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6.1 INTRODUCTION

Many biological processes of current interest occur below the surface layers of
accessible tissue. Often the surface layers cannot easily be removed without
adversely affecting the physiology and function of the deeper layers. A variety of
imaging techniques have been developed to perform sectioning deep to the surface
using optical, electrical, and magnetic contrast agents and recording methods. Two-
photon laser-scanning microscopy {(TPLSM) provides optically sectioned images
from depths of 500 m or more below the surface in highly scattering brain tissue.*
This method is unique in that it can provide images with submicron lateral resolution
and micron axial resolution on the millisecond time scale,* as is required for the
study of many dynamic biological processes.

This chapter provides an overview of the technical considerations relevant to
the design and assembly of a system for TPLSM suitable for ir vivo as well as in
vitro imaging. Examples of data taken with the microscope and auxiliary components
are presented. Comprehensive reviews of TPLSM have previously been given by
Denk and Webb and colleagues.>® Previous descriptions of the de nove construction
of a system for TPLSM have heen given,*!? along with descriptions of the conversion
of commercially available confocal microscopes.'-"

6.2 OVERVIEW

6.2.1 SINGLE-PHOTON ABSORPTION FOR IMAGING THROUGH
WEAKLY SCATTERING PREPARATIONS

In traditional fluorescence microscopy, including confocal microscopy, fluorescent
molecules that are either intrinsic to the tissue or artificially introduced are excited
by a wavelength of light falling within the linear absorption spectrum of the mole-
cule. A single photon is absorbed by the molecule and promotes it to an excited
electronic state. Upon thermal equilibration and relaxation back to its ground state,
the molecule will emit a photon that is shifted toward longer wavelengths with
respect to the excitation light.

The probability of exciting fluorescence by the absorption of a single photon is
linearly proportional to the spatial density of photons, i.e., the light intensity. The
probability is therefore constant from any given axial plane, i.e., a plane taken normal
to the propagation direction, regardless of the focusing of the incident beam. As one
moves toward the focus of a beam, its intensity in a given axial plane increases as
the power becomes distributed over a smaller cross-sectional area. At the same time,
fewer fluorescent molecules in that plane are exposed to the illumination so that the
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lateral extent of the excitation is reduced. Thus, the total number of molecules excited
in any plane is essentially a constant so that single photon absorption results in
fluorescence throughout the entire axial extent of the incident beam.

6.2.1.1 Direct Imaging

Biological preparations that do not appreciably scatter or absorb the incident light,
such as ixn vitro slice or cell culture, can be observed by a variety of direct imaging
techniques, ' typically with the use of a charge-coupled device (CCD) array detector.
In whole-field fluorescent microscopy, the entire region of interest in the preparation
is concurrently illuminated and all of the collected fluorescent light is recorded. This
methed has the advantage of a high rate of data collection — e.g., hundreds of
frames per second with current array detectors — but suffers from the lack of optical
sectioning. The fluorescence generated from planes outside the focal plane contrib-
utes in a nonuniform manner to the background level. The result is a lack of axial
resolution and a lower signal-to-noise ratio than that for an image in which fluores-
cence from outside the focal plane is eliminated.

Axial resolution on the order of the diffraction limit may, in principle, be
achieved with direct imaging methods in which light from regions outside the focal
plane is systematically eliminated (Table 6.1). One method is to acquire data at
multiple depths by shifting the focus above and below the object plane and then to
use the images from out-of-focus planes, in conjunction with a deconvolution pro-
cedure, to mode] and subtract the out-of focus light.'*'® This method and its exten-
sions have the advantage of experimental simplicity in that only a motorized focus
control needs to be added to a standard microscope. On the other hand, diffraction
by the open aperture of the objective leads to a set of dark rings in the transfer
function of the objective, so that this method is insensitive to the spatial frequencies
of these rings. This is the so-called “missing-cone™ problem in which the cone
represents spatial frequencies in radial and axial momentum space (i.e., k, and k).

TABLE 6.1
Nominal Properties of Techniques for Functional Imaging with Fluorescent
Indicators

Axial Lateral Frame Period Depth
Mode Technique | Resolution | Resolution | (100 by 100 pixels) | Penetration
Full Field >>h ~100 Hz
Direct Image Vibrating A
Formation Grating ~R <0 H settering
. g zZ
(CCD Acquisition) | Deconvolution _
Interferometric <<A = <<At;r:|uering
. . Confocal ~10 Hz “Aﬂc;lr:eruz\g
Point Scanning - ——
. Multiphoton -~k >100 Hz (resonant or
(PMT Acquisition) o . >> A nedng
Excitation AOM line scan} franenng
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An alternate procedure is to project a line grating into the object plane so that
the projected image has a spacing on the order of the lateral diffraction limit. When
this grating is modulated in time, only the part of the signal that emanates from the
object plane is concurrently modulated. Thus, information about the intensity dis-
tribution in the object plane only may be extracted.'®® A final set of methods is
applicable only to physically thin objects and relies on an interferometric cavity to
set up an optical field that varies in the axial direction.”** This may be used to
achieve axial resolution on length scales of less than one wavelength.

6.2.1.2 Confocal Laser-Scanning Microscopy

Laser-scanning microscopy provides an improved means to achieve axial resolution
compared with direct imaging techniques. An incoming laser beam is deflected by
a pair of rotating mirrors, mounted at orthogonal angles, and subsequently focused
by a microscope objective onto the preparation. The angular defiection of the colli-
mated laser beam causes the focused spot to move across the preparation in a
specified raster pattern. The fluorescent light generated at the focal volume is col-
lected by a detector as a function of time; this time series is transformed back into
a position in the preparation along the trajectory of the spot. The drawback to laser-
scanning methods of microscopy is a reduced speed of acquisition compared with
direct imaging techniques. The maximum acquisition rate is limited by the speed at
which the scan mirrors can raster across the region of interest,

In confocal microscopy, axial resolution is obtained by preferentially collecting
fluorescent light generated near the focal plane while rejecting light generated
outside the focal plane. Specifically, the fluorescent light is refocused along the same
beam path as the excitation light. After passing back through the scan mirrors, a
process referred to as “descanning,” the light is spatially filtered by a small aperture,
or pinhole, whose radius is chosen so that its image in the preparation matches or
exceeds the diffraction-limited radius of the illuminated region. The pinhole prefer-
entially passes fluorescent light generated near the focal plane. Although confocal
microscopy works well for optically thin preparations, it is inefficient for prepara-
tions in which substantial scattering occurs, As the flucrescent light becomes more
heavily scattered, a greater portion of the photons from the focal plane are deflected
from their original trajectories and thus blocked by the pinhole and remain unde-
tected. Conversely, an increasing portion of the light from outside the focal piane
will be deflected to pass through the pinhole. The result is a drop in the signal-to-
noise ratio.

6.2.2 Two-PHOTON LASER-SCANNING MICROSCOPY FOR
STRONGLY SCATTERING PREPARATIONS

Two-photon laser-scanning microscopy utilizes laser light at approximately twice
the wavelength of that used in traditional, one-photon microscopy. These photons
carry half of the energy required to promote a molecule to its excited state, and the
excitation process requires simultaneous absorption of two photons from the
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FIGURE 6.1 Cartoon of laser light near the focus of an objective. The shaded regions indicate
the cross-sectional area in a given plane, normal to the direction of propagation, that is
illuminated by the converging laser light. The illuminated cross-sectional area is seen to
decrease as (he distance to the focal plane decreases.

excitation beam. The probability of two-photon absorption thus scales with the
square of the incident laser intensity. This nonlinear absorption process provides an
intrinsic mechanism for optical sectioning solely by the incident beam.

As illustrated in Figure 6.1, the total fluorescence generated from a given cross-
sectional plane, F,,, is proportional to the square of the incident intensity T and the
illuminated area A. The intensity is defined as the incident laser power P divided
by the illuminated area; i.e., I=P/A. The illuminated area in a given plane is
proportional to the square of the axial distance z between that plane and the focal
plane; i.e., A e 7%, at least for z larger than the confocal length, 7 where

confocal*

1% ( n Y
= LA 6.1
Z‘cunfocal 27T n ( NAJ ( )

and n is the optical index of the preparation at the excitation wavelength Ay, NA is
the numerical aperture of the objective, and the ratio (n/NA) is a purely geometric
factor.”® Thus,

2
F[mal o< IZA o< (EJ (62)
Z

The amount of fluorescence generated from a given axial plane is seen to decrement
as a quadratic function of the distance from the focal plane (Figure 6.2). The
integrated fluorescence for z » z_, ., is thus finite; ie..
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FIGURE 6.2 The integrated excitation of fluorephores within an axial plane as a function of
the axial distance, z, from the focus. Single-photon excitation results in an excitation profile
that is constant with axial distance (light line). Two-photon excitation results in an excitation
profile that falls off quadratically with axial distance from the focal plane (dark line).
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and only light within a focal depth, Z £ Z e cONtributes significantly to the
signal. Thus, with TPLSM, all of the fluorescent light can be collected as signal,
regardless of scattering. In contrast, the same integral (Equation 6.3) diverges for
single-photon absorption.

The probability of simultaneously absorbing two photons is small compared to
the probability of single-photon absorption at half the wavelength. Therefore, a
pulsed laser source is necessary to provide the large incident intensities required to
generate significant two-photon signals while concurrently maintaining the average
power at levels that avoid heating of the preparation. The use of ultrashort laser
pulses, i.e., 10 to 100 fsec, allows for the greatest efficiency and depth penetration
while reducing the potential for thermal damage to the preparation (but note the
conclusions of Konig et al.>5}, In particular, the extent of thermal damage depends
on the average power delivered by the incident beam, while the depth penetration
is a function of the instantaneous peak power.

Two-photon laser-scanning microscopy is uniquely suited for optically section-
ing through thick preparations.>**° In brief:

I. The fluorescent signal is not descanned; i.e., the fluorescent light does not
require spatial filtering with a pinhole, as is the case for confocal micros-
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copy. This yields a higher collection efficiency for scattering preparations.
It further requires a much simpler alignment of collection optics compared
to confocal microscopy.

2. The use of near-infrared light for two-photon excitation, as opposed to
blue/UV light for single-photon excitation, is preferable with biological
preparations. Wavelengths in the near-infrared are less heavily scattered
as well as less likely to be absorbed by biological molecules. In particular,
flavins and other molecules involved in bioenergetics are far less excitable
by near-infrared light than by UV/blue light.

3. The two-photon spectra of fluorophores are generally broader than their
one-photon counterparts and are spectrally separated further from the
fluorescence emission peak. Both of these characteristics simplify the
technicai task of separating the excitation and emission light and allow
for the simultaneous excitation of multiple dyes with a single laser source.

6.3 BASICS
6.3.1 REsoLuTION

The fundamental axial length scale is the confocal length (Equation 6.1, 7.
The axial resolution or depth of focus, denoted 8z, is proportional to z,,, .- A Worst-
case estimate for 6z is when the intensity goes through a first zero along the optical
axis, which occurs for?

dz=4.12 2—?“0( : )2 (6.4)
Z =G I+ 2 = a— .
confocal n NA

where A,/n is the wavelength in the preparation. An analogous expression holds for
the lateral resolution, denoted 1. A worst-case estimate for 8r is when the intensity
goes through a first zero along a radius in the focal plane, which occurs for?

