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Abstract

Experimental laser microbeam techniques have become established tools for studying living
specimens. A steerable, focused laser beam may be used for a variety of experimental manipulations
such as laser microsurgery, optical trapping, localized photolysis of caged bioactive probes, and
patterned photobleaching. Typically, purpose-designed experimental systems have been constructed
for each of these applications. In order to assess the consequences of such experimental optical
interventions, long-term, microscopic observation of the specimen is often required. Multiphoton
excitation, because of its ability to obtain high-contrast images from deep within a specimen with
minimal phototoxic effects, is a preferred technique for in vivo imaging. An optical workstation is
described that combines the functionality of an experimental optical microbeam apparatus with a
sensitive multiphoton imaging system designed for use with living specimens. Design considerations
are discussed and examples of ongoing biological applications are presented. The integrated optical
workstation concept offers advantages in terms of flexibility and versatility relative to systems
implemented with separate imaging and experimental components.

l. INTRODUCTION

Experimental manipulations on living specimens using directed beams of light allow an
investigator to perform precisely localized experiments within a tissue or even within a cell,
without the trauma and collateral damage often associated with mechanical intervention.
Optical microbeam techniques have been used to study a wide range of phenomena such as
cytoskeletal dynamics, embryonic development, localized neural stimulation, and synaptic
transmission. For example, continuous illumination has been used to bleach fiducial marks in
microtubules in a mitotic spindle in order to reveal fluxes of microtubules during mitosis.
Nanosecond pulses of blue light have been used to ablate cells in developing embryos in order
to reveal inductive cell-cell interactions during development.2 Femtosecond pulses of infrared
light have been used for two-photon photolysis of a caged neurotransmitter in order to study
synaptic transmission.3 Femtosecond pulses of infrared light have also been shown effective
in reversible stimulation of neuronal action potentials—without the presence of exogenous
photoactive probes.4 What all these techniques have in common is that a steerable, focused
microbeam of light is used to locally probe the specimen. However, the characteristics of the
microbeam (i.e., wavelength, average power, peak power, pulse length) are different in each
of these cases.

Any experimental manipulation has to be followed by a period of observation during which
time the consequences of the experiment are analyzed. Different forms of microscopy may be
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used but fluorescence microscopy is frequently the method of choice because of its ability to
reveal the distribution of one or several fluorescent reporter molecules within the specimen
with low levels of background interference. Optical sectioning may be achieved with
fluorescence microscopy by the use of confocal, 5 two- -photon, Sor computational
deconvolution® i imaging techniques. The ability to maintain |mage contrast deep within
speC|mens7'8 and the potential to provide improved V|ab|I|ty have made multiphoton imaging
increasingly favored for in vivo imaging.

Multiphoton imaging systems use laser raster scanning to assemble an image, as do most forms
of confocal imaging. The underlying principle of this technique is that at very high-photon
densities, an excitable molecule may simultaneously absorb two or more photons with the same
consequences as the absorption of a single photon with an energy equal to the sum of the
individual photon energies. In the case of two-photon imaging, the excitation wavelength is
set to about twice that of the (one-photon) absorption peak of the fluorophore being observed,
which would not normally produce any appreciable fluorophore excitation. However, if a high-
power, ultrashort pulse laser is used, it is possible to achieve instantaneous photon densities
that give rise to a significant yield of two-photon events at the focal volume of an objective
lens, with a mean power level that will not produce optical trapping or damage a specimen. In
this manner, fluorophore excitation is confined to the focal volume because the photon density
is insufficient away from this region to generate appreciable multiphoton events. Optical
sectioning is achieved because there is no appreciable fluorophore excitation above or below
the focal volume (i.e., the plane of focus) thereby elegantly avoiding the problem of out-of-
focus interference by not generating it in the first place. This, in turn, simplifies the optical
system, as pinhole apertures do not have to be used to eliminate out-of-focus interference, as
is required in a confocal microscope.

