1
19

Project Summary

The goal of this project is to fully integrate quantitative methods into a course in vertebrate microanatomy by using digital technology. While digital imaging technology is now widely available, using it effectively in undergraduate courses is limited by a lack of readily available protocols, lab materials, and lab exercises adapted for undergraduate microscopy. In addition, software instruction to groups is usually done in computer labs distant from the biology laboratory. To address these problems, we will 1) develop a laboratory manual with special emphasis on image processing and quantitative methods for microscopy. 2) create biologically meaningful investigations that apply the protocols, and from which students will collect digital light and electron micrographs. 3) use the images students generate as well commercially available datasets to teach image processing and quantitative analysis using readily available software (Adobe Photoshop and IPTK plugins). 4) teach image processing and analysis using wireless networked iBook computers at the benches in biology laboratories. 

By the end of the course students should be able to prepare vertebrate tissues for light and electron microscopy, capture digital images, identify and describe characteristic tissue structures and make quantitative comparisons between samples. 

Project Description

Goals and Objectives

The goal of the current proposal is to teach undergraduate students how to investigate biological structures using digital imaging technology. The objectives are to 1) Develop a laboratory manual with special emphasis on image processing and quantitative methods for microscopy, and including biologically meaningful investigations that apply the protocols. 2) Create datasets of serial section slides and digital images as well use commercially available datasets that can be used to teach image processing and quantitative analysis. 3) Use readily available software (NIH Image, ImageJ, Adobe Photoshop( and IPTK plugins) to teach image processing and analysis using wireless networked iBook computers directly at the benches in biology laboratories. 4) increase the use of TEM and SEM by reducing the time required to prepare images for analysis.

Detailed Project Plan

Technology has created a renaissance in the study of biological structures. The technology extends from digital processing of bright field microscope images to laser scanning confocal and multiphoton imaging, 3 dimensional digital reconstructions of histological sections, multiple color fluorescent and low light imaging, to digital capture and processing of electron microscope images, from both TEM and SEM. Most biological research laboratories have at least one digital camera connecting a microscope to a computer, and journals now accept figures in digital format. Adobe Photoshop( is standard software in most biology labs. 

Along with the technological revolution in digital microscopy technology is a quieter revolution in quantitative imaging methods. For example, there are now powerful and relatively simple stereological methods for extracting quantitative 3 dimensional information (such as number, volume, density, distribution, and orientation of organelles) from 2 dimensional tissue slices (Howard et al., 1992; Russ and DeHoff, 2000). These tools encourage workers to build statistical thinking into what have traditionally been mostly qualitative studies. 

The revolution is extending to undergraduate laboratories. A search of NSF-funded projects that involved digital imaging in biology reveals at least 15 projects funded in recent years under the CCLI program, and many more if one includes the former ILI program (including a previous grant to the PI in 1992) and projects in chemistry and physics. For relatively modest amounts of money most undergraduate institutions can now have basic digital microscopy workstations for light microscopy available for student use. Making the equipment available is an essential first step, but is just the first part of the process. More difficult is developing protocols and materials for investigative laboratories and teaching the technology effectively. Fortunately, most of the pieces needed to create investigative laboratories are available, but they need to be assembled, adapted for and tested in a classroom setting, and distributed.

My proposal addresses three obstacles to effective instruction in quantitative digital microscopy. Briefly, the obstacles and my proposed solutions are:

1. How does one teach digital biological imaging when there are no texts or manuals suitable for undergraduate laboratories? I propose to create a laboratory manual with step-by step instructions for using easily available software (Adobe Photoshop( and Image Processing ToolKit plugins) to solve common problems in biological image processing and analysis. 

2. How does one teach quantitative methods in microscopy? I propose to have students create a standard set of serial sections tissue slices, supplemented with commercially available slides and images, and use these datasets for teaching basic stereological methods.

3. How does one teach computer and software skills in the context of a biological laboratory? I propose to equip the lab with laptop computers, small and mobile enough to be kept right at the lab bench where biology happens, but wirelessly networked for ease of communication.

The project is designed to extend and modify a successful existing course at UR called Microanatomy. To understand the context of the proposed changes it will be helpful to know how the existing course is structured.

The existing course in microanatomy

The overall goal of the course is to provide students both with basic knowledge of tissue structure and with the skills to pursue their own investigations. The objectives are that by the end of the semester a student will be able to take an unknown tissue sample, prepare it for light and electron microscopy, generate images of the tissue, identify and describe the characteristic cells and structures of the tissue, and explain how the structures support its function. The course meets for 2 hours, three times per week and meets in a teaching laboratory. Class times are a mix of presentations on vertebrate histology (some by the instructor and some by students) and demonstrations of lab techniques. Lecture topics include microscope optics (light and electron), histology of basic tissue types, and histology in depth on a few selected organ systems. Students pursue semester-long projects of comparative histology, using the same tissue from a mouse and a frog. They make all their own preparations, doing most of their project lab work outside of class time. Students are evaluated on their observation and identification skills by weekly quizzes for the first 8 weeks. Two essay exams test their ability to interpret structure in terms of function (and vice versa). Their projects are evaluated by assessing their lab notebooks, their slides and other lab specimens, an oral presentation, and a paper that includes labeled micrographs. 

Course materials currently include a boxed set of 90 commercially prepared histology slides for each student and Kodachrome transparencies of these slides used for lectures. The class textbook is Wheater’s Functional Histology (2000), which includes an atlas of color micrographs of specimens similar to those of the slide sets. Lab protocols are distributed as handouts for standard procedures such as fixation and staining. Lab exercises are provided as a series of weekly tasks to be completed, such as producing a set of slides stained by different methods, identifying a certain cell type in their preparations, or learning how to capture an image and label it with a scale bar. These weekly exercises introduce the skills students need to complete their lab projects.

Proposed improvements to the existing course

Although I believe the course meets its basic goal it can be improved in several areas. First, as a lab-intensive course there is necessarily a large number of procedures the students need to learn in a short amount of time, but there is no readily available lab manual that covers histology, microscopy, and digital image analysis. We make do with handouts adapted from diverse histology manuals, optics books, software manuals, web sites, and on-line newsgroups. Protocols for histology are well tested and quite good, but those for image analysis are too general to be useful for student’s specific needs. A lab manual with step-by-step protocols for processing and analysis of biological images using commonly available software will be very helpful in this course and in similar courses nationally. Second, it is extremely difficult to teach students how to use image analysis software because of the logistics of having an entire class working on computers simultaneously. The teaching lab has three workstations for working on projects but these are inadequate for teaching an entire class. We have tried moving the class to a computer lab for software instruction but that creates scheduling problems. The computer lab is rarely available during normal class time and in any case is remote from the imaging equipment. The goal is to move seamlessly between microscopes and computers in a class of 16 to 24. Desktop CPUs, monitors, and cables occupy too much bench space to have them at every microscope. Notebook computers are small, can be networked wirelessly, and slid into a drawer when not in use. Third, there is no quantitative component to the course. Students learn to identify structure and relate structure to function but they miss an important analytical question about how their sampling methods might influence their results: How do you know that this section or this image represents the tissue in general? While there is a solid literature on sampling methods in histology it is never included in standard histology textbooks or lab manuals and to my knowledge no one has adapted these methods for undergraduate instruction in histology. In addition, quantitative stereological methods generally require careful serial sectioning. After several years experience with undergraduates I have found that not all students are capable of producing serial sections of quality sufficient for a valid analysis. Fourth, specimen preparation for transmission electron microscopy has become a bottleneck. The time students spend trying to get suitable thin sections and printing pictures in the darkroom is out of proportion to the education benefit. While I intend to keep TEM as part of the course I would prefer students spend more time analyzing their results and less time fruitlessly in front of the microtome.

Work plan

To address these deficiencies I plan to 1) create a lab manual for the course that includes protocols and investigations for digital image analysis and stereology, 2) create serial section sets and corresponding digital image datasets for several common vertebrate tissues, to be used for stereological analysis and 3D reconstruction. 3) bring computer technology to the teaching lab bench by supplying the lab with wireless networked notebook computers, and 4) decrease the time spent on TEM and SEM imaging by purchasing a negative film scanner to eliminate the time students spend printing photographs in the darkroom. 

1. The Lab Manual

The lab manual will build on the set of handouts currently in use in the course but will be expanded and reformatted to make it useable at other institutions. Each chapter will include a brief theoretical background for the protocols with citations of more detailed sources. Then there will be step-by step protocols adapted for an undergraduate laboratory of 16-24 students, including materials lists and suppliers. To be useful in an undergraduate setting, the protocols will strive to be low cost (in equipment and consumables) and require minimal preparation time. Software protocols will all use widely available Adobe Photoshop software or ImageJ public domain software. Along with the protocols will be suggestions for practical, focused exercises and more open-ended investigations. By exercises I mean practical tasks that apply the protocols in ways that engage the students, such as estimating the volume of a brain from MRI images, require “time on task” as participants rather than observers, and are biologically significant, not just busy work. 

Proposed Table of Contents for the Lab Manual (Annotated)

Chapter 1. Basic Lab Practices

Safety, ergonomics, keeping a notebook, working in groups, preparing molar solutions 

Chapter 2. Experimental Design

This chapter will begin with a discussion of the types of questions that can be answered by histology and the experimental methods that are appropriate to study these questions. Then it will include a discussion of sampling methods appropriate to the question being asked (how to determine how many animals, how many tissue fragments of what size, how will they be oriented for sectioning, how many sections and how will they be distributed in the tissue).

Chapter 3. Ethically responsible euthanasia and dissection 

Chapter 4. Tissue preparation for light microscopy

Fixation, embedding in wax and methacrylate, sectioning with steel and glass knives, staining with dyes and immunocytological reagents. Includes protocols for plant and animal tissues.

Chapter 5. Digital image capture, storage and display

Digital vs. analog images, resolution and image size, capture devices (cameras and scanners), storage devices, monitors, projectors, and printers.

Chapter 6. Digital image processing

Using NIH Image, ImageJ, and Adobe Photoshop(, and image processing plugins of the Image Processing Toolkit. Adjusting brightness and contrast, reducing noise, sharpening, adjusting color balance, using FFT’s to analyze frequency information.

Chapter 7. Preparing figures for publication

How to tell a story with pictures, creating multiple panel figures using layers in Adobe Photoshop(, cropping, determining magnification and adding scale bars, adding labels and arrows, preparing projected versus printed images.

Chapter 7. Quantitative Microscopy

Counting versus measuring, 2 dimensional measurements (length, area, perimeter), stereological measurements (calculating volumes from 2D slices, counting number of particles per unit volume, measuring volume fraction, surface areas)

Chapter 8. Specimen Preparation for SEM, operation of TEM and SEM

Protocols for glutaraldehyde fixation, osmium post-fixation, critical point drying, sputter coating. Machine-specific protocols for operating a JEOL 1010 TEM and Hitachi 2300 SEM.

Chapter 9. Investigations in biological structure

In this chapter I will include descriptions of 15 to 20 “real world” investigations that can be accomplished by individuals or teams of students in one semester using the protocols described in earlier chapters. Investigations differ from exercises in that they are more complex, require multiple techniques, and are open-ended. All can be done with the protocols described in the manual. Here I include five examples to show the scope of investigations that will be possible. 

· Comparison of mouse and frog kidney. Frog kidneys typically excrete large volumes of dilute urine, whereas mouse kidney generally excretes low volumes of concentrated urine. What structural features support these different functions? Students will prepare sections (or obtain images of commercially sectioned tissue) and describe the number, size, and distribution of glomeruli (a good stereological project), identify nephron structure (a 3D reconstruction project). 

· Comparison of mouse and frog lung. Frogs respire using positive pressure by forcing air into the lungs, mice use negative pressure by expanding the rib cage and dropping the diaphragm. Frogs have slow metabolism and supplement gas exchange by diffusion into capillaries in the skin. We might expect structural differences to reflect these functional differences. Are there different cell types in the two species? What is the total surface area available for gas exchange in the two species, compared to body mass? 

·  Xenopus laevis tadpoles are herbivorous before metamorphosis and carnivorous after metamorphosis. Animal foods generally provide more concentrated nutrients than plant foods and so one might expect postmetamorphic Xenopus to require less intestinal surface area than a premetamorphic tadpole. Determine the total absorptive area (don’t forget microvilli!) of the intestines at the two stages of development.

· Comparative myology. Fast twitch and slow twitch skeletal muscle fibers differ in a number of ways (rate of contraction, number of mitochondria, presence of myoglobin) but does the basic unit of contraction, the sarcomere, differ structurally? In tadpoles (and many fish) the fast and slow fibers are not mixed together but lie in adjacent muscle groups so they are easy to distinguish in oriented light microscope or TEM sections. The sarcomeric banding pattern is easy to discern and easy to measure directly from micrographs, but the sampling procedure must be carefully done. One can also compare cardiac and skeletal fibers. A more elegant and simple method to measure sarcomere length is to use measure the pattern of spots in the FFT power spectra (Russ, 1999). 

· Nucleocytoplasmic ratio and the midblastula transition. The first 12 cleavage divisions are synchronous in Xenopus, and then they become asynchronous first in the smaller animal hemisphere cells, then in the larger vegetal hemisphere cells. The switch is accompanied by the first zygotic gene expression and beginning of cell motility and is called the mid-blastula transition (MBT). The switch is thought be due to an increased nucleus to cytoplasmic volume ratio since there is supposedly little or no cell growth during cleavage. Is this true? Does the total cytoplasmic volume remain constant during cleavage? If so, what is the nucleus to cytoplasm volume ratio in cells that enter the MBT? Cleavage stage embryos are easy to obtain and section, and the stereological analysis is straightforward. 

2. Preparing datasets

A key feature of the proposal is to prepare a set of standardized serial section datasets for stereological measurements and 3D reconstructions. We have experience with these protocols (Radice et al., 1999; Radice, 1996) and intend to have students prepare the datasets as part of their lab projects. For some projects students will prepare their own serial paraffin sections, for others they may use commercially prepared serial sections of chicken or frog embryos. Section images will be captured using a high resolution RGB video camera. The image datasets will then be made available on CD-ROM for future students and users at other institutions who may not have the facilities (or inclination) to prepare their own. 

3. Wireless networking with notebook computers to teach image processing

We will purchase 24 Apple iBook notebook computers, equipped with image processing software and networked wirelessly by way of base stations to the instructor’s G4 PowerMac. A digital projector will be used to demonstrate software tools that students can emulate at their bench on their individual iBook. The notebook computers will be stored on a mobile cart so they can be easily moved to other labs for instruction in other courses, or stored for security. The iBooks will be configured with the public domain software NIH Image, and ImageJ, as well as Adobe Photoshop(, and Image Processing ToolKit plugins in addition to Microsoft Office word processing and spreadsheet software. All of this software is widely available at relatively low cost, an important consideration for undergraduate laboratories.
4. Film Scanner for image processing of TEM and SEM micrographs. 

To incorporate lessons in quantitative image analysis into an already full syllabus, something in the current course has to go. TEM preparation is extraordinarily time consuming, with two severe bottlenecks: cutting thin sections, and developing prints from negatives. To remove the first bottleneck, I intend to prepare a set of re-usable demonstration grids with sections from the tissues that students are studying. Students will still learn to use the TEM and take their own photographic negatives, which we can develop in a batch. To eliminate the second bottleneck, printing black and white pictures from negatives, we will purchase a professional-quality film scanner to scan the negatives directly into Adobe Photoshop(, where the grayscale images can be inverted to form positive images than can then be manipulated and printed without going into a darkroom. These changes will allow students to take their own TEM micrographs, but reduce the lab time required to obtain them. The three to four weeks of lab time previously devoted to preparing TEM images will be reduced to one week and the extra time will be available for instruction in stereological methods. Similarly, students will be able to scan pictures from the SEM into the computer and eliminate the need for printing enlargements in the darkroom.

Experience and Capability of the Principal Investigator

I have 25 years experience in light and electron microscopy of vertebrate tissues, including basic histology, microscopy of living cells, immunofluorescence and immunochemistry, 3D reconstruction, TEM and SEM. I also have 11 years experience teaching Microanatomy lecture and laboratory to undergraduates. I have previously received NSF-ILI support for microanatomy instruction and published a description of my pedagogical approaches (Radice, 1996).

Evaluation Plan

The quality of the project will be evaluated in several ways, according to the intended goals and objectives.

1. Goal: to have students able, by the end of the semester, to design and carry out a quantitative microscopy project independently. Currently they are unable to do so. The plan to test this ability includes:

· Direct assessment within the course through quizzes and exams on specific quantitative techniques, and their use of quantitative techniques in lab projects. Questions and student achievement scores on these questions will be tabulated during the two years of the project.

· Survey questions about what skills they believe they learned during their college career, administered to all graduating senior biology majors as part of departmental assessment.

· Assess the number of students who apply skills they learned withiin the course in their independent research projects outside of the course. Nearly all students doing independent research in biology present their work at an annual campus-wide undergraduate research symposium. It will be easy to survey the projects to learn whether students who have taken the course present results using skills learned in the course.

2. Objective: Create a lab manual of protocols, exercises, and investigations. 

I will be interested in the comments of two populations: students in the course, whom I will survey as part of the course evaluation, and instructors at other institutions. It is likely to be of interest to instructors of microscopy, cell biology, anatomy, and developmental biology. A working version will be converted to PDF format and made available after the fall semester (2002) at the PI’s web site www.richmond.edu/~gradice, and updated after the second year. I will solicit comments from interested instructors by way of professional societies and on-line newsgroups. From the web site I will keep a log of the number of downloads, which will be an approximate measure of instructor interest, and also solicit feedback by requesting e-mail addresses from those who want to download a copy. This feedback will be important both for progress evaluation and summary evaluation.

3. Objective: Creation of 3D data sets from serial sections

We will create image stacks of serial 2D sections from at least two comparable tissues from mouse and frog (kidney and lung) and small intestine from pre-and post-metamorphic frogs. Each stack will consist of color TIFF images of 10 µm sections, known distances apart, and in known orientations. The images will be catalogued and stored on CD-ROM for distribution. Their quality will be assessed by using them for digital 3D reconstruction and assessing concordance with the shape of organs before sectioning. 

4. Objective: Instruction in image processing using notebook computers

The effectiveness of using notebook computers in the lab will be assessed by several measures. First, we will measure how much class time is spent using the laptops by keeping a weekly log of computer activity automatically via Apple’s Network Assistant Software. Our university also subscribes to the Flashlight network <http://www.tltgroup.org/programs/flashlight.html> through which it has access to standardized survey questions about assessing educational technology. These questions will be assessed by survey questions on the course evaluation. Was the wireless connection stable enough to be reliable? Was the connection fast enough for classroom needs? Do other professors ask to use the laptops for other classes, and if so how are they used? These questions will be assessed in progress evaluations at the end of each semester.

5. Objective: Using a film scanner to digitize electron micrographs

If this approach is successful we should see more students taking more TEM and SEM photographs for their projects than they have in the past. Since we keep user logs for our SEM and TEM we can compare the numbers of users and photographs with those of previous years. 

6. Timetable (assuming first implementation of the course during fall semester 2002). Progress evaluations consisting of student evaluations and PI observations will take place at the end of the fall semester 2002 and fall semester 2003. Assessments of student presentations and surveys of graduating senior biology majors will occur at the end of the spring semester 2003 and 2004. Summary assessment will occur at the end of the project in 2004.

Dissemination of Results

The main results to be disseminated are the lab manual and the image datasets for 3D reconstruction and stereological analysis. The lab manual will be available initially in PDF format from the PI’s web site. Image data sets will be made available on CD-ROM or DVD by request. Availability of the manual and datasets will be publicized through the education committees and newsgroups of the American Society for Developmental Biology, Society for Cell Biology, American Society for Microbiology, Microscopy Society of America, and Council of Undergraduate Research. If there is sufficient interest I will pursue a contract with commercial publisher to produce and disseminate the lab manual and CD-ROM.

Budget Justification

1. 24 Apple Computer iBook notebook computers, Apple Mobile Laboratory cart, and wireless networking equipment. List price: $50,152, with educational discount, $45,832. 

iBooks were chosen primarily because the other computers in the lab are all Macintosh platforms using the Mac OS, there is excellent public domain imaging software available (NIH Image and ImageJ) and the computers themselves are easily networked, powerful, small, lightweight, and have excellent viewing screens. This number of computers will accommodate the largest lab sections at UR. They are configured to have extra memory since image processing is memory intensive. The computers will be networked wirelessly using IEEE 802.11b, or 802.11a standards-based equipment if available at the time of installation, to be chosen when the university decides on a campus-wide standard. The current cost of two base stations (802.11b) is approximately $700 to $900 each and it costs approximately $200 each for the PCMCIA cards with 128 bit encryption. The price also includes a three-year extended care warranty, which we justify based on the expense of repairing notebook computers. 

2. G4 PowerMac with 22 inch flat panel monitor. List price $7,117, educational price $6664. This will be the PI’s main computer for developing lab exercises. It is configured to be a high-end machine for because image processing routines require a lot of computing power. The many iterations that will be required to test and refine routines for class use will be much quicker with a faster machine and easier with a large display. Dual 60 GB hard drives will also be needed since this machine will double as a server and base station for the notebook machines. It includes a DVD writer to create disks for distribution. Cost includes three year maintenance plan.

3. Sony DKC-ST5 RGB video camera. $16,995. This fast yet high-resolution triple-chip camera is an upgrade to the current single chip, low-resolution color cameras currently in the microanatomy lab. We will be collecting many more images as we create our serial section data sets and since these will ultimately be for distribution as well as in-house use, they need to be publication-quality.

4. Digital Projector, $4,000. Used to project an image of the instructor’s monitor while teaching image processing routines to students using their notebook computers, and also to be used for student presentations of their semester projects. The biology department currently has only one digital projector, which is heavily used in other classes and not always available for Microanatomy. Cost is estimated for a mid-level, high-resolution projector.

5. Imacon Flextite Precision II Film Scanner, $14,599. This is an expensive scanner, but justified by features that make it particularly suited for electron microscopy negatives. In addition to high optical resolution 5760 dpi it has an extended dynamic range of 4.1, which means that it is able to capture detail in both shadowed and bright areas of photographic negatives. Consumer market scanners have dynamic ranges of around 2.5 to 3, which are not suitable for professional quality scanning. In addition, it is built specifically to accommodate the large format of TEM and SEM sized negatives. It offers true photographic quality and is was highly recommended by several electron microscopists in a recent microscopy newsgroup thread as the best scanner for those laboratories wishing to move away from wet darkrooms and toward digital photography.

6. Image Processing Toolkit Plugins, v 4.0 (Reindeer Games Software). 25 copies @ $125 each, $3125 total. These plugin additions work with both Adobe PhotoShop and NIH Image as well as many high-end imaging programs, and are specifically designed for scientific image processing. They include a set of stereology routines for automating counting procedures, and FFT routines for analyzing images in frequency space. A tutorial for their use is included. They are written by Chris and John Russ, widely known and respected leaders in research and teaching about image processing. The cost is a quantity discount from the single copy price of $295. Current version is 3.5 but it will be at 4.0 by spring of 2002.

Table 1. Proposed cost sharing for equipment items, in dollars.

	Item
	NSF contribution
	Non-Federal Match
	Total

	1. iBook computers
	22,916
	22,916
	45,832

	2. G4 PowerMac
	3,332
	3,332
	6,664

	3. Digital Camera
	8498
	8498
	16,995

	4. Projector
	2,000
	2,000
	4,000

	5 Imacon Scanner
	7,300
	7,300
	14,599

	6. IPTK Software
	1,563
	1,563
	3,125

	Total
	45,607
	45,607
	91,215