A A
Sr=12-n0 2, —06 —(i] (6.5)
n n \NA
For the practical case of a 40> magnification water immersion lens with NA = 0.8,

the confocal length for 800-nm light is z ¢, = 0.25 pum, for which 8z = 3 um and
&r=0.6 um.

6.3.2 ScATTERING BY BrAIN TISSUE

The beam will maintain a focus as long as the elastic scattering length, denoted
A, e 18 much greater than the depth of focus, i.e., for

A >> Z

scatter confocal
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The scattering length corresponds to the length over which the incident light remains
essentially undeflected. For neocortex in living rat, A, ~ 200 pm,”>% so that
the depth penetration of TPLSM is limited only by the available power. However,
for some preparations, such as the granule cell layer in mouse cerebellum, the
interpretation of preliminary data (Denk and Kleinfeld, unpublished) suggests that
Ater ™ Zeontoew and TPLSM is no longer effective.

6.3.3 PHOTOBLEACHING AND PHOTODAMAGE

The nonlinear excitation profile of TPLSM results in localization of any photodam-
age, related to bleaching of the fluorophore or otherwise, that may occur. In contrast,
single-photon excitation results in photodamage throughout the entire axial extent
of the beam. Further, for both single- and two-photon imaging techniques, the
incident beam can induce heating of the nervous tissue, although this effect may be
substantial only when the average incident power exceeds ~0.1 W for the near-
infrared wavelengths involved in TPLSM !

Increased photobleaching at the focus, possibly driven by third-order or higher
nonlinear processes, is a possibility with two- vs. single-photon excitation. Some
experimenters have observed photobleaching rates that always scale lincarly with
two-photon absorption®*? or scale supralinearly with absorption only at relatively
high intensities,” while other experimenters have observed the supralinear relation
at all intensities. > At extremely high peak powers unlikely to be achieved under
normal imaging conditions, the intensity of the laser pulse at the focus can cause
jonization and result in permanent damage to the preparation.

For imaging through optically thick preparations, TPLSM offers fundamental
advantages over single-photon excitation microscopy. For thin preparations, the
possibility of increased but Jocalized photodamage leaves the choice between the
single- and two-photon methods unresoived.

6.3.4 LiGHT SOURCE

Pulsed laser light is not monochromatic. A temporally short pulse comprises a
correspondingly broad range of wavelengths. While the exact width will depend on
the precise shape of the pulse, the spectral width, AX, must scale with the temporal
width, T, as

2

Ak ~ o2 (6.6)
T,

where A, is the center wavelength. For a sufficiently short pulse, the spectral width
of the pulse can extend beyond that of the two-photon excitation spectrum for a
given fluorescent molecule. Tn this limit, the excitation efficiency for an excessively
short pulse can be lower than that for a longer pulse.

A laser with an appropriate pulse width as well as center wavelength, typically
between 730 and 1000 nm, must be used in a TPLSM system (see Siegman® for a
general review of lasers). Ti:Sapphire-based laser systems have been reported to
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produce pulses with widths shorter than 10 fsec, while commercially available
Ti:Sapphire systems capable of generating roughly 100-fsec-duration pulses are
readily available and are used for our system (Section 6.4). The pulse is broadened
to 200 fsec or more at the exit of the objective. The corresponding full spectral
bandwidth is ~10 nm. This width is less than the width of the two-photon absorption
band of many relevant dyes, e.g., 80 nm for fluorescein.

The fluorescent light generated by TPLSM is sensitive to fluctuations in the laser
power, the center wavelength of the puise, and the spectral width of the pulse. Pulses
with different spectral densities may be characterized by the same width et provide
different peak powers and thus different excitation strengths,”” as demonstrated by
the examples of Figure 6.3. On the one hand, the efficiency of two-photon excited
fluorescence increases with increasing spectral width, i.e., as AA, or equivalently
increases inversely with decreasing pulse width, i.e., as t;' (Equation 6.6). Thus,
elficient pulses are associated with a large spectral bandwidth. On the other hand,
a high level of spectral dispersion in the objective may lead to a drop in spatial
resolution. This occurs when the optical index of the glasses in the objective signif-
icantly varies as a function of wavelength, although it is typically a small effect for
the near-infrared wavelengths and 100- to 200-fsec pulse widths used in TPLSM.3

The spectral components of the pulse can be nonuniformly distributed through
the pulse — a condition referred to as chirp — so that there is a systematic shift in
frequency between the start and end of a pulse (Figure 6.3¢). Under ideal conditions
the chirp of the laser pulse should be zero at the focus of the objective so that the
spectral composition of the pulse is uniform across the pulse. This results in a
minimum pulse width and is usually achieved with external compensation for the
group dispersion of the pulse.®

The average output power of the laser can be monitored with a simple photo-
diode. The center wavelength and the spectral width of the pulse of the laser can be
determined with a basic spectrometer, While a fast oscilloscope can be used to
display the repetition rate of the laser, even the fastest available oscilloscopes are
currently unable to measure the laser pulse width directly, However, an interfero-
metric autocorrelator can be built to monitor the shape of the pulse (Appendix B).
The temporal distribution of wavelengths can be directly detected only by phase
measurements, using a frequency-resolved optical gating or related technique.®

6.3.5 Deuvery ofF Laser LigHT

The output parameters of a commercial laser system are unlikely to match the
requirements of the microscope perfectly. The output beam may not be optimally
collimated or may be collimated with a beam diameter too small or too large for
use in the microscope. To compensate, the beam profile is calculated along the
direction of propagation and can be reshaped using either lenses or curved mirrors.

6.3.5.1 Llaser Beam Profile

The laser beam diameter and divergence can be calculated using the paraxial approx-
imation, i.e., under the assumption that the intensity along the direction of propa-
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FIGURE 6.3 Pulses with different characteristics can have the same full-width half-maximal
spectral width, indicated by AL. (a} A pulse with an exponential spectral envelope and the
corresponding Lorentian pulse shape with a full-width half-maximal pulse width of ‘EEWHM.
(b) A pulse with a Gaussian spectral envelope and the corresponding Gaussian pulse shape.
(¢} A pulse in which the constituent frequency compenents are nonuniformly distributed, i.e.,
chirped. The extent of the chirp has been grossly exaggerated from typical conditions. Note
that, for illustrative purposes, the pulse widths are about 10 shorter than those used in typical

TPLSM experiments.

gation varies slowly on the scale of the wavelength, and the further assumption that
the profile of the intensity follows a Gaussian distribution along the direction trans-
verse to that of propagation.* This is depicted in Figure 6.4 for a divergent laser
output that is refocused with an f = +500-mm lens; the beam diameter is denoted
by D,.., and equals the diameter across the points where the intensity falls by a
factor of e!. Superimposed on the Gaussian beam calculation is the calculation for
the same system in the geometric optics limit. The result demonstrates that, with
the exception of regions close to a focus, the Gaussian beam calculation can be
approximated by a geometric optics calculation with modest accuracy.

the same system in the geometric optics limit. The result demonstrates that, with
the exception of regions close to a focus, the Gaussian beam calculation can be
approximated by a geometric optics calculation with modest accuracy.
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FIGURE 6.4 Calculations of the laser beam diameter, D,,,,, as a function of distance for a
beam with a starting diameter of D, = 0.70 mm and a divergence of 1.7 mrad. These values
are typical for the output of a Ti:Sapphire laser. An f = +500-mm lens is placed 860 mm (rom
the laser output aperture. The calculation for a Gaussian beam is shown as the dark line,
while the geometric optics limit is depicted as the light line.

6.3.5.2 Reshaping the Laser Beam

Several different methods are available to change the divergence and diameter of a
laser beam, as depicted in Figure 6.5. Lenses are simple to align, yet, as a general
consideration, the glass will introduce an additional source of pulse dispersion
(Figures 6.5a and 6.5b). Their effect on a 100-fsec pulse is small; thus, lenses may
be used with commercial Ti:Sapphire systems, but lenses may introduce substantial
dispersion for shorter, i.c., ~10-fsec, pulses. Curved metal mirrors do not introduce
dispersion, yet they must be used off axis and thus introduce astigmatism into the
laser beam. Specifically, for a two-curved-mirror telescope, typically sized mirrors
must used substantially off axis to allow the beam to reflect from their centers yet
pass the edge of the companion mirror (Figure 6.5¢). The resulting astigmatism may
degrade the sharpness of the laser focus al the preparation. A single-mirror scheme
15 a simple yet viable means to change the size of the beam (Figure 6.5d).
The technical characteristics involved with several telescope designs are:

1. A pair of achromatic doublets can be used as a Keplerian telescope (Figure
6.5b). The lens separation should be approximately the sum of the two
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FIGURE 6.5 Four possible methods for reshaping a laser beam: (a) a single, long focal length
lens, as used for the calculation of Figure 6.4; (b) a Keplerian telescope; (¢) a telescope
constructed with two curved mirrors; (d) a single, long focal length curved mirror.

focal lengths, but the actual location of the telescope along the beam path
is flexible. The telescope can easily be adapted to provide different mag-
nifications by choosing different combinations of lenses at the appropriate
separation. The disadvantages of this configuration include the need for
rails or precision translation stages for precise alignment and the disper-
sion produced by the lenses.

2. A curved-mirror telescope can be used with the mirror separation approx-
imately equal to the sum of the two focal lengths (Figure 6.5¢). In this
Keplerian telescope, the actual location of the curved-mirror telescope is
flexible, and the telescope can be adapted to provide different magnifica-
tions with the choice of different combinations of curved mirrors. This
configuration also requires rails or precision translation stages for precise
alignment. No dispersion is added to the system by the mirrors, but
astigmatism is introduced into the laser pulse because the mirrors are used
at substantially off-axis angles.

3. A single-focal length achromatic doublet can be used to reshape the beam
(Figure 6.5a). An achromatic doublet is placed approximately cne focal
length from the originat focus of the laser, which is typically inside the
laser cavity. Although the alignment of a single lens is simplified compared
to multielement configurations, the collimated beam diameter and place-
ment of the lens are completely determined by the focal length of the
lens. As with all lenses, some dispersion is added to the system by this
configuration.

4. A single, long focal length curved mirror can be used to reshape the
beam (Figure 6.5d). The lens is placed approximately one focal length
from the original focus of the laser, which typically is inside the laser
cavity. Alignment of the mirror is simplified compared to multielement
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FIGURE 6.6 Ray diagrams for a dual telescope system with four lenses. The output beam
diameter and divergence can be completely controlled by translating two of the four lenses.
For illustration, we take the input beam to be divergent. (2) A collimated, smaller diameter
output; (b) a collimated, larger diameter output; {c) a converging, larger diameter output.

configurations, but the collimated beam diameter and mirror placement
are completely determined by the focal length of the mirror. Although
no dispersion is added to the system by the mirror, a slight astigmatism
is introduced into the laser pulse because the incoming and outgoing
beams are off axis only in one plane.

