photon microscopes detect a variety of ﬂuorescently labeled probes to delineate the distribution and special relationships of matrix, nuclear and cytoplasmic components within biological samples. With titaniumsapphire lasers, this technology affords deep optical imaging from thick tissues, such as 1-mm diameter needle cores from renal biopsies (ﬁg. 2E) that have been labeled with ﬂuorescent markers. Volume rendering software [Clendenon et al., 2002, and see review by J. Clendenon et al., this issue] enables two-photon microscopy to re-



veal in situ and 3-D relationships between and within cells and associated ECM plus they permit 3-D microscopy volumes to be rotated in near real-time around any axis and viewed from any direction. In ﬁgure 1B–L, we have applied this imaging technique to the investigation of rat glomeruli permitting selective exposure of podocyte nuclei, cell body and primary processes, or tertiary processes, and deﬁning their 3-D relationship to capillary loop basement membranes or endothelial cells. For example, podocalyxin (ﬁg. 1J), a sialomucin on the urinary surface of podocytes, links to the actin cytoskeleton via ezrin and maintains the intercellular spaces between the foot processes [Kerjaschki et al., 1984; Orlando et al., 2001; Sawada et al., 1986]. Wilms’ tumor suppressor gene 1 (ﬁg. 1I) regulates expression of podocalyxin [Palmer et al., 2001], inﬂuences glomerular capillary loop diameter [Natoli et al., 2002] and has been linked to Deny-Drash syndrome [Pelletier et al., 1991] and formation of glomerular crescents [Guo et al., 2002]. Mice deﬁcient in glomerular epithelial protein-1 (GLEPP1, ﬁg. 1K), a receptor tyrosine phosphatase required for podocyte development [Wang et al., 2000], have altered distribution of the intermediate cytoskeletal protein vimentin and exhibit blunting and widening of podocyte foot processes [Wharram et al., 2000]. Many of these molecules are affected by, or may be responsible for glomerular dysfunction in proteinuric disorders [Barisoni and Kopp, 2002]. On the luminal side
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More expensive than BFM and WEM but comparable to CLSM, TEM and SEM systems BFM = Brightﬁeld microscopy; CLSM = confocal laser scanning microscopy; SEM = scanning electron microscopy; TEM = transmission electron microscopy; WEM = wideﬁeld epiﬂuorescence microscopy.
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of the GBM are endothelial cells that may be altered in nephrosis [Futrakul et al., 2003] but could be easily analyzed in 3-D with antibodies such as anti-factor VIII (ﬁg. 1L).



Conclusion



The glomerulus is a target for many renal diseases. The application of 2-D antibody techniques to human renal biopsies has enabled investigators to detect aberrations in many glomerulopathies. Immunohistochemical identiﬁcation of speciﬁc proteins has been a useful tool to examine cellular dysfunction and matrix alterations in disease, while electron microscopy demonstrated the higher order structural – functional relationships of the podocyte, basement membrane and mesangium. Coupling these techniques has provided valuable insight into the unique cellular and molecular biology of the glomerulus, and their deviations associated with the diseased state. Most glomerular pathophysiologic studies employ methodologies that provide morphologic and/or molecular information but lack a 3-D perspective. Such information may be crucial in an organ where structural relationships and function are highly integrated. Advanced microscopy



techniques, especially those employing molecular recognition, are necessary for 3-D characterization of structural and functional alterations of the diseased glomerulus. The power of two-photon microscopy in optically dissecting a complex structure like the glomerulus is that the 3-D perspective will provide a new and better appreciation of changes associated with glomerulopathies.
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