Multiphoton microscopy is particularly effective in obtaining images of optical sections from
deep within a specimen. The longer near-infrared (NIR) wavelengths experience less scattering
of the excitation photons compared to the UV and blue light that is typically used for
fluorophore excitation in biological microscopy. There is negligible extinction of the NIR
excitation from fluorophore above the plane of focus because the power density is too low for
multiphoton excitation to occur in this region. The emlssmn spectra of fluorophores has been
found to be largely independent of the excitation method, 1911 which would suggest that the
signal loss through emission scattering is the same for confocal and multiphoton systems.
However, the ability of a multiphoton microscope to use all collected emission as signal, rather
than only photons which pass through a confocal pinhole, confers an increase in detection
efficiency together with a reduced sensitivity to scattering of the emission signal and focal
plane mismatches between excitation and emission wavelengths. All of the above factors
contribute to the deep sectioning capabilities of multiphoton imaging. 8 This deep sectioning
ability, or preservation of image contrast with depth, is particularly valuable for in vivo studies
of intact tissues, which are often highly light scattering because of refractive index
microheterogeneities in the cytosol. Additional advantages of multiphoton imaging for studies
of living tissues arise from the localized excitation, which can minimize phototoxic effects
arising from endogenous fluorophoreslzl13 and nonproductive (background) excitation of
fluorophore.

There are potentially several significant advantages to combining the functionality of a
multiphoton imaging system and general-purpose laser microbeam experimental system:

It is often necessary to observe the immediate consequences of an experimental
manipulation; this is greatly facilitated if the experimental system and the multiphoton
microscope are closely integrated rather than being physically separate instruments.
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With close integration of the experimental and imaging systems it is possible to
synchronize image acquisition with repetitive experimental interventions, as is
possible with electrophysiology combined with fluorescence imaging.

The laser sources in an integrated optical workstation can separately be configured
for either multiphoton imaging or experimentation, thereby increasing the versatility
of the system compared to dedicated systems.

Shared functionality of major components between the imaging and experimental
systems can lead to overall system economies.

In this article we describe a versatile optical workstation (OWS) based on a multiphoton (MP)
imaging system that we developed for studying the dynamics of living specimens. The main
optical interventions available are optical trapping, laser ablation/microsurgery, and localized
photolysis. All of these experimental options are available for both of the excitation channels,
so multiphoton imaging is always possible in combination (and synchrony) with an optical
manipulation.

[I. INSTRUMENT DESCRIPTION

The optical system diagram is shown in Fig. 1. The following subsystems will be covered in
more detail: laser sources, scanning engine, microscope and environmental chamber, and signal
detection system.

A. Laser sources

Three primary pulsed laser sources are available in the OWS. Excitation channel 1 is dedicated
to the tunable titanium:sapphire (Ti:sapphire) laser. Excitation channel 2 includes the
neodium:yittrium-lithium—fluoride (Nd:YLF) laser, and a nitrogen pumped dye laser.

1. Channel 1—A femtosecond Ti:sapphire laser (Tsunami, Spectra Physics) pumped with a
5 W, 532 nm solid-state laser (Spectra Physics, Millennia) was used mainly for multiphoton
imaging in the wavelength range of 770—-910 nm. The laser center wavelength and mode-locked
pulse bandwidth were monitored with a scanning spectrum analyzer (Rees, model LSA201).
The laser has a pulse repetition rate of 82 MHz and a mean power of around 400 mW at 900
nm. For multiphoton imaging systems to generate maximum fluorophore excitation with low
mean power levels (to minimize one-photon damage), pulse widths have to be as short as is
practical. A prism prechirper was used to compensate for the group velocity dispersion of the
microscope optics that would otherwise stretch the ~70 fs pulses of the Ti:sapphire laser
significantly at the specimen plane.14 Optical losses by surface reflections through the
precompensator were minimized by setting the orientation of polarization so that the e vector
was perpendicular to the face of the prisms by means of a variable zero-order half-wave plate
(New Focus, model 5540). In addition, the angle of incidence at each prism was set as close
as possible to the Brewster angle. Provision was made to switch out the precompensator by
means of two flip mirrors (New Focus, model 9891-L). The output power of the Ti:sapphire
laser was adjusted by means of a Pockels cell (Con-Optics, model 350-50 with 302 driver)
attenuator.

2. Channel 2—A diode-pumped, femtosecond Nd:YLF laser producing 1047 nm (a
predecessor of the Coherent Biolight 1000 PC) provided an alternative, longer-wavelength
source for multiphoton imaging and optical trapping. This laser had an adjustable, built-in
prechirping system. The Nd:YLF laser uses an external nonlinear cavity for mode locking that
produces ~4 ps pulses.15 Blocking this cavity with a shutter produced pure continuous-wave
laser light used for optical trapping experiments. With the external cavity engaged and the
output routed to a single-mode fiber and an integral grating-based precompensator/compressor,
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the range of output pulse width was variable from ~4ps to ~200 f5.16 The compressed system
provided a mean power output of around 510 mw and a pulse repetition rate of 120 MHz.
Alternatively, the 1.4 W output of the oscillator (Fig. 1) could be routed to a separate frequency
doubler to generate 430 mW of 523 nm light for fluorophore inactivation experiments. As with
the Ti:sapphire laser, the output intensity of the Nd:YLF laser was adjusted by means of a
Pockels cell (Con-Optics, model 350-50 with 302 driver) attenuator. A rotating carousel of
neutral density filters (New Focus, model 5254) was added to increase the range of attenuation
available.

The mean and peak powers of the two femtosecond lasers were monitored by tapping of a
fraction of the beam with a microscope slide and using both linear and nonlinear detectors.
Infrared-sensitive silicon diodes (Hamamatsu, S2386—44K) were used to monitor mean power
and UV /visible-sensitve GaAsP diffusion diodes (Hamamatsu, G1116) measured two-photon-
induced electron/hole pair creation for peak power detection.1” Both of the femtosecond lasers
had beam expanders in the light path (Special Optics, model 50-3Q2—83—-1064). These were
adjusted so that the back aperture of the objective most commonly used (Nikon, CFI-60 Super
Fluor 100x), was slightly overfilled in order to ensure that the objective was operating at its
maximum numerical aperture for excitation.

The third laser was a nitrogen-pumped dye laser (Laser Sciences, VSL 337 ND-6 & DLM 220)
for laser microsurgery18 or UV photolysis. This laser produced single or short bursts of
nanosecond pulses and was controlled by a foot switch. Because blue light has been found to
be most effective for laser ablation experiments in Caenorhabditis elegans’2 Coumarin 450
was used as the laser dye in the OWS.

B. Scanning engine

The optical layout of the OWS is depicted in Fig. 1. Two independent XY scanners were used
to deflect two independent laser beams. Each excitation channel has a close-coupled pair of
servogalvanometric scanners (General Luminomics, model G120) driven by purpose-designed
power amplifiers (General Luminomics). The separation of the optical centers of the mirrors
in each pairwas 10 mm. The X and Y galvanometer mirrors for each pair were 10-mm-enhanced
silver-coated mirrors. The Ti:sapphire laser was routed to the channel 1 scanners while both
the Nd:YLF laser and the nitrogen pumped dye laser were routed to the other galvanometer
pair. Each channel (galvanometer pair) could be connected to one of two possible electrical
deflection signal sources: a manually specified voltage set by potentiometers, or a raster scan
from a wave-form generator. The scanning wave forms were generated by the control
electronics of a confocal microscope (Bio-Rad, Inc., MRC-1024). The confocal system
software controlled the galvanometer scan parameters and detector signal acquisition. Thus,
each scanner pair could be independently set to raster scan or used as a steerable laser
microbeam. High-speed electrical shutters (Uniblitz, Inc., model D122) were used to switch
the beams in each scanning pathway. These could be controlled either manually or
electronically by the ““scan active’” signal from the confocal control electronics when used for
imaging.

The two separate excitation channels were combined with a dichromatic mirror (D2) and passed
through an f/theta scan lens [Zeiss, Inc., Part No. 4524268033 (IR)]. Each channel's XY

deflector pair was carefully aligned so that the midpoints of the deflecting mirrors in each pair
were in a conjugate plane to the back aperture of the microscope objective. The galvanometer
amplifiers for each excitation channel were set for image coregistration to within two pixels.
The scanned field was a square circumscribing the 22 mm eyepiece field, so the entire field of
view was displayed. The number of pixels of the point-scanned image was determined by the
confocal software (Bio-Rad, MRC-1024) with a maximum of 1024 pixels in each dimension.
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C. Microscope

From the D2 dichromatic, illumination was coupled into the epiillumination light path of an
inverted microscope (Nikon, Eclipse TE300DV) via a 200 mm focal length achromatic doublet
coupling lens to a modified illumination adapter cube from a multiphoton microscope (Bio-
Rad, MRC-1024MP). A dichromatic mirror (D1) in the cube deflects the beam onto the optic
axis of the microscope. Three separate D1 mirrors and adapter cubes were installed, one for
each of the microbeam modes of operation: laser ablation, optical trapping, and localized
photolysis. Each cube permitted multiphoton imaging with either (or both) of the ultrashort
pulse lasers. The cubes were manually changed before starting experiments. Emitted
fluorescence signal was collected by the objective lens and condenser lens and then (<700 nm)
passed through a hole in the D1 mirror mounts to the source blocker(s) and photodetectors
situated under the microscope. To enable full computer control of the flexible time series
acquisitions a motorized XYZ stage (Applied Scientific Inc., MS 2000) was fitted to the inverted
microscope.

D. Environmental chamber

To observe developing mammalian embryos over extended periods, it was necessary to control
the temperature of the microscope’s environment. The entire microscope stage, condenser, and
objective carrier was enclosed in a Lucite box fitted with access doors. The temperature in the
vicinity of the specimen was measured with a thermistor probe and used to compare to a user-
specified set point. The temperature error signal was used by a proportional controller to adjust
the current supplied to an internal fan heater situated behind the microscope. A flask containing
distilled water was installed at the stage height inside the chamber to humidify, mix, and warm
the gasses required for certain tissues. The humidified mixed gasses could be passed into a
minichamber on the stage19 to more closely approximate culture conditions and reduce the
required gas volume for long-term imaging.

E. Signal detection system

Two basic imaging modalities were provided in the OWS: multiple channel multiphoton
excitation fluorescence and laser-scanned bright-field transmission. The fluorescence signal
does not have to be optically reimaged in a multiphoton microscope (unlike the case of a
confocal microscope where the signal from the instantaneously illuminated volume has to be
imaged at the confocal pinhole in order to achieve optical sectioning). Therefore, it is often
advantageous to place the detectors as close as 8ossible to the objective lens in order to pick
up as much of the scattered signal as possible.2 2L practice, collecting an f/2 cone of light
from the objective back aperture is sufficient to collect all out-of-focus photons that pass
through the objective, but the detection optics required become quite large with distance away
from the back of the objective. We mounted a cluster of three photomultiplier detectors (Thorn
EMI, two bialkali cathode, 9824B, and one S-20 cathode, 9828B) with associated color
separation dichromatic mirrors and barrier filters through a 0.8x bottom port in the base of the
microscope (Fig. 1). In this manner, some of the photons scattered within the sample may be,
nevertheless, detected and used for imaging. This strategy can significantly enhance signal
when recording images from deep within scattering samples,8 a situation in which most signal
photons may suffer scattering. Dichromatic mirrors were used to form an efficient three-
channel detector, to separate blue emission from green and red emission. Indeed, the design
and fabrication of custom dichromatic coatings were essential for implementation of a viable
and efficient optical workstation. For clarity, all of the dichromatic mirrors involved with the
optical workstation are listed in Table I with their identification labels from Fig. 1 and the
spectral ranges of reflection (or laser blocking) and transmission.

For bright-field transmission imaging, the scanned NIR beam passing through the specimen
was detected by an infrared photodiode incorporated into a Bio-Rad MRC-1024 transmission
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detector. Optical half-wave plates were positioned in each of the two excitation channels of
the OWS to match the angle of polarization of each laser source to an appropriate (fixed) angle
for the Nomarski optics of the microscope. The tunable wavelength Ti:sapphire laser of channel
1 required a variable zero-order half-wave plate (New Focus, model 5540).

F. Emission signal enhancement

A novel method of signal enhancement was implemented that enabled some of the fluorescence
signal that is usually lost in the condenser light path to be utilized. A dichromatic mirror
(Chroma, 720DCLPXR) reflected all signal < 720 nm, and transmitted the NIR laser
wavelengths to the transmission detector (Fig. 1). An oil immersion NA 1.4 condenser was
used to maximize the solid angle of the signal captured in this path. The efficiency of the
condenser enhancement was measured for each objective lens with a 1.4 NA oil-immersion
condenser lens. The following Nikon CFI160 objective lenses were investigated: Super Fluor
10x/0.5 NA, Plan Fluor 20x/0.75 NA multi-immersion, Plan Fluor 40x/1.3 NA oil immersion,
and Super Fluor 100%/1.3 NA oil immersion. All DIC optics were removed from the condenser
beam path, in addition, the condenser iris and field iris were opened to avoid vignetting of the
enhancement signal. A flat, uniform, transparent sample (Nile Red dispersed in the mounting
agent Fluoromount) was used for all the measurements. The condenser mirror was alternatively
inserted and removed to measure signal improvement due to the mirror. Data values were
obtained from the mean of six averaged images. The values were derived from a histogram of
pixel values within a box encompassing a uniform region of the image. The same box position
was used for each image of the time series. The ratio of with-mirror to without-mirror provides
the signal improvement. Bleaching was negligible in the course of these observations.

lll. RESULTS

A. Laser sources

The OWS (Fig. 1) can use either of two femtosecond excitation sources for MP imaging: a
Ti:sapphire laser tunable between 770 and 910 nm or a fixed wavelength 1047 nm Nd:YLF
laser. The maximum average power delivered to the back aperture of the objective lens was
60% for 900 nm (~240 mW with 5 W pump laser) in channel 1, and 53% (270 mW) for 1047
nm in channel 2. For the Plan Fluor 40x/1.3 NA oil-immersion lens, this provided a maximum
of 109 mW at the sample for 900 nm and 140 mW at the sample for 1047 nm. The Ti:sapphire
laser provides the versatility to use a wide variety of fluorophores that are usually excited by
blue light, particularly GFP, while the 1047 nm laser provides a longer wavelength that can
more efficiently excite fluorophores such as YFP, DsRed, and FM4—-64 (Molecular Probes,
Inc., a membrane probe) with two-photon imaging and at the same time excite fluorophores
such as DAPI, Hoechst, and INDO-1 with three-photon excitation.22 The laser that is not used
for imaging can be used as a steerable laser microbeam for a number of experimental
manipulations such as optical trapping,23 patterned laser bleaching experiments, or localized
photolysis. Alternatively, both NIR lasers can be used for dual NIR excitation wavelength
imaging. Slight trimming of the focus of one of the beam expanders could bring the focal
volumes of the two lasers in to the same plane of focus, thereby compensating for longitudinal
chromatic aberration in the system. In addition, a nanosecond nitrogen-pumped dye laser
(channel 2) can be used for laser microsurgery in conjunction with MP imaging via the
Ti:sapphire laser. The f/theta scan lens was very efficient with NIR transmission (87% at 1047
nm), but was poor (60%) for the 450 nm light.

B. Scanning engine

The heart of the OWS described is a dual scanning system that allows the independent
positional control of two separate excitation channels. One problem with the design of any
laser-scanning microscope with separate X and Y scan axes is that the scan axis needs to be in
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a conjugate plane to the back aperture of the objective in order to obtain uniform illumination
over the field of view. If this requirement is not met then a hot spot is apparent at the center of
the field caused by vignetting of the nonstationary beam as it moves across the back aperture.
24 0ne way of overcoming this problem is to use transfer optics to transfer the conjugate plane
of one deflection mirror to the other. However, the added bulk of transfer optics causes
problems when trying to position two separate XY scanning systems close to the focal plane
of asingle scan lens. We, therefore, chose to use pairs of close-coupled galvanometers without
transfer optics (Fig. 2) in conjunction with a single f/theta scan lens.

The system is set up so that the conjugate plane of the back aperture of the objective is situated
midway between the two scan mirrors. This arrangement gives rise to a small amount of
residual movement of the illumination on the back aperture during scanning. However, by
simply slightly over-filling the back aperture by means of beam expanders in the each of the
femtosecond lasers (Fig. 1), we generated uniform fields of illumination. Unlike the situation
in a confocal microscope, there is no problem with slight errors in the galvanometer positions
in the signal path in a multiphoton system with direct detection, because the emission signal
is not reimaged.

C. Temperature control of specimen

One of the design requirements for the OWS was that it should be able to support the survival
of mammalian embryos over extended periods of image collection. We, therefore, designed a
temperature-controlled environmental chamber that enclosed most of the microscope to avoid
focus changes due to changes in the temperature of the microscope body that can occur if the
temperature-controlled region was confined to the microscope stage with a local stage heater.
We used an internal fan heater controlled by a proportional control system to eliminate the
small periodic temperature fluctuations produced when a simple on/off electromechanical
thermostat is used. This temperature system, in conjunction with humidified mixed gasses, has
bezeg successfully used to observe developing hamster embryos over time periods of up to 48
h.

D. Signal detection system: Emission signal enhancement

High numerical aperture lenses allow a broad cone of signal to be detected with a limiting solid
angle of 2zt sr. Fluorescent signals are emitted in all directions so that the half of the signal
emitted away from the objective is generally lost. We implemented a scheme in the OWS that
retrieves a useful fraction of this lost signal. We positioned a dichromatic reflector close to the
field iris diaphragm. The coatings of the reflector were chosen such that the infrared (NIR)
excitation passed through the reflector and could be used for bright-field transmission imaging
by means of a photodetector (Fig. 1). However, the shorter wavelength emission signal is
reflected back through the condenser optics and is reimaged at the specimen where it will now
run in the same direction as the conventionally detected signal. The maximum relative
condenser signal enhancement that this scheme could give would be 100%. However, losses
in the condenser optics and absorption in the specimen reduce the enhancements obtained. We
found that by using a standard high NA (1.4) oil-immersion condenser that we could get an
enhancement of around 50% (Table I1) when this strategy is used on transparent samples.
Furthermore, we found that we could obtain enhancement over a focus range of 100 um without
having to refocus the condenser. The insensitivity to condenser focus is a consequence of not
having to image the signal—due to the large (wide-field) detector depth of field. 6 The whole
signal path, objective plus condenser, is simply being used as a nonimaging, yet high-
efficiency, signal collection system. The emission enhancement scheme as described has been
patented.27
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E. Combined operation of MP imaging system and laser microbeam

1. Ablation—One of the main motivations for developing the OWS was to develop a system
that could be used for undertaking laser microsurgery while observing a specimen using MP
imaging. Previous studies in our laboratory had successfully used multiphoton imaging for
visualizing membrane fusion in a developing C. elegans embryo.28 These studies were
undertaken by bathing embryos in a fluorescent membrane probe and then permeabilizing the
embryos at a critical developmental stage to allow ingression of the probe, and finally,
transferring the specimen to a separate MP microscope for observation. This strategy was
cumbersome and limited the experiments that could be undertaken because of the difficulties
and delays in transferring the specimen from one system to another. These manipulations can
now be carried out with comparative ease on the OWS, eliminating the time constraints of
transporting specimens from one system to another, thereby increasing the range of
experiments that can be performed by the system. Figure 3 illustrates an experiment in which
the beam from the 450 nm dye laser (Fig. 1, excitation channel 2) was used to puncture the
eggshell of a C. elegans embryo that was bathed in the membrane probe FM 2—-10 (Molecular
Probes). Figure 3(A) shows the embryo prior to the ablation where only the eggshell is faintly
stained. The embryo was also simultaneously viewed by bright-field, transmission imaging
[Figs. 3(E)-3(H)]. This was achieved by detecting the 900 nm excitation light from the
Ti:sapphire laser (Fig. 1, excitation channel 1) that was transmitted through the specimen.
When the eggshell was punctured by a short burst of nanosecond pulses from the dye laser
(laser 3) microbeam, the plasma membranes of the one-cell embryo were rapidly labeled [Fig.
3(B)]. The embryo was then subsequently observed through the completion of cytokinesis
[Figs. 3(B)-3(D)].

2. Trapping—We are currently developing strategies for selectively holding and moving
bioactive probes around a specimen using optical trapping. For these experiments we use the
1047 nm Nd:YLF laser (Fig. 1, excitation channel 2) to set up an optical trap.23 In a feasibility
test we set up a suspension of 200 nm fluorescent particles (Polysciences) in 10% glycerol.
The particles were continuously observed with two-photon excitation provided by the
Ti:sapphire laser (Fig. 1, excitation channel 1) tuned to 900 nm. When the optical trap was
turned on, particles aggregated at the focus of the laser microbeam [Fig. 4(B)]. These
aggregated particles were moved by the laser microbeam [Figs. 4(B)—4(D)] and when the 1047
nm trapping beam was shut off, the particles dispersed by Brownian motion [Fig. 4(E)]. This
demonstration shows that the OWS can be readily configured to perform optical trapping
experiments simultaneously with MP imaging.

3. Dual source imaging—Alternatively, both short pulse lasers can be used at the same
time to excite different probes (e.g., GFP and FM4—64) simultaneously. Dual imaging with
900 and 1047 nm has proven effective for double-labeled live-cell imaging as it enables YFP
and GFP to be selectively excited.

IV. DISCUSSION

The OWS was developed as a versatile integrated experimental and observational tool for the
study of developing embryos with maximum depth penetration and a minimum of deleterious
phototoxic effects. The system has been in use for a couple of years and has proved to be a
valuable tool for a variety of dynamic imaging applications in living vertebrate and invertebrate
embryos.

A. Laser sources

The settings of the precompensator were wavelength dependent. To permit ease of use of the
system for general users, we therefore optimized the precompensator in channel 1 for a
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wavelength of 900 nm, the most commonly used wavelength on our system. We have found
in practice that the best use of the prechirper units is for the longer wavelengths where average
power at the sample may be limited (especially with 100x objective lenses with small back
apertures). The prechirper units can provide the most peak power to the sample when average
power is limited. The prechirper for channel 1 could be easily bypassed with flip-up mirrors.
This was useful for wavelengths lower than 900 nm that did not benefit from precompensation.

B. Signal enhancement

One of our main concerns when designing the OWS was to make the detection system as
optically efficient as possible in order to visualize relatively fast events such as microtubule
or membrane dynamics while using low levels of excitation so as to avoid bleaching and
phototoxic effects. Under these regimens the signals are weak and noisy. Furthermore, the
requirement for speed means that relatively short integration times have to be used. The OWS
was designed to image weak fluorescent signals from thick, living specimens over long periods
with minimum photodamage. The images are optically sectioned and collected as four-
dimensional data sets, thereby allowing the dynamics of three-dimensional biological
structures to be visualized. We used a systematic approach for optimizing the signal passed to
the detectors: implementing non-de-scanned (direct) detection and an optical layout that
permits the collection of signal over as large a solid angle as possible. We opted to forego the
capability for confocal imaging in the OWS and to use only multiphoton imaging. This enabled
an optical design that was more efficient at collecting low-level fluorescence signals by
eliminating the pinhole apertures, with their associated optical losses in the descanned imaging
signal light path. The wide-field detection scheme has increased collected photons while
reducing the system sensitivity to chromatic aberrations and scattered emission light. The
emission signal does not have to be optically imaged in a multiphoton system—resolution is
solely defined by the point-spread function of the excitation. This feature facilitates emission
light collection potentially from the entire solid angle, thereby increasing signal detection
efficiency. We collected signal from both the objective and the condenser side of the sample
to enhance the sensitivity of the OWS. We positioned a dichromatic, back-reflecting
mirror29 as close as possible to the plane of the field iris in the transillumination light path of
the microscope (Fig. 1). This mirror (Chroma, 720DCLPXR) reflected all signal <720 nm,
which included most of the emission spectra from the commonly used fluorophores. In this
manner, the signal emitted away from the objective (which is usually lost in an epifluorescence
configuration) was reimaged at the specimen by the microscope condenser optics and passed
to the detectors. The infrared excitation (>720 nm) was not reflected back and was detected
by photodiodes for simple, transmitted light imaging (Fig. 1). The condenser lens enhancement
system2 gives a useful increase in signal strength that facilitates observations of weakly
fluorescing specimens that are transparent, such as small living organisms expressing
fluorescent protein reporter transgenes. The enhancement system is very straightforward to use
in practice. The specimen is simply brought in focus in the usual manner and the condenser
adjusted for maximum signal strength. This enhancement system should be applicable to any
multiphoton microscope with a high NA condenser, but the best performance will be obtained
with an external detection scheme in the epifluorescence emission pathway. A more expensive
but better option for deep imaging, is to place an additional detector in the condenser path with
ggigh-extinction barrier filter and to combine the signals from the two detectors electronically.

C. Applications of system and future developments

The system described along with its evolving predecessors has been used for a number of
published studies. These studies include: studies of membrane fusion,28 studies of cleavage
furrow formation,30 studies of mitochondrial dynamics in vertebrate embr 05,31 studies of
microtubule dynamics,32 studies of light-induced H,O, production in cells, 2and multiphoton
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uncaging of caged diacylglycerol in muscle cells.33 The optical design has now stabilized and
current and future efforts will be devoted to developing custom software that will allow
predefined patterns of illumination to be executed by the nonimaging scanning system. This
feature could be used to photolyze a caged molecule within a defined volume of a specimen
while viewing the specimen using the other channel in an MP or bright-field imaging mode.
We also plan to make our custom software control the motorized stage and also some motorized
filter changers for key components such as the D1 dichromatic reflector. This capability will
allow repetitive operations at several selected locations and facilitate rapid changes in operation
mode between operations.
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Optical Workstation
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FIG. 1.
(Color) Optical layout of the workstation. The four main components are laser sources, scan

engine, microscope and chamber, and signal detection. Laser sources: each of the two
illumination paths (channels 1 and 2) has a femtosecond laser source with a mechanical shutter
and is modulated by a Pockels cell. The angle of polarization of each source may be adjusted
by the user by means of half-wave plates (A/2); this facility is primarily used to optimize the
plane of polarization for Nomarski (DIC) imaging with the transmission detector. Excitation
channel 1 is dedicated to laser 1, which is a Ti:sapphire laser with an external SF-10 prism
precompensator. The pulse compensator can be bypassed with flipper mirrors FM1 and FM2
in situations where sample pulse width is not critical. The second beam path, channel 2, includes
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lasers 2 and 3. The imaging laser, laser 2, is a fixed wavelength Nd:YLF laser (1047 nm) with
an integral pulse prechirper/pulse compressor (4 ps—200 fs). The output of the oscillator may
be diverted to a doubler (523 nm) in order to obtain a high-intensity green source. Laser 3 is a
nanosecond, nitrogen-pumped, dye laser (~450 nm) that is primarily used for laser
microsurgery. Scan engine: two close-coupled XY scanners (channel 1: XY1 and channel 2:
XY?2) are used for beam deflection. The system can be configured such that either pair is (or
both are) set up for imaging (i.e., raster scanning) while the other is used as a laser microbeam
under the control of the experimenter. The two beams are combined by the dichromatic mirror,
D2, and pass through an f/theta scan lens to the microscope. The incident laser beams and
fluorescence emission signals are separated at the primary dichromatic mirror, D1. Three
options are available for this mirror: ablation, trapping, and photolysis. Microscope and
chamber: The microscope is enclosed in an environmental chamber. The transmission detector
is placed in front of the microscope tungsten lamp. A movable mirror can pass the tungsten
lamp or route the laser to the detector. Signal detection: fluorescent signal, typically, emanates
from the focal volume in all directions. Signal traveling in the opposite direction from the
illumination passes back through the objective through D1 and the IR barrier B1 and to the
color separation dichromatic filters (D6 and D7). These mirrors are removable for full spectrum
imaging via the central detector. The color-separated signal is detectable by three separate
photomultiplier tubes. In addition, signal traveling in the same direction as the illumination
can be reflected by a dichromatic back-reflector, D8, strategically positioned close to the field
stop of the microscope's incandescent illumination source. This signal is reimaged by the high
NA condenser back into the specimen and passes through the objective into the detectors. In
this manner, signal emanating from both sides of the specimen may be utilized rather than only
one side, as in a conventional microscope. The NIR light transmitted through the specimen
passes through D8 and is detected by a sensitive silicon photodiode to obtain transmission
images.
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FIG. 2.

Optical scanning assembly. Two pairs of close-coupled servogalvanometers are used for
deflecting the excitation channels of the OWS. The XY2 pair (channel 2) can be seen in front,
the orthogonal XY1 pair (channel 1) is behind. The combining dichromatic mirror, D2, can be
seen in the center and the f/theta scan lens to the lower right. The iris diaphragm mounted to
the right of the D2 mirror is used for system alignment.
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FIG. 3.

Laser ablation experiment. An early Caenorhabditis elegans egg was bathed in the membrane
probe FM 2-10 and observed with 900 nm multiphoton excitation fluorescence imaging using
[top row, (A)-(B)] and IR bright-field transmission imaging [bottom row, (E)—-(H)]. Panels
(A) and (E) show the initial situation before experimental intervention: the membrane probe
is excluded from the interior of the embryo by the egg shell and viteline membrane, but weakly
stains the eggshell. A short burst of 450 nm nanosecond pulses was aimed at the viteline
membrane (arrow) causing a small perforation to be made through the membrane and eggshell
and allowing ingression of the fluorescent probe. A few seconds later, the membranes of the
two-cell embryo have become labeled (B). Successive frames [(B)—(D)] show the progression
of the first cleavage furrow. Scale bar: 25 pum.
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- $
FIG. 4.

Laser trapping experiment. A field of 200 nm fluorescent beads was continuously observed
using 900 nm multiphoton fluorescence excitation imaging. A 1047 nm trapping beam was
activated in (B) and has caused beads to aggregate (arrow). The beam was moved to the right
in (C), and up in (D), carrying the trapped beads along with it. The trapping beam was turned
off in (D), and by (E) the beads can be seen to start to disaggregate through Brownian motion.
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TABLE Il
Percentage increase in detected signal when the condenser enhancement signal reflector is used in the condenser light
path. The sample was ~35-nm-thick Nile red uniformly dispersed in fluoromount and mounted with a No. 1.5 cover
slip. The mean value of all pixels in a scanned rectangle was compared with and without the reflector.

Objective lens 900 nm 1047 nm
SF 10%/0.5-1 mm WD 49% 57%
PF 20%/0.75-0.33 mm WD 46% 58%
PF 40%/1.3-0.22 mm WD 40% 41%
SF 100%/1.3—-0.20 mm WD 26% 24%
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