5. For complete control of the beam profile with a fixed set of achromatic
doublets or mirrors, a four-element, double-telescope system should be
implemented (Figure 6.6). The laser beam diameter and the divergence
can be altered by adjusting the location of two of the four elements. The
deficit of this system is additional dispersion. Note that, in principle, a
three-element system provides sufficient degrees of freedom but is some-
what more difficult to adjust.

In general, the laser beam should be collimated to minimize the spherical
aberrations of the objective. As a practical matter, it may be necessary to introduce
a slight convergence or divergence 1o the beam, as most lenses are designed to
minimize spherical aberrations for visible (400 to 600 nm) light rather than near-
infrared (700 to 1000 nm) light. The final size of the beam represents a compromise
between resolution, which increases as the back aperture of the objective is increas-
ingly filled, and throughput, which is maximal when the back aperture is underfilled.
This tradeoff is illustrated in Figure 6.7 in terms of the normalized beam diameter,
Dyean/Dga» where Dy, is the diameter of the back aperture of the objective.
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FIGURE 6.7 The tradeoff between power throughput and optical resolution as a function of
the size of an incident Gaussian beam, normalized in terms of the filling factor Dyem/Dga-
The resolution was estimated in the plane wave limit, while the power was calculated in the
Gaussian limit. {a) Lateral resolution vs. normalized radius; (b) axial resolution vs. normalized
radius; (c) relative power vs. normalized radius.
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6.3.0 DEsSIGN OF A SCAN SysTEM

We consider in detail the manipulation of the path of the laser beam as a means to
scan a focused spot across the preparation. The essential idea is that the objective
converts the incident angle of a collimated beam into the position of a diffraction
limited spot on the focal plane (Figure 6.8a). The focused laser spot can be moved
across a stationary preparation by changing the angle of the incident beam. In order
to change the angle without physically moving the source, one uses a system of
mirrors and auxiliary lenses according to one of two schemes,” The first method
involves a standard 160 mm tube length objective, i.e., a lens optimized for an image
plane at 1600 mm from the rear focal plane of the objective, in conjunction with a
rotating mirror and a scan lens to deflect the rotated light back into the beam path
(Figure 6.8b). A disadvantage to this configuration for TPLSM is that the incoming
light to the objective is convergent rather than parallel. This can lead to astigmatism
in the focused beam if a dichroic mirror, used for the collection of emitted light, is
placed directly behind the objective

An alternative scheme for the scan system is to use an infinity-corrected objec-
tive, together with a rotating mirror and a tube lens as well as a scan lens (Figure
6.8¢). In this configuration, the two auxiliary lenses serve to translate the angular
deflection of the mirror into an incident angle at the objective while allowing the
input to the mirror and the input to the objective to be collimated. This is the
configuration used in our system, which will now be described in greater detail
(Figure 6.9). The relevant variables are

f, = Focal length of scan lens

f, = Focal length of tube lens

d, = Distance between the scan mirror pivot point and the scan lens

d, = Distance between the scan lens and the tube lens

d; = Distance between the tube lens and the back aperture of the objective
Dy, = Effective diameter of the scan mirror

Dy, = Diameter of the back aperture of the objective

Dyeun = Diameter of the beam at the back aperture

dyy = Distance between a pair of scan mirrors

The issue of one- vs. two-dimensional scanning can be separated from the issue of
constraining the optics in the beam path. Thus, for clarity, we focus first on a one-
dimensional scan system,

6.3.6.1 Constraints on Axial Distances and Optical Apertures

We consider the optimal alignment and layout of optics, with reference to Figure 6.9.
The constraints are:

1. Tnfinity-corrected objectives require the incident light to be collimated at
the back aperture of the objective. If the input to the scan system is a
collimated laser beam, then the scan lens and tube lens must be configured
as a telescope. Therefore, their separation is given by
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FIGURE 6.8 Illustration of different configurations for laser scanning. (a) A scanning system
with only an objective, The collimated laser source must be physically moved and rotated
behind an infinity-corrected objective. (b} A scanning system with a single intermediate lens,
i.c.. the scan lens, in addition to the objective. The objective is taken as optimized for a 160
mm image distance. The rotating mirror is imaged onto the back aperture of the objective.
Note that the light is convergent behind the objective. (¢) A scanning system with two
intermediate lenses, i.e., the scan lens and the tube lens, in addition to the objective. The
objective is taken as optimized for an infinitc image distance. A scan lens and tube lens are
placed between a rotating scan mirror and an infinity-corrected objective. The mirror surface
is imaged onto the back aperture of the objective, and the light between the objective and the
tube lens is collimated and thus suitable for the placement of a dichroic mirror.
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FIGURE 6.9 The alignment of optics in a scanning system consisting of an objective, tube
lens, and scan lens. The actual laser pathway is indicated by the solid lines. The dashed lines
depict the imaging condition betwecn the center of the scan mirror and (he center of the back
aperture of the objective. The laser path is magnified to just overfill the back aperture, and
the imaging condition {see text) prevents motion of the laser spot at the back aperture as the
laser beam is scanned.

d, =1 +f, {6.7)

2. The pivot point of the scan mirror should be imaged to the center of the

back aperture of the objective to minimize motion (spatial deviations) of
the laser path at the back aperture plane. This imaging condition is
satislied by

5 2
) . f,
d, :11—2+f, —d_{f‘} (6.8)

-

This condition serves to maintain constant laser power through the back
aperture of the objective as the scan mirror is rotated. A graph of the
required separation d; as a function of the separation d, for six different
choices of scan lens focal lengths and a tube lens with a focal length of
f, = +160 mm is shown in Figure 6.1,

The incident laser beam should slightly overfill the back aperture of the
objective in order to utilize jts full NA: i.e.,

D =>D

beam

- (6.9

This generates the highest resolution for a given objective.
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FIGURE 6.10 The calculated scan mirror to scan lens separation distance, d;, as a function
of the objective to tube lens separation distance, dy. The calculation is shown for several
choices of scan lens focal lengths, f,. The focal length of the tube lens is assumed to be
f, = +160 mm. The dot marks the actual values, d; = 95 mm and f, = +92.7 mm, used in our
system.

4. Typical scan mirrors are only a few millimeters in dimension. The simul-
taneous requirements that the beam should underfill the scan mirrors as
a means to avoid losses due to diffraction, yet slightly overfill the back
aperture of the objective as a means to maximize the spatial resolution at
the focus, constitutes a magnification constraint on the scan system. The
required magnification, denoted m, is given by

D
m|= Bﬁf’-\- =2t04 (6.10)
M

where the numerical values are appropriate for typical dimensions of
objectives” back apertures and scan mirrors. For the case in which a
standard f; = +160-mm tube lens is used in the scan system, the required
focal length of the scan lens is determined by a second constraint on the
magnification; i.e.,

f

f
=% =40 to 80 mm (6.11)
|m|

5. The above constraints (Equations 6.7 to 6.11) reduce the scan system to
a single degree of freedom. For a given separation distance between the
tube Iens and the objective d,, the imaging constraint determines the scan

5. The above constraints (Equations 6.7 to 6.11) reduce the scan system to
a single degree of freedom. For a given separation distance between the
tube Iens and the objective d,, the imaging constraint determines the scan
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lens—to—scan mirror separation d, or vice versa (Figure 6.10). In practice,
many objectives are designed to be corrected for chromatic aberration at
a fixed value of d,. By convention, this is taken to be

d, =95 mm (6.12)

This constraint will further increase the collection efficiency of the tube
lens for visual inspection of the preparation. In practice, d, is also con-
strained by the physical size of the detector assembly.

The scan lens should be a lens with a small f-number, i.e., ratio of focal length
to clear aperture, that is well corrected for spherical, chromatic, and off-axis aber-
rations. A minimal scan lens could be an achromatic doublet with an f-number of
2. More precise scan lenses are available from specialized manufacturers and are
particularly valuable for applications involving large scan angles. In practice, ste-
reoscope objectives are well corrected for off-axis aberrations and work well as scan
lenses, as discussed in Section 6.4.

6.3.6.2 Two-Dimensional Scanning

A true, distortion-free, two-dimensional scan can be obtained with two scan mirrors
and the use of additional optics between the scan mirrors to insure that the centers
of both mirrors and the objective back aperture are all conjugate planes of one
another. The addition of intermediary optics, while conceptually straightforward and
employed in commercial instruments, e.g., the Biorad MRC series, makes proper
alignment more difficult and can result in additional dispersion or astigmatism.

A simpler two-dimensional scan configuration can be used that utilizes no
intermediary optics if the separation between the scan mirrors can be made small
compared to focal length of the scan lens; ie.,

f, >>d,, (6.13)

The conjugate plane of the back aperture is placed halfway between the two
scan mirrors, The small deviation from the exact imaging conditions results princi-
pally in two effects. The first is a slightly increased sensitivity of the focused beam
profile to defects on the scan mirrors. The second is a slight lateral motion of the
beam at the back aperture of the objective while the beam is scanned. This motion
results in increased clipping, i.e., vignetting, of the beam at larger scan angles. The
excitation intensity will therefore be lower at the edges of the scan than at its center
(Figure 6.11).

The focal length of the scan lens is constrained from above by the requirement
of sufficient magnification (Equation 6.11). For a tube lens with a focal length of
fy = +160 mm, we have f, = |m|~' f, = 80 mm. As a compromise, our system {Section
6.4) uses a scan lens of focal length f, = +92.7 mm. This distance is large compared
to the spacing between the two scan mirrors in our system, i.c., dg,, = 7.6 mm, but
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FIGURE 6.11 Theoretical calculation of the spatial inhomogeneity of the squared power,
which corresponds to the two-photon excitation rate, due to the lateral motion of the scanned
Jaser spot at the back aperture of the objective, The calculation was carried out in the geometric
optics limit with the assumption of a Gaussian transverse beam profile. The different curves
correspond to filling factors Dy,,./Dy,. All parameters as specified in Section 6.4,

slightly larger than the constraint in Equation 6.11, so that we slightly underfill the
back aperture. A typical imaging experiment utilizes a 40x magnification objective
with a back aperture of Dy, =8 mm. The theoretical two-photon intensity profile
for different filling rations D, /Dy, is estimated by modeling this system with
geometric optics (Figure 6.11). The calculated intensity deviations due to motion of
the laser path at the objective back aperture plane are seen to be small for typical
scanning conditions.

6.3.7 FLUORESCENT LIGHT DETECTION

The fluorescent signal generated in the illuminated region of the preparation is
incoherent and emitted over the entire 4m solid angle. A portion of the signal is
collected in the backward direction by the objective and deflected by a dichroic
beamsplitting mirror and focused onto a photomultiplier tube (PMT) {Figure 6.12).
Filters and additional dichroic mirrors and detectors can be used to further isolate
the fluorescent signal and, if required, separate different luorescent signals according
to wavelength. For preparations that are not too optically thick, e.g., slice or cell
culture, an additional detector can be placed beneath the preparation to collect the
signal emitted in the forward direction” (Figure 6.12).
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FIGURE 6.12 Schematic of the detection configuration for two-photon excited flucrescence.
The excitation laser light is depicted as a solid line, while the fluorescent signals are shown
as dashed and dotted lines. The collection system shown below the sample stage can be added
for preparations, such as brain slice, that are not too optically thick.

6.3.7.1 Placement of Detector Assembly

The detector assembly should be placed directly above the objective. The two main
considerations in this choice of detector position are:

1. Collection efficiency is increased by placing the collection assembly
directly above the objective. Although light emitted from the focal plane
of the infinity-corrected objective should ideally be collimated as it returns
through the back aperture, the actual fluorescence will diverge due to
scattering and diffraction. In particular, it is mainly the scattered light
that will miss the clear aperture of the tube lens, The unscattered light
collected by the objective will almost exactly retrace the beam path of
the excitation laser. Therefore, placing the detector assembly as close to
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FIGURE 6.13 Placement and separations of detector elements for two-photon excited fluo-
rescence. Unscattered fluorescent light is depicted as a dark line, while scattered fluorescent
light is depicted as a gray line.

the objective as possible should result in improvements for more strongly
scattering preparations.

2. Fluorescent light collected from an infinity-corrected objective will be
nearly collimated just above the objective. Placing the dichroic mirror in
the path at this point, rather than at a location where the beam is diverging,
reduces the sensitivity of the signal to local defects on the dichroic mirror.

6.3.7.2 Constraints for Detection Elements

The backward collection pathway is shown in Figure 6.13 with the second dichroic
mirror and PMT pathway eliminated for clarity. We note the following definitions:

1, = Distance between collection lens and back aperture of the objective
Distance between active surface of the detector and collection lens

Dpyr = Effective diameter of the detector active surface
fo = Focal length of the collection lens
D¢ = Clear aperture of the collection lens

The following conditions should be maintained for the choice and placement of
collection optics:

1. The back aperture of the objective should be imaged onto the active
surface of the PMT to minimize motion of the fluorescent signal on the
detection surface. This imaging condition is given by

- Mo (6.14)

2 ~
ll_tCL
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and is graphed in Figure 6.14 for five choices of collection lens focal
lengths, £, .

2. The collection lens should have a large clear aperture to maximize col-
lection of scattered light, some of which diverges as it exits the back
aperture of the objective, In practice, physical constraints of the detector
assembly (described in detail later) limit the clear aperture to

Dy, =30 mm (6.15)

3. The separation between the collection lens and the objective should be
minimized to within physical constraints. This also serves to increase the
collection efficiency of the scattered light. As a maximal limit, we arbi-
trarily choose a distance at which a clear aperture is at least half of the
empirically determined maximal divergent spot size frem the back of a
typical objective. For example, this corresponds to a half-angle spread of
11.3° from the Dy, = 8-mm back aperture of a 40x magnification objec-
tive. For a collection lens with a clear aperture of De =30 mm, this
implies a spacing of

1, 2130 mm (6.16)

4. The focal length of the collection lens should be as short as possible. This,
in combination with the imaging constraint of Equation 6.14, assures that
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FIGURE 6.14 Graph of the imaging constraint for the distance between the collection lens
and the detector, l,, vs. the distance between the detector and the back aperture of the objective,
1, for five choices of focal length for the collection lens.
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the image of the back aperture is minified to fit onto the smaller active
area of the PMT. The magnification is given by

T,
m|= e (6.17)
11 _fCL

The active area of the PMT described in this chapter is 4 mm. The
objective back apertures range up to 12 mm in diameter. Therefore, the
magnification requirement for the described system is [m| = '/s. Together
with |, = 130 mm (Equation 6.17), we have

f., =32.5mm (6.18)

In many imaging applications, aberrations and misalignment of optical elements
distort the spatial distribution of the collected light. This directly atfects the resolu-
tion of the final image. In laser-scanning microscopy, the final image is produced
as a time series of collected light intensities. All of the light collected during a given
time interval contributes equally to the intensity value of the corresponding spatial
pixel, at least insofar as the efficiency of the detector is spatially uniform. Thus, it
is more important to collect a consistently large portion of the fluorescent light at
the detector than to minimize aberrations in the collection optics.

For completeness, we note that an alternate detection system could be used in
which the collected light must pass through two lenses on its way to the detcctor.
The collection optics would then be placed in a configuration similar to that described
for the scanning system. The main advantage to this configuration is that the unscat-
tered light, which constitutes the predominant part of the signal in weakly scattering
preparations, arrives at the detector as a collimated beam rather than as a focused
spot. This would reduce the sensitivity of the signal to any spatial inhomogeneities
in the responsivity of the active surface of the detector. The two-lens collection
system suffers from the disadvantage of increased complexity and increased loss,
as each added optical element produces additional reflection and diffraction.

6.4 REALIZATION
6.4.1 OpTICAL AND MECHANICAL

Qur system is laid out on a 4 % 8 x 1 ft air table, which provides room for the lasers,
ancillary optics, an interferometric autocorrelator, a two-photon spectrometer, and
two experimental setups (Figure 6.15). Room for dispersion compensation optics,
should they be required, is also available. Wherever possible, standard, commercially
available optics and electronics are used to maximize the reproducibility of the
system; these are summarized in Appendix A. Various adapters are fabricated to
combine parts of noncompatible design. Machine drawings of these adapters are
available by contacting the senior author. Lastly, ancillary electronics are supported
by a hanging shelf above the air table.
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FIGURE 6.15 Schematic diagram, drawn approximately to scale, of the layout on an optical
table for delivery of laser light to our two-photon laser-scanning microscope. The main beam
path is depicted by the thick dark line. The beam path through the pulse splitter and delay
line, used for the optical autocorrelator, is depicted by the thick gray lines. The beam path
to the additional experimental setup is depicted by the thin dark line. The beam path to the
two-photon spectrometer is depicted by the thin gray line. The dashed lines represent a small
fraction (~4%) of the beam that is picked off with glass slides and used to monitor the output
power and wavelength of the laser. Circles with diagonal lines represent protected silver
mirrors in fiipper mounts. Solid rectangles at 45° represent protected sitver mirrors in standard
mirror mounts, The dimensions of the table are 4 by § feet.
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6.4.2 LASER SYSTEM

Qur laser system consists of an Nd: Vanadate diode pump laser (Coherent Verdi V10)
and a Ti:Sapphire laser (Coherent Mira 900) equipped with a broadband mirror set.
Some of the important characteristics of this laser system are:

1. The diode pump laser delivers up to 10 W of pump power at a wavelength
of & =532 nm, close to the approximately 15 W maximum thermal limit
of the Ti:Sapphire crystal.

2. The Ti:Sapphire laser delivers 100- to 300-fsec pulses, at the preparation,
that are tunable over the wavelength range of A, = 700 to 990 nm.

3. These pulses are delivered at a repetition rate of 76 MHz. Therefore, the
time between the pulses is ~13 ns, which is long compared with typical
fluorescent lifetimes of 1 to 10 ns.

4. The maximum average output power of the laser is approximately 1.5 W
at &, = 800 nm, or upwards of 100x the saturation power for typical dyes.®
This allows for more than two orders of magnitude of loss due to scattering
as one probes deep into brain tissue.

Additional equipment required for laser operation include twao chillers, typically
supplied with the lasers, and a dry nitrogen gas purge to facilitate laser operation
for wavelengths longer than 900 nm. In addition, various diagnostic equipment is
essential, including an optical spectrometer, an ~500-MHz oscilloscope, an infrared
view scope, and infrared view cards.

6.4.3 PATH FROM LASER TO MICROSCOPE

The delivery pathway of the laser light from the source to the scanners is depicted
in Figure 6.15. A colored glass filter, type OG590, is placed immediately after the
laser output port as a means (o attenuate any residual A = 532-nm pump light along
the beamn path. The output of the Ti:Sapphire laser is horizontally polarized; thus,
the intensity of the laser output may be controlled by manipulating the polarization
state. The polarization angle is rotated by a zero-order half-wave plate and a polar-
izing beamsplitter is used to separate the polarized light into its horizontal, or P, and
vertical, or S, components. The vertical component, which has a slightly higher
reflectance by metal mirror surfaces mounted on the table top and positioned at an
angle of 45° relative to the beam path, is deflected toward the microscope. Rotation
of the output polarization from horizontal to vertical, via rotation of the half-wave
plate, increases the intensity of the light deflected to the microscope according to
the cosine of the angle. Lastly, we note for completeness that intensity control on
the millisecond time scale can be achieved using a scheme in which a birefringent
plate is mounted to a fast optical scanmer (W. Denk, patent pending).

A fraction of the laser light is used for beam diagnostics. A first glass slide
positioned at 45° relative to the beam is used to pick off roughly 4% of the beam
power and defects it to a PC-based spectrometer via a fiber optic cable. A second
glass slide is used to pick off an additional roughly 4% of the beam power and
deflects it to a photodiode as a relative measure of the intensity of the laser output.
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Here, as in general, the pick-off should be located downstream of the intensity control
mechanism but upstream of the shutter.

Either a two-lens or four-lens telescope is used to reshape the laser beam for
input to the microscope as required. The output of the Ti:Sapphire laser has a 1.7-
milliradian (full-angle) divergence and an initial beam diameter of D,,,,, = 0.7 mm.
This is reshaped to a beam diameter equal to that of the scan mirrors (i.e., Dg,, =
4 mm), with an f=+25-mm and +100-mm pair as well as a dual f = +50-mm pair
for the case of a four-lens telescope.

A mechanical shutter is placed in the beam path just before the beam is deflected
upward by a periscope toward the scan mirrors (Figure 6.13). The shutter position
is computer controlled and, for safety reasons, its default position in the absence of
electrical power blocks the beam from the scanners.

As a practical issue, for purposes of alignment we use iris diaphragms as variable
apertures to define the height and position of the beam. Unless otherwise stated, all
mirrors have a {lat, protected silver surface and are held in standard kinematic
mounts. Certain mirrors are placed on translation stages for transverse alignment.
Last, safety precautions must be niaintained in the use of laser light for TPLSM.
Thus, black anodized metal shields are used to surround the scanners and some
optics located near normal eye level.

6.4.4 PATH ALONG MICROSCOPE: EXCITATION

The microscope is built as a tripod with X-95 optical rail (Figure 6.16). One leg
serves as an optical bench, and the other two legs serve as supports. A customized
adapter atop the tripod serves to connect the legs. A pair of mirrors mounted at 45°
is used as a periscope (o steer the beam to the height of the scan mirrors. The top
periscope mirror mount is connected horizontally to the main X-95 rail and angled
at 45°. The laser light deflected from the top periscope mirror travels horizontally
to the alignment mirror and then to the two scan mirrors. The laser light then travels
downward through the scan lens, the tube lens, and the dichroic beamsplitter before
being focused by the objective onto the preparation (Figure 6.17).

There are five main attachments to the main X-95 rail (Figure 6.17). At the top,
two carriages are attached, one in front and one in back. The front carriage holds
the scanners and an alignment mirror, and the back carriage holds the top half of
the periscope. The next attachment is the scan lens mount. A 100%/0% switchable
trinocular headstage, which provides the eyepieces for visual inspection of the
preparation and holds the tube lens, is mounted on a separate X-95 carriage below
the scan lens, The bottom attachment is a modular focusing unit, to which the detector
assembly and the objective holder are mounted. Last, the sample stage allows for
“x” and “y” translation of the preparation and sits directly on the air table.

6.4.4,1 Optical Scanner

The back X-95 carriage holds the top mirror of the periscope. An L bracket attaches
to the mirror mount and holds it in the appropriate orientation (Figure 6.17). The
front X-95 carriage is connected to a rod assembly that holds both the scanners and
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FIGURE 6.16 [llustration of the physical superstructure of the two-photon laser-scanning
microscope. The tripod is constructed of X-95 rail; the front leg forms the optical rail of the
microscope and the side legs act as supports. The incident laser path is shown in gray.

an alignment mirror (Figure 6.18). The alignment mirror is located at the orthogonal
intersection point of the planes defined by the periscope mirrors and the first scan
mirror. The scanners are mounted in a small, orthogonally positioned mirror assem-
bly that is an accessory to the scanners. The mirror assembly is attached to a custom-
designed, water-cooled base that, in turn, is attached to the rod assembly; water
cooling is necessary only for large scan angles at the highest speeds, an atypical
situation. The rod assembly itself consists of seven posts, i.e., 2 of 8 in_, 4 of 6 in.,
and | of 4 in., and seven cross-post adapters.

6.4.4.2 Scan Lens

The scan lens is a 1.0x magnification Plan-Apo dissection microscope lens (Leica).
It is held and centered on a custom-designed mount and attached to the main X-95
carriage. A major consideration for the design of the scan lens holder is mechanical
stability, and thus our mount is reinforced with diagonal bracing.

6.4.4.3 Headstage

The headstage is an upright trinocular (Zeiss) in which the phototube pathway is
used as the laser beam pathway. The headstage contains a 100%/0% beam switcher
that is used to change between visuat inspection with the binocular and laser-

The headstage is an upright trinocular (Zeiss) in which the phototube pathway is
used as the laser beam pathway. The headstage contains a 100%/0% beam switcher
that is used to change between visual inspection with the binocular and laser-
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FIGURE 6.17 The main attachments to the main X-95 rail in the two-photon laser-scanning
microscope. The laser pathway from the periscope to the objective along the optical rail that forms
the microscope includes the alignment mirror, the scan mirrors, the scan lens, the tube lens, and
the detector assembly. The collection optics for the fluorescent light are not shown. The values
of the separation distances for our system are d; = 114.5 mm, d, = 252.7 mm, and d; =95 mm.

scanning microscopy. The trinocular contains an f; = +160-mm tube lens that is used
as the second lens of the scan system telescope. The trinocular is directly mounted
to the custom-designed headstage adapler, reinforced with diagonal bracing, that is
in turn mounted on an X-95 carriage.

6.4.4.4 Focusing Stage

Axial alignment of the objective is achieved with a commercial modular focusing
unit (Nikon). This unit allows 30 mm of vertical motion, which facilitates changing
preparations and objectives. A custom-made adapter plate is attached to the focusing
unit and the objective holder is mounted to the adapter plate. The objective holder
consists of a custom-made groove plate and five Microbench™ (Linos Photonics)
parts in the configuration shown in Figure 6.19.

6.4.5 PATH ALONG Microscore: DETECTION

6.4.5.1 Detector Assemhly

The detector assembly is attached to the focusing unit via the adapter plate. The
entire detector assembly is placed on a slider plate so that the dichroic beamsplitter
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FIGURE 6.18 The uppermost attachments to the X-95 rail that forms the microscope. The
attachment at the rear holds the top periscope mirror. The attachment at the front holds the
rod assembly and is constructed of stainless steel posts, right-angle cross-post adapters, and
an X-95 carriage that connects to the scan mirrors and the alignment mirror.

can be removed from the visual path and then replaced without changing its align-
ment relative to the other collection optics. The back panel of a slider plate is
mounted to the adapter plate, and a Microbench™ mounting plate is attached to the
front panel of the slider plate. Four rods inserted into the mounting plate are used
to attach the detector assembly by its rear left face.

The detector assembly is constructed mainly with Microbench™ parts in a
double-cube configuration (Figure 6.20a). Nine square plates are formed into a
rectangle using four long rails and two short rails. Two f¢ = +27-mm lenses serve
as the collectors and are loaded into the far right plate and the right rear plate, Eight
2-in. rods are inserted into the same plates to provide a mounting area for the glass
filters and detectors. Infrared blocking filters and appropriate bandpass filters are
mounted in additional square plates that slide directly onto the rods. The PMT
detectors are mounted in a customized holder (Figure 6.20b), which also slides
directly onto the rods.

The two dichroic beamsplitter mirrors, one of which separates the incident laser
light from the emitted fluorescent light (beamsplitter #1) and one of which resolves
the fluorescent light into separate spectral bands (beamsplitter #2), are held on prism
mounts inserted through the front left plate and bottomn right plate. The laser enters
through the top left plate and exits through the bottom left plate of the double cube.
The far left plate, front right plate, and the open top right region are covered with
black tape to block stray light from reaching the detectors.
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FIGURE 6.19 The focusing unit that supports the objective and detector assembly on the
main X-95 rail. The objective holder consists of Microbench™ parts (Linos Photonics)
connected to a modular focusing unit (Nikon) by (wo custom-made plates; an adapter plate
with 1/4-20 holes spaced on '/2-in. centers that is driven by the modular focusing unit, and a
groove plate that supports the objective holder. The detector assembly holder consists of a
slider plate and Microbench™ parts and is mounted on the adapter plate.

6.4.5.2 Collection Optics

The first element in the collection pathway (Figure 6.21) is the long-pass dichroic
beamsplitter mirror, i.e., A, = 600-nm DCLP, that transmits light at the laser exci-
tation wavclength while deflecting fluorescent light toward the detectors. A second
dichroic may be used, if necessary, to separate the fluorescent signals from two
different fluorescent indicators. For example, we use a A_, = 505-nm DRLP to
resolve light from yellow fluorescent protein (YFP) vs. cyan fluorescent protein
(CFF). The signal in either path is then focused onto the active area of a PMT by
a short-focal-length lens. A laser-blocking filter, comprising 2 mm of Coming no.
BG40 glass, is used to further reduce the background level and associated noise
caused by scattered incident laser light. Additional filters are placed in front of the
detector as is appropriate for the given experiment, e.g., A = 525 % 5 nm to isolate
YFP and A, =485 £ || nm to isolate CFP.
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FIGURE 6,20 Tllustration of the detector assembly. (a) The main assembly is fabricated from
Microbench™ parts. Dichroic beamsplitters are mounted on adjustable prism mounts and
placed in the labeled openings. Filter blocks and the photomultiplier tubes (PMTs) are held
by the four rods protruding along each path. (b) The PMT casc is a custom-made aluminum
cage designed to be compatible with Microbench'™ parts and the compact Hamamatsu PMTs.

In the collection assembly, an f = +27-mm lens of D = 30-mm diameter is
placed at 1, = 120 mm from the back aperture of the objective and at 1, =35 mm
from the detector. In this configuration, the back aperture is imaged onto the detector
surface with a magnification of 0.29x. Therefore, a Dy, = 8-mm back aperture is
imaged to a 2.3-mm diameter circle at the PMT active surface.

6.4.5.3 Photodetectors

The detectors in our system are Hamamatsu R6357 photomultiplier tubes. We chose
these PMTs because of their spectral properties, high sensitivity, and relatively small
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FIGURE 6.21 Detailed schematic of the detector assembly. The positions of both dichroic
beamsplitters are shown; however, for clarity we omir the optics and detector for the second,
otherwise equivalent, pathway. Unscattered fluorescent light is depicted as dark lines, while
scattered fluorescent light is depicted as gray lines.

size. They are powered by adjustable high-voltage supplies. The output of each PMT
is converted to a voltage with a current-to-voltage converter of local design
(no. OPA111 operational amplifier, Burr Brown) with a measured time constant of
T = 0.8 usec and adjustable conversion gains of 1 x 104 to 8 x 10* V/A. An alternative
and possibly superior solution is to use a charge-to-voltage switched integrator gated
by the pixel clock of the acquisition program.

6.4.6 ScaN AND AcQUISITION ELECTRONICS

The scanners and associated electronics and computer boards must be chosen and
configured to provide horizontal and vertical scans that are synchronized to each
other, so that they define a raster, as well as to the data acquisition. Additionally, in
order to make the scan and acquisition run independently of the computer’s CPU,
both the scan functions and the acquisition function should be synchronized to a
pixel clock on one of the computer boards, as depicted in Figure 6.22.

6.4.6.1 Scan Mirrors and Drivers

We use state-of-the-art galvanometer optical scanners from Cambridge Technology
Inc. (model 6210). These scanners are capable of rotations up to + 20° and rates of
up to 1.7 kHz at reduced deflection angles. We typically use angles of £ 5° or less;
for a 40x magnification, deflections of + 1° correspond to distances of + 40 um in
the focal plane. The scanners hold Dgy = =4 mm aperture mirrors (6 min at 45°)
provided by the manufacturer. Each scanner is driven by a MicroMax™ Series 670
Single Axis Board Level Mirror Positioning System that takes a standard analog
+10-V signal as the input and transforms the voltage into an angle.
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FIGURE 6.22 Cartoon illustration of the drive signals for the scan mirrors and data acqui-
sition over the period of a full frame of acquisition. The time is in units of horizontal scan
periods, denoted T. All functions are synchronized to the continuously running pixel clock.
The data acquisition gate is active for a portion of the fast horizontal scan. During this time
window, data are acquired at the pixel clock rate. The horizontal (fast) scan signal is updated
with cach pixel clock tick, while the veriical (slow) scan signal is updated once per fast scan
eycle. The number of steps and the number of horizontal scans per vertical scan have been
greatly reduced for illustrative purposes.

6.4.6.2 Computer Cards

The horizontal- and vertical-scan system is composed of a scan generator consisting
of a pair of National Instruments model PCI-6711 analog output boards. The hori-
zontal- and vertical-scan boards have first-in-first-out (FIFQ) memories so that one-
dimensional waveforms may be downloaded to the boards. The boards can then be
commanded to transmit those waveforms repetitively. Digital counters, also located
on the boards, can be programmed to set up the sync functions, so that the horizontal
and vertical scans will run in a synchronized manner. Although each board has four
analog output channels, the PCL-6711 has only a single common clock and a single
commeon FIFQ memory. Therefore, two boards are needed for very fast scan oper-
ation. Eight digital output lines are also available on each board, which may be used
for various control output functions such as a shutter control for the laser.

Data acquisition is performed by a National Instruments model PCI-6110E four-
channel analog input board. Two channels are used for the two photomultipliers and
two are reserved for electrophysiological data or additonal detectors. This board has
four independent analog-to-digital converters. Therefore, it can acquire data at very
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fast rates and directly stream the data into memory. The board is synchronized with
the two scan boards (Figure 6.22).

The three interface boards communicate with each other via the real-time system
integration (RTST) bus accessed via a connector on the top surface of the board
(Table 6.2). A 34-pin cable connects all of the RTST bus lines. The pixel clock, line
clock, and frame clock signals from the raster generator are passed to the PCI-6110E,
so that data collection is automatically synchronized to the scan (Figure 6.22). The
host computer needs only to manage the data flow.

The scan and acquisition software sets up the control counters and downloads
the scan waveforms to the respective boards. The start signal is then issued from
the host machine, and the horizontal generation begins and repeats continuously
without any further intervention by the software. This method of semiautonomous
operation allows instrument operation and data collection to occur in a manner
independent of the processor speed of the computer. The computer needs only to
have enough memory to buffer the data. Alternately, the data can stream directly to
disk, depending on the data rate required for a particular experiment.

6.4.6.3 LabVIEW™.Based Software

The scan and data collection system is controlled by a master program written in
LabVIEW™ 5.1. At the start of the program, the ramp is generated by means of a
LabVIEW™ subroutine. The ramp waveform is divided into six separate sections:
a rising cubic acceleration region, a rising linear region, a rising cubic deceleration
region, a falling cubic acceleration region, a linear falling region, and a falling cubic
deceleration region. The ends of the separate regions match in value and slope so
that a continuous, smooth waveform is formed (Fi gure 6.22). The resulting waveform
reduces the slew rate of the signals that will be applied to the mechanical scanners
and thus facilitates the fastest possible scan rates, The horizontal waveform is cal-
culated by means of a FOR LOOP with six separate paths, selected in turn as the
FOR LOOP steps from zero to the final value, which is the number of pixels desired
for one line. Each path is constructed out of standard LabVIEW™ mathematical
components. The vertical waveform utilizes the same waveform calculation method;
the period of the vertical waveform must be a multiple of the period of the herizontal
waveform. For each board, the AO Config.vi routine supplied by LabVIEW™ is used
to assign the on-board FIFO memory that stores the calculated waveform values.

Each of the scan boards has a system timing controller circuit, denoted as the
DAQ STC, that makes a common set of control signals available on each board
(Table 6.2). Thus, the control signals and the counter signals from one board are
available to the other boards via common connections provided by the RTSI bus. In
addition to the control signals, each DAQ STC circuit provides two counters and
eight general-purpose digital 1/Q lines. The RTSI bus carries various control and
clock signals as well as eight lines. designated RTSI | through 8, that are software
assigned by the user. Most of the IO and control signals for each of the counters
can be assigned to any of the RTSI bus lines.

For the horizontal-scan ramp, the route signal.vi routine supplied by LabVIEW™
is used to assign the AO update signal to one of the RTSI lines, i.e., RTSI 4. This
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TABLE 6.2

Assignments for National Instruments Boards

Real-Time System Integration (RTSI) Bus Assignments

RTSI & Signal
4 Pixel clock
3 Pixel clock gate
2 Frame clock
1 Line clock

Connection Assignments

Board # Name
1 Horizontal scan generator
(PCI-6711)
2 Vertical scan generator
(PCI-6711)
3 Analog input (PCL-6 [ §0E)

Source

Board #1
Board #3

Board #1
Boeard #2

Board Connection

Counter 0 input
Counter 0 output

Analog output DACH

Counter () input
Counter + output

Analog output DACO
Digital I/O output 0

Counter () input
Counter () output
Counter 0 gate
Trigger ]

Sturtscan

Digital 1/0 lines -4
Analog input 0
Analog input |

Analog input 2

Analog input 3

Purpose

Master clock for counters in the scan
generators

Asserts the start of an acquisition
period during a horizontal scan

Asserts the beginning of each trame

Asserts the beginning of cach line
scan

Function

Counts down line clock {Input from
RTSI #1)

Generates [rame clock (Output to
RTSI #2)

Horizontal scan signal

Counts down pixel clock (Input from
RTSI #4)

Generates line clock (Output to RTSI
#1)

Vertical scan signal

Shutter control

Counts down pixel clock {Input from
RTSI #4)

Generates pixel clock gate (Qutput to
RTSI #3)

Gated by line clock (Input from
RTSI #1}

Acquisition gate (Input from
RTSI #3)

Acquisition clock (Input from
RTSI #4)

Output te focus stepper motor
controller

Deteclor, PMT #1

Betector, PMT #2

Reserved for electrophysiological
data or optional detector

Reserved lor electrophysiological
data
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signal serves as the system master pixel clock. Counter O on the vertical-scan board
is initialized with the index value of the horizontal-scan generator and then counts
down the pixel clock, which reaches zero at the end of the horizontal scan. This
way, the counter generates an output pulse when the horizontal scan completes. This
signal is called the line clock and is assigned to RTSI | by means of the route signal.vi
routine. By means of the down counter.vi routine, the line clock signal is used as
the update clock for the vertical-scan ramp generator. Note that, as distributed by
National Instruments, the down counter.vi cannot be assigned to a signal on the RTSI
bus. To modify the routine, access the diagram of the down counter.vi, remove the
case structure associated with the time-base assignments, and configure the cluster
containing the time-base source and time-base signal so that these two parameters
are selected by inputs to the routine. This way, these parameters can be selected in
the main vi routine. The time-base source is set to 6, which selects the RTSI, and
the time-base signal is set to the desired RTSI pin.

With the scan boards configured as indicated, the horizontal-scan generator is
the master and the vertical-scan generator is synchronized to the horizontal-scan
pixel clock and steps up every time the horizontal-scan ramp completes one cycle.
Thus, the horizontal-scan and vertical-scan ramps are always synchronized (Figure
6.22). In a similar manner, counter {) is initialized with the vertical-scan ramp index
value and counts down the line clock on RTSI 1, so the resultant output is triggered
when the vertical-scan ramp finishes. This signal is called the frame clock and, by
means of a route signal.vi, is attached to RTSI 2. As configured, pixel clock, line
clock, and frame clock are all available on the RTSI bus.

Analog data collection is best understood by assuming that the horizontal-scan
and vertical-scan ramps are both active and that the pixel clock, line clock, and
frame clock are being generated. Using a modified delayed pulse config.vi routine
supplied by LabVIEW™, counter 0 is arranged so that it is gated when line clock
is asserted and then begins counting the pixel clock on RTSI 4 until the horizontal
ramp reaches the desired value. Then the counter O output, denoted by the pixel
clock gate and assigned to RTSI 3, opens the analog gate. Data collection is clocked
by the pixel clock and is initiated by gating the pixel clock on RTSI 4 via the
Startscan input. Then counter 0 is reset by the pixel clock gate and begins counting
pixels until the requested number of data points has been reached. Then the output
of counter O turns off the analog data collection using the delayed pulse config.vi
routine. The horizontal scan generator completes the scan and then resets, and the
process begins again. The delayed pulse config.vi routine is modified in the same
manner as the down counter.vi routine. The diagram is modified by removing the
structure in front of the time-base source and time-base signal cluster and adding
direct assignments, i.e., for RTSI 4.

The analog data are read by using the services of the Al read.vi routine and
displayed by using the National Instruments IMAQ™ imaging software, Al read.vi
generates a two-dimensional array of data, but that array is not in a form suitable
for generating a display since it contains no horizontal-scan indexing information.
One solution is to place the Alread.vi routine in a FOR LOOP indexed by the
number of lines in each frame. The Al read.vi is commanded to read the pixel data
for one scan line; a complete frame of data from the input buffer is acquired by
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calling the routine at each cycle of the FOR LOOP. For display purposes, one channel
is selected from the Al read output array by means of the index array.vi routine.
This effectively converts the two-dimensional array to a one-dimensional array,
formed back into a two-dimensional array as the index values are automatically
incremented by the FOR LOOP as the array passes through the loop boundary. The
array is presented to the array-to-image.vi routine, along with an image defimtion
from the create image. vi routine. The image data then pass to the windraw.vi routine
that displays the image on the monitor screen.

When the main program is started, the sub vi routine calculates the horizontal-
scan and vertical-scan values, the boards are programmed, and the various counters
are initialized. Then the system stops and waits for the start signal. All functions
receive a common start so that all operations start together and remain synchronized.
Once started, the horizontal-scan and vertical-scan ramps operate without using any
conirol signals. The computer resources can then be devoted to managing data
collection and storage and the display monitor. The system also waits for the stop
button to initiate a controlled shutdown procedure. In shutdown, all the counters are
cleared along with the RTSI bus lines, which allows a fresh start.

6.4.7 Focus CoNTROL

It is often desirable to step along the focus axis either as a means to automate the
choice of focal plane or to acquire a set of successive images systematically. The
modular focus unit is easily coupled to a stepping motor by capturing the fine focus
knob in a friction-held cap. The motor is a two-phase stepping motor with two
windings driven by an SN754410 (Texas Instruments) motor driver integrated circuit.
The motor signals for the driver are generated in a LabVIEW™ sub program that
allows both manual and automatic stepping. To increase the angular resolution, the
stepping motor is operated in half-step mode, so the stepping pattern is 4 bits wide
and 8 bits long. The pattern is installed in an eight-element array by means of the
build array.vi routine. The eight steps described in binary are:

Step 0: 1000
Step 1: 1001
Step 2: 0001
Step 3: 0101 (6.19)
Step 4: 0100
Step 5: 0110
Step 6: 0010
Step 7: 1010

In automatic mode, one of the counters in one of the DAC STC chips is used
to count the frame clock and the counter value is then converted to modulo 8 by
means of a LabVIEWT™ math function. The resultant number varies between zero
and seven and is used to index the array by means of the index array.vi. If the reverse
motion is desired, a formula node is used to subtract the value from seven before
indexing. For manual mode, the stepping is controlled by switches on the

means of a LabVIEW™ math function, The resultant number varies between zero
and seven and is used to index the array by means of the index array.vi. If the reverse
motion is desired, a formula node is used to subtract the value from seven before
indexing. For manual mode, the stepping is controlled by switches on the
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LabVIEW™ front panel that enable a FOR LLOOP that steps from zero to seven
once every 0.1 sec. The stepping pattern selected is presented to the DIO write.vi
and the DIO start.vi routines. The 4 bits then appear on four lines of the digital port
selected by the port config.vi routine; a fifth line is used as an on/off controt (Table
6.2). Each binary bit corresponds to a single pin of the port.

In this scheme, reading the counter is done after the image is displayed and
stored. In the unfortunate event that the data rate is high and the computer processor
speed is slow, the counter may increment more than once before being read. In an
unusual case such as this, it might be necessary to implement control of the stepping
motor with hardware,

6.4.8 Imace RoTaTtOR

For many experiments it is desirable to rotate the image. For example, in line-scan
operation, in which the vertical-scan axis is degenerated into a single line, image
rotation allows the region of interest to be aligned along the horizontal-scan axis.
The image is rotated by reorienting the raster scan. The rotation is performed in
hardware by four analog multipliers arranged in a rotation matrix, wired to conform to

X’ ¢ Xcos® - Ysin®
(6.20)
Y’ « Xsin® + Ycos®

where X and Y are the original horizontal- and vertical-scan waveforms, X’ and ¥’
are the rotated horizontal- and vertical-scan waveforms, and @ is the desired rotation
angle. The sin® and cos®@ terms are calculated by a microprocessor, converted to
analog by digital-te-analog converters, and presented to the analog multipliers. Two
more multipliers are used, one in each output channel, to act as gain controls. The
system is capable of rotation by any angle without limitation. The microprocessor
is controlled by means of a keypad and a rotation control knob; the operation status
is displayed on a liquid crystal display panel. This system is similar to all-analog
designs implemented in the past.* The virtue of the present system is the use of a
single knob and keypad for ease of control and the use of an external serial RS232
input to the microprocessor to give the main LabVIEW™ program control of the
rotator as well.

6.5 PERFORMANCE AND APPLICATIONS
6.5.1 SystTEM VALIDATION

After our system was constructed and tested, various calibrations were performed
to determine the true lateral resolution, axial resolution, exact values of scale factors,
and uniformity of the image.

6.5.1.1 Spatial Scales

The horizontal and vertical scale factors are determined by imaging a circular
opening of known diameter, as shown for a 50-um metal pinhole illuminated with
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FIGURE 6.23 Image of an aperture used to calibrate the lateral dimension of our two-photon
laser-scanning microscape. The aperture corresponds to a 50-um pinhole and the contrast is
generated by reflected light from the polished metal surface.

800-nm light (Figure 6.23). No fluorescent dye is used; the reflected light from the
polished surface is sufficiently strong so that cnough 800-nm light leaks through the
dichroic beamsplitter and blocking filters to provide a signal. The diameter along
the horizontal and vertical axes, as measured in pixels, yields the scale factor at a
particular zoom setting. As the image is best viewed without distortion, the gain for
the horizontal and vertical directions should be identical and can be adjusted via the
digital multipliers in the “rotator box.” This calibration is repeated at several mag-
nifications to ensure the linearity of the scale factor as a function of magnification.

6.5.1.2 Resolution

The resolving power of the microscope can be determined by imaging fiuorescent
beads whose diameter is below the optical resolution limit. The beads must be dilute,
so that an individual bead can be identified, and they should be suspended in agarose
to reduce motion during imaging. Figure 6.24 contains an image of 0.2-um yellow-
green fluorescent microspheres (Polysciences Inc., PA), suspended in 2% agarose,
that was obtained with our microscope using a 40 water immersion objective
(Zeiss). The full width at half-maximal intensity from individual beads in the lateral
dimension was calculated from the acquired images (Matlab™; Mathworks, MA).
The axial resolution is obtained by compiling a series of images tuken at different
axial positions and calculating the intensity profile of a single bead as a function of
axial position. We determined that the spatial resolution (FWHM) for our system was
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FIGURE 6.24 Image of fluorescent microspheres used to establish the resolution of our two-
photon laser-scanming microscope. The microspheres are 0.2-um latex balls (no. 17151;
Polysciences, Inc., Warrington, PA) coated with fluorescein.

=2 um

d]atcral = 05 “m and daxia
These are consistent with the calculated, worst-case values (Equations 6.4 and
6.5) and a previous characterization.*

6.5.1.3 Spatial Uniformity

The homogeneity of the scan was determined by imaging a spatially uniform field of
fluorescence, i.e., a Petri dish filled with a 100-uM solution of fiuorescein. This method
detects inhomogeneities in the detection pathway as well as in the scan pathway. The
profile obtained im this manner, shown in Figure 6.25, is observed to be asymmetric
and to decay more extensively, by nearly 20% over 100 tm along some directions,
than the prediction for the scan pathway alone (Figure 6.11). Nonetheless, the profile
is stable for a given configuration of the microscope, the intensity profile in the central
100 pm of the field is uniform to within 10%, and the measured profile can be used
as a calibrated filter for images taken with this system. Postprocessing with this filter
yields a fluorescent image free of spatial intensity distortions.

6.5.2 Puise WiDTH

The shape and duration of the incident laser pulse critically affects the efficiency of
nontinear optical processes (Figure 6.3). The ultrashort pulses used for multiphoton
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FIGURE 6.25 Contour plot of the spatial uniformity of the measured two-photon fluores-
cence measured with a 40x magnification lens. Note that the decrement across the entire field
is due to both nonideal scanning and detection conditions and exceeds that calculated for the
scanning alone (Figure 6.11). The decrement across the central 100 um of the field is less
than 10%.

microscopy are typically one hundred to a few hundred femtoseconds in duration.
Since no electronic photodetector has the necessary time resolution to measure such
time scales, optical pulse measurement techniques must be used. An autocorrelation
measurement is an effective and relatively simple method of monitoring the pulse
length.

6.5.2.1 Autocorrelation

In an autocorrelation measurement, a laser pulse is split into two identical copies.
One pulse is delayed relative to the other by a time 1, which results in two pulses
with electric fields E(t) and E{t + T). The two pulses are recombined and used to
excite a nonlinear process such as two-photon fluorescence. The interferometric
autocorrelation function, denoted I,-(1), is given by the sum of E(t) and E(t + 1),
raised to the fourth power and averaged over time. This appears as an oscillatory
signal with an envelope that depends on the delay time T (Appendix B). A convenient
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FIGURE 6.26 The interferometric autocorrelation function measured for laser pulses at the
focus of the objective with our two-photon laser-scanning microscope. (a) The autocorrelation
under typical levels of performance, The asterisks indicate additional curvature as a result of
chirp in the pulse. The envelope of the autocorrelation is fit with the calculated autocorrelation
for a chirped pulse (thick envelope), from which we estimate the FEWHM of the laser pulse
to be 250 fsec. The chirp parameter is b = 5 x 10-% fsec2; this corresponds to a fractional shift
in frequency of 2 x b x 7" x 0 = 0.01, with @ = A2 x 7 % ¢, where A, = 800 rm and
¢ is the speed of light. {b) The autocorrelation for a pulse with cssentially no chirp, ie..b= 0.
For this case we estimate the FWHM of the laser pulse fo be 180 fsec (Equation A3).

feature of this autocorrelation is an 8:1 ratio of the amplitude of the maximum from
zero to the amplitude of the constant background produced by widely separated
pulses. Achieving this ratio indicates that the apparatus is well aligned. In the case
that the laser pulse has essentially no chirp, the FWHM of the autocorrelation is
equal to 1.7-times the FWHM of the intensity of the original pulse.

Our laser system and microscope were set up without external pulse compres-
sion. We constructed an autocorrelator that could be switched into the beam path
(Figure 6.15), as described.*4” We found that, although the commercially purchased
Ti:Sapphire laser should output pulses around 120 fsec, pulses at the microscope
objective are typically closer to

™M =250 fsec

as shown by a fit of a model autocorrelation (Appendix B} to the measured auto-
correlation function (Figure 6.26a). This pulse is chirped, as evidenced by the
curvature in the wings of the autocorrelation function (* in Figure 6.26a). The
increase in pulse width represents the cumulative effect of optics throughout the
entire TPLSM system (Figure 6.15). By judicious tuning of the laser, we could
achieve pulses without chirp and with widths of T,%"™ = 180 fsec (Figure 6.26b
and Equation AS5).
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FIGURE 6.27 Plot of the FWHM of the laser pulse measured for six different common
objectives as a function of excitation wavelength. There is no significant difference in pulse
widlh between lenses or as a function of frequency.

6.5.2.2 Comparison of Objectives

To compare the performance of various brands and types of objectives, each with
different glasses and detailed construction, identical laser parameters were measured
using a number of objectives on the microscope. We found that the variations of the
measured pulse width from the objectives were not significant at a given wavelength
and no significant change in pulse width over the 780- to 880-nm range of wave-
lengths for the incident light (Figure 6.27) occurred.

6.5.2.3 Effect of the Scan Lens

One concern in the construction of the microscope is dispersion in the large amount
of glass of the scan lens that is required to achieve superior off-axis optical charac-
teristics. Pulse widths were compared for measurements with the normal scan lens
(Leica, Appendix A) in place as opposed to a thinner achromat used as a scan lens.
With the initial pulse width near 5% = 250 fsec, and for wavelengths near 790 nm,
we found that the use of an achromat shortens the pulse width to T ' = 230 fsec.
This is less than a 10% improvement at the cost of decreased off-axis optical quality.
For comparison, removal of the scan lens and the tube lens so that only the objective
remains in the pathway results in a value of 5" = 180 fsec.

6.5.3 Two-PHOTON SPECTRA

Single-photon excitation spectra have been published for most common dyes and
can be experimentally obtained with a noncoherent source. In contrast, the two-

6.5.3 1wO-PHOTON DPECTRA

Single-photon excitation spectra have been published for most common dyes and
can be experimentally obtained with a noncoherent source. In contrast, the two-
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photon excitation spectra of relatively few molecules have been published to date.
Two-photon excitation spectra cannot be trivially derived from their corresponding
single-photon excitation spectra, partially due to different quantum selection rules
governing one- vs. two-photon absorption. Therefore, two-photon excitation spectra
must be determined experimentally whenever one uses a new dye or indicator.

We constructed a spectrophotometer to measure the two-photon action spectra,
i.e., the extent of integrated fluorescence, as a function of the excitation wavelength.
The spectrum is uncompensated for the relative extent of radiative vs. nonradiative
decay. It is obtained by measuring the two-photon excited fluorescence from an
unknown sample relative to that of a dye with a known two-photon spectrum®; in
our case we used fluorescein at pH 11 (the tabulated spectrum for pH 13* matches
an earlier measurement taken at pH 114%). The measurements are performed and
compared on a wavelength-by-wavelength basis; thus, the final action spectrum
does not depend on detailed knowledge of the pulse characteristics of the laser
(Figure 6.28a and Appendix C). For most fluorescent studies, in which the signal
is based on the amount of generated flucrescence, the action spectra contain more
relevant information than the excitation spectra. On the other hand, for certain
photobleaching experiments, the actual excitation spectra may contain the more
relevant information.

The two-photon action spectrum of the flucrescent dye, cascade blue, is shown
in Figure 6.28b (dark lines and symbols). Superimposed on the graph (gray lines
and symbols) is the published two-photon excitation spectrum of the dye taken by
direct measurement. The two curves are well matched to within a scale factor, i.e.,
the two-photon fluorescent efficiency. This result demonstrates the validity of the
comparative method. The two-photon spectra for yellow fluorescent protein (YFP)
and cyan fluorescent protein (CFP) are shown in Figure 6.28c. These two genetically
encodable varants of green fluorescent proteins are used in several physiological
indicators, e.g., Ca’**-sensitive probes,*-! that can be delivered by viral vectors.

6.5.4 In Vitro [CAZ*] MEASUREMENTS

We describe the use of our two-photon laser-scanning microscope to probe the
change in internal calcium concentration of plated HeLa cells infected with the CaZ+-
sensitive cameleon protein via an adenovirus vector.” Cameleon is a chimeric protein
that consists of two genetically encodable fluorophores, CFP and YFP, separated by
a calcium-binding protein compiex derived from calmodulin;® the spectra of these
fluorophores are described in Figure 6.28¢c. At low calcium concentrations, the flu-
orophores are held distal from one another, and excitation of the cyan fluorophore
results primarily in emission characteristic of CFP. At high calcium concentrations,
the calcium-induced conformational change of calmodulin brings the two fluoro-
phores in close proximity to each other. This allows fluorescence resonance energy
transfer to occur from the cyan to the yellow fluorescent protein. In this conforma-
tion, excitation of the cyan fluorophores results in some emission characteristic of
yellow fluorescent protein. The ratio of the two emission signals can therefore be
used as an indicator of calcium concentration.
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FIGURE 6.28 Two-photon action spectra. (a} Schematic of the two-photon spectrometer. The
laser light path is represented by dark lines and the fluorescence detection pathway is repre-
sented by gray lines. The test sample is depicted as a gray box and the reference sample is
depicted as a dark box. The samples can be translated in the axial direction and one lateral
direction as a means to make sequential measurements of the two samples and thus compare
their relative two-photon generated fluorescence. (b) Two-photon action spectrum of cascade
blue (black symbels and connecting lines). The published two-photon excitation spectrum*?
is shown for comparison {gray lines). The relative scale between the two data sets was chosen
to match the two curves. (¢) The two-photon action spectra for the genetically encodable
yellow fluorescent protein {YFP; gray squares) and cyan fluorescent protein (CFP; dark
circles). The lines connect the average of the data values at each wavelength.
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The images shown in Figures 6.29a and 6.29b correspond to the fluorescence
from HeLa cells that express cameleon. The image shown in Figure 6.29a is formed
from emission centered on 485 nm and represents a mixture of emission from the
CFP and the YFP, with the dominant emission from the CFP. The image shown in
Figure 6.29b corresponds to flucrescence centered on 523 nm and consists primarily
of emission from yellow fluorescent protein. A change in calcium concentration may
be induced in HeLa cells by the bath application of histamine, which triggers an
intracellular release of calcium. This change may be quantified by measuring, for
the 485-nm and 525-nm bands, the integrated fluorescence in a region of interest
vs. time. These signals are shown in Figure 6.2%9¢; note the counter-correlated signal
change in the two wavelength bands. The ratio of the two fluorescent signals is
clearly seen to increase in response to the histamine application.

6.5.5 I~ Vivo CorticaL BLoop Frow

A unique aspect of TPLSM is the ability to obscerve anatomical and functional signals
in the brains of living animals deep to their pial surface.” As an example, we consider
the flow of blood in individual capillaries in rat cerebral cortex® (Figure 6.30). A
cranial window is prepared over whisker barrel sensory cortex, the dura is removed,
and a metal frame and closed surgical window are attached to the skull for stable
mounting of the preparation to the microscope table.? The blood stream is labeled
with fluorescein isothiocyanate-dextran (77 kD). A single optical section obtained
100 wm below the pial surface is shown in Figure 6.30a; the maximal projection
reconstructed from 41 individual images, ranging in depth from 80 to 120 m below
the pial surface of the brain, is shown in Figure 6.30b. Individual red blood cells
appear in the capillaries as dark stripes that correspond to locations where the
fluorescent dye was excluded from the vessel during the scan. Depending on the
optical properties of the preparation, images from depths exceeding 600 um have
been achieved using TPLSM.* It may also be possible to image flow in individual
capillaries through a thinned but intact skull.**

Line scans may be taken repeatedly along an individual capillary to produce a
continuous measure of blood flow (Figure 6.31). The spatial coordinate is taken to
be along the direction of the scan, while the perpendicular direction represents the
temporal coordinate. As the blood cell moves along the capillary, its position along
the line scan changes from scan to scan, thereby tracing out a dark line, as shown
for three examples (Figures 6.31a to 6.31¢). The data of Figure 6.31a show contin-
uous flow; analysis of these data provides information regarding three parameters
of capillary bloed flow: blood cell speed, blood cell flux, and blood cell linear
density, where flux = linear density x specd. The slope of the line is the inverse of
the instantaneous speed; i.e., speed = [dt/dx|™'". The spacing between the lines along
the temporal coordinate direction is a mcasure of the cell flux, whilc the spacing
between the lines along the spatial coordinate direction is a measure of the cell
density. The line scan data of Figure 6.31b contain a short vertical region, indicative
of a momentary stall of the red blood cells, while those of Figure 6.31¢ illustrate
some of the high variubility in flow that may be abserved.
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FIGURE 6.29 /n vitro TPLSM used to measure Ca?* dynamics in Hela cells infected with
the cameleon protein construct via an adenovirus vector. (a) Image of the HeLa cells at
emission wavelengths centered on 485 nm. The majority of the emission that forms the image
is from cyan fluorescent protein. (b) The same field simultaneously imaged at emission
wavelengths centered on 525 nm. Almest all of the emission that forms the image is from
yellow fluorescent protein. (¢} Graph of intensity vs. time in channels centered on 485 and
525 nm for an isolated region of interest, designated by the * in parts a and b, as a function
of time. Also shown (dark line} is the ratio of the two channels. Bath application of 100-uM
histamine was used to trigger an intracellular release of free Ca®. Note the counter-correlated
signal change in the two channels and the resultant increase in the fluorescent ratio in response
10 the histamine application. The initial emission values are seen to recover subsequent to a
wash with saline.
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FIGURE 6.30 In vive TPLSM used to image a capillary bed in rat vibrissa primary sensory
cortex. An optical window was prepared over this region and the blood stream was labeled
with 77-kD fluorescein conjugated-dextran. (a) A single planar image from a depth of 100 um
below the pial surface of cortex. Notice that individual red blood cells, which occlude
fluorescent dye, appear in the capillaries as dark stripes. (b) A maximal projection recon-
structed from 41 planar images, as in part a, taken between 80 and 120 um below the pia.

APPENDIX A: PARTS AND VENDORS FOR THE TPLSM
MECHANICAL

The 8 x 4 x 1 {t anti-vibration air table was purchased from Newport (Irvine, CA).
For mirror mounts, we used the Ultima® series from Newport and the Flipper
Mounts from New Focus (Santa Clara, CA). All mirror mounts were attached to
standard '/>-in. posts and post holders from Newport held to the air table with
clamping plates and forks from New Focus, Microbench™ parts were obtained from
Linos Photonics (Milford, MA). The large X-95 rails and assorted clamps and
brackets were purchased from a variety of vendors. Crossed roller bearing translation
stages were obtained from Newport, the slider for the detector assembly was from
New England Affiliated Technologies (SD Series; Lawrence, MA), and the Modular
Focusing Unit was obtained from Nikon (part no. 883773; Garden City, NY).

OrricaL

All mirrors were A/10 flatness, protected silver mirrors obtained from Newport.
Water-immersion objectives were purchased from Zeiss (Thornwood, NY) and
Olympus. Blocking filters were obtained from Andover Corporation (Salem, NH),
while dichroic beamsplitters and interference filters were from Omega Optical Inc.
(Brattleboro, VT) and Oriel Instruments (Stratford, CT). The wave plate, polarizing
beamsplitter, and intermediary optics were obtained from Newport and Linos Pho-
tonics. The scan lens, a Plan-Apo 1.0x magnification dissection stereoscope objec-
tive (focal length of 92.7 mm, physical length of 60 mm, and measured front and
back working distances of 56 mm) was from Leica (McBain Instruments, Chats-
worth, CA).



Two-Photon Laser-Scanning Microscope 163

@ (b) (c)

spatial coordinate

4———— temporal coordinate

FIGURE 6.31 In vive TPLSM used for functional imaging of capillary blood flow. Shown
are line scan data taken along single capillaries in rat vibrissa primary sensory cortex through
an optical window, as in Figurc 6.30. The motion of red blood cells appears as dark stripes
against a bright plasma background in these time-space plots of repeated line scans through
the capillary; see text for details. (a) Relatively uniform flow. The thickness of the dark lines
may reflect the orientation of the red blood cell. (b) Flow that is interrupted by a bricf stall.
(c¢) Flow that is highly irregular and that changes in speed within the field of view.

SCANNERS

The scanning galvanometers and their drivers were obtained from Cambridge Tech-
nologies (Boston, MA). The scanners are Mode! 6210 Galvanometer Optical Scan-
ners capable of +20° maximum deflection. They have a 300-fsce set time. We used
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MicroMax™ 670 scan drivers, which take a +10-V analog input. The power supplies
for the scan drivers were obtained from Acopian (Easton, PA).

PHotomuLTiPLIER TUBES

The detectors in our system were selected for high sensitivity with low dark current
(model R6357 specified for dark currents below 2 nA; Hamamatsu Corporation,
Bridgewater, NT). Each photomultiplier tube is powered by a model E850-13 base
(Hamamatsu Corporation) that is energized with a 0- to 2000-VDC adjustable power
supply (Model PMT-20C-N; Bertun Associates, Hicksville, NY), although the tube
is used only below the maximum rating of 1250 V required for this particular PMT.

ELECcTRONICS

The waveform generator for the scanning galvanometers consists of two model PCI-
6711 Arbitrary Waveform Boards from Naticnal Instruments (Austin, TX). The data
acquisition board is a model PCI-61[0E four-channel analog input board from
National Instruments. The stepping motor that controls the axial translation of the
focus is a Vexta model PH268M-M1.5 (Herbach and Rademan Company, Meore-
stown, NJ). It has 400 steps per revolution, which results in 0.25-pm axial steps in
combination with the modular focusing unit,

LASER AND ANCILLARY EQUIPMENT

The Ti:Sapphire laser is a Mira-900 {Coherent Laser Group, Santa Clara, CA)
equipped with a broadband mirror set. The pump laser is a Verdi-V10 (Coherent
Laser Group) 10-W pump laser. Two chillers (NESLAB Instruments, Portsmouth,
NH} are required for stable temperature operation of the laser and are supplied by
Coherent. The spectrometer consists of a PC2000-ISA computer card (Ocean Optics
Inc., Dunedin, FL) and an associated fiber optic cable. The fast oscilloscope used
to monitor the repetition rate of the Ti:Sapphire laser is a 400-MHz Tektronix model
TDS430A oscilloscope (Newark Electronics). The infrared viewer is a Find-R-
Scope from FJW Optical Systems, Inc. (Palatine, IL). The photediode used to
monitor the average luser power is a Si-based PIN diode obtained from Hamamatsu
Corporation. A calibrated energy meter {model 818T-10, Newport} is vsed to
calibrate the photodiode.

APPENDIX B: BASICS OF INTERFEROMETRIC
AUTOCORRELATION

In the autocorrelation process the laser pulse is split into two identical copies and
one is delayed relative 1o the other by a time 7. This results in two pulscs with
electric fields E(t) and E(t + 7). These are subsequently multiplied together through
a nonlinear process such as two-photon excitation, For such a process, the instan-
taneous two-photon excited fluorescence for a given delay time is
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2

It 7) = |[E() + Bt + DT (A1)

The time resolution of the photedetector is much slower than the fluorescence
duration; thus, the output of the photodiode is the time average of I(t, T) (Equation
Al). This signal corresponds to the autocorrelation function, 1,.(1); 1.,

T, (0= I diE® + E(+ (A2)

To deduce the shape of the original pulses from the autocorrelