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Short Abstract:   Multiphoton excitation enables optical sectioning hundreds of microns deep into tissue and allows prolonged imaging with reduced photodamage in live tissue. Optimizing optical and electronics components in the multiphoton microscope can significantly enhance image quality and ease of use. 

Long Abstract: Multiphoton excitation enables optical sectioning hundreds of microns deep into tissue and allows prolonged imaging with reduced photodamage in live tissue. This video describes the process of imaging using multiphoton excitation and considerations for optimizing the optical components exemplified in the Olympus FV1000MPE family of microscopes. Viewers will learn about the FV1000MPE’s near infra-red transmission characteristics, its automated beam expander, dispersion compensation, acousto-optical modulation, non-descanned detectors, and specialized objective lens that combine to form images of maximum resolution and brightness.

Text: 

Overview

Multiphoton microscopy has emerged from the biophysics laboratory to become a compelling imaging modality that provides biologists with information about cellular processes in live cells, thick tissue and even live organisms. Instrumentation has evolved from home-made assemblies of disparate components to easy to use commercially available systems.  

Applications:  imaging in vivo, brain imaging, live cell imaging, intravital imaging, CARS, SHG, deep tissue imaging, developmental biology, 

How it works

The principle of two photon excitation is that two long wavelength photons arriving at the same point in time and space combine their energies to excite a fluorophore.  When the combined energies of these two photons correspond to a wavelength in the fluorophore’s standard excitation spectrum, fluorophore then emits fluorescence according to its standard emission spectrum. Multiphoton excitation uses an intense flux of laser light in the micrometer range of wavelengths.  In order to prevent heating of the sample, the flux is delivered in short femtosecond pulses. 

 The only place where the photon flux is sufficient for this coincidence is the focal point produced by the optics of the microscope.  Thus, only molecules in the exact focal plane are excited and as the laser rasters across the field of view, an optical section is imaged. 

With conventional excitation, whether it comes from a laser, an arc lamp or an LED, the excitation beam illuminates a path through the tissue that is shaped like two cones point to point at the exact focal plane of the microscope optics.  The excitation is brightest at the focal plane but there is some excitation all through the depth of the sample. Consequently, there is photodamage throughout the illuminated cone using conventional “single photon” confocal microscopy, but using multiphoton excitation, the photobleaching is restricted to the exact plane of focus.  This is what makes multiphoton microscopy advantageous for living specimens.

Features and Benefits

Automated beam expander

Most systems use a laser that can be tuned to a wavelength according to the application in mind, and consequently, the laser delivery needs to be adjusted to accommodate the change in wavelength. The laser beam characteristics should be carefully adjusted to achieve efficient multiphoton excitation.  In particular, the laser beam must fill the pupil diameter as it enters the objective. The beam expander of the FV1000MPE automatically adjusts the beam diameter depending on the objective and excitation wavelength. The beam profile is also adjusted automatically so that the laser beam characteristics are optimized for the entire optical path.

Dispersion compensation

On the excitation side, the efficiency of excitation, and therefore the signal to noise ratio of the resulting image, depends on keeping the photon flux high.  The pulse is spread over some femtoseconds as it emerges from the laser and this is broadened by passage through glass and other optical components.  A broader pulse reduces efficiency, so a technique known as Dispersion Compensation is used either in the laser or the optical system to maintain the shortest pulse width in the focal plane. The FV1000MPE laser beam-shaping optics establishes a compensatory dispersion, the exact inverse of that produced by the microscope's optics (negative chirp), thus restoring the ideal pulse width for the specimen.

AOM depth adjustment

The FV1000MPE is equipped with an acousto-optical modulator (AOM) to adjust laser light. The AOM allows changes in laser intensity and rapid ON/OFF switching of the laser. This provides laser output control to restrict irradiation to the region of interest, avoiding surrounding areas. In thick specimens, laser intensity can be adjusted with specimen depth allowing image capture without changes in image brightness.

External non-descanned detectors to collect scattered light
Consider the fluorescent light emitted from a single point in tissue: It is emitted in all directions but only the light that enters the microscope objective lens is recorded. The emission is brightest at the focal plane but there is some emission all through the depth of the sample, from parts of the specimen that are not in focus.  This gives rise to the blur known as image flare.  In conventional confocal microscopy, we use a pinhole or confocal aperture to block any photons that came from above or below the plane of focus. But, in multiphoton excitation, only the exact focal plane is excited, so there is no emission from above or below the plane of focus; we no longer need a pinhole.

Tissue contains granules, lipid droplets and structures that may scatter light.  A photon that is scattered as it passes through tissue may no longer reach the image, yet, it was emitted from the focal point and belongs in the image data recorded in that pixel.  Thus the ideal microscope setup will capture as many of these scattered photons as possible. The first step we can take to optimize is to bring the reflected light detectors close to the sample.  These are called external or non-descanned detectors. 

The reflected light detectors use the same specially selected PMTs that have proved their high sensitivity in the FV1000 confocal laser scanning microscope.  In addition to the standard 2 channel type equipped with 2 photomultiplier tubes, a 4 channel reflected light fluorescence detector for multiphoton imaging is available. All detectors are located equidistant from the specimen and allow bright, high-sensitivity multicolor imaging.  Olympus’ own high-performance filters are used for wavelength separation. They can be replaced with other filters depending on the fluorescence characteristics of the specimen.

Forward detector

A transmitted light fluorescence detector for multiphoton imaging with a dedicated high N.A. condenser detects transmitted fluorescence as well as transmitted laser light and forward scattered fluorescence. The addition of the “forward detector” allows extremely bright fluorescence imaging deep within a specimen and is especially effective for second harmonic generation (SHG) imaging, Coherent Anti-Stokes Raman Scattering (CARS) and other forms of multimodal label-free imaging .

Dedicated multiphoton objective lens 25X

Another step you can take to maximize the signal is to use a microscope objective with a large light gathering surface, a large area of glass combined with relatively low magnification and a large angle of collection, expressed as a high numerical aperture. And of course, if you want to image deep into tissue, you will need a long working distance so that the physical distance between the front of the objective and the surface of the tissue does not limit how deep you can image. The 25X multiphoton dedicated objective has a wide field of view design to collect scattered light over a larger area magnification with a numerical aperture of 1.05 and a working distance of 2 millimeters.  This objective not only has improved near-infrared transmittance, but was designed by Olympus as a dedicated objective offering exceptional brightness and resolution for multiphoton imaging. A water immersion objective with a correction collar to reduce spherical aberration, it has an approach angle of 35 degrees to allow easy access for simultaneous patch clamping and imaging.

The pulse may also broaden due to changes in the refractive index as it passes through tissue, but this can be compensated by adjusting a microscope objective correction collar.  In the diagram here, the excitation volume is kept minimal by the adjustment of the correction collar to obtain the brightest signal possible as we image deeper into the tissue.

Representative Data

1
The image on the left shows conventional excitation of Green Fluorescent Protein using a 488nm laser.  An XYZ stack of images is viewed from the side and fluorescent signal can be seen to a depth of about 50 microns.  The image on the right shows the same mouse brain sections using multiphoton excitation at 910 nanometer wavelength, and the signal collected using non-descanned detectors.  In highly scattering tissue such as brain, a tenfold increase in the signal to noise ratio in deeper tissue can be obtained by using non-descanned detection. In this specimen fluorescent detail is seen at a depth of 350 microns, but by optimizing all the components of the optical path imaging as deep as 1 millimeter has been achieved.

2
The zebrafish embryo is a model for studying development of the brain, and in this example, Dr Rachel Wong at the University of Washington imaged different subsets of neurons distinguished by expression of either GFP or YFP (pseudocolored green and red respectively in this animation of a confocal Z stack )  The 25X objective described earlier allowed these researchers to image deep enough to see the optic chiasma for the first time.

Discussion: 

Although the wavelength of the laser can be tuned for a given fluorophore, two-photon excitation spectra, called cross-sections, of many fluorophores are broad and overlap those of fluorophores that emit in different wavelengths.  Multicolor fluorescence is therefore possible with a single multiphoton excitation wavelength. 

3 A unique feature of multiphoton excitation is the ability to image certain tissue components without the need to add exogenous fluorophores. Multimodal label-free imaging can be used to discriminate changes in tissue due to pathological processes Collagen can be imaged with Second Harmonic Generation (SHG), along with the intrinsic blue fluorescence of elastin with two-photon excitation to investigate structural changes in the arterial wall associated with atherosclerotic plaque formation. In this example, excitation was set at 950nm and the forward detector collected the SHG image at 475nm.

With further modification, the Olympus FV1000MPE can also image lipids in tissue using Coherent Anti-Stokes Raman Scattering (CARS), shown in this image in red. Because all of these photophysical techniques are restricted to interactions of photons at the focal volume, there is inherent optical sectioning.  Such multimodal imaging is a valuable technique in imaging in vivo as it provides 3-dimensional information without the difficulties of administering fluorescent dyes into live animals. 
The arm height raising kit provides an additional 40 mm of clearance and is mounted between the microscope frame and the reflected light illuminator. This facilitates experiments requiring small animals.

M scanner multiphoton exclusive system

For researchers who do not need visible lasers, such as those using multiphoton excitation for in vivo imaging, a dedicated system, called the MPE exclusive, has been developed with gold-coated scanning mirrors.  Since there is no need for the optics to combine multiple lasers, and no need for internal detectors and a confocal aperture, this system has a smaller footprint and reduced cost.

SIM scanner

A second scanner known as a SIM scanner can be combined with the FV1000MPE for simultaneous targeted laser stimulation while imaging.  Visible or multiphoton lasers can be used for uncaging, photoactivation, photoconversion, photobleaching and laser stimulation of optogenetic probes such as Channelrhodopsin.  

Summary

In summary, the benefits of multiphoton imaging are further enhanced by careful selection of the appropriate optical components. In the FV1000MPE performance is enhanced by precise positioning of the pulsed laser beam relative to the optical path of the microscope, an automated beam expander that ensures efficient excitation when the optics or the wavelength of the laser are changed, and accurate application of dispersion compensation. Non-descanned detectors for up to 6 channels, 4 reflected and 2 transmitted, are positioned close the source of fluorescence.  Finally, a specially designed objective provides the best possible conditions for deep tissue imaging.  The FV1000MPE has been designed to make multiphoton imaging easy to use and efficient. 

Link to Olympus website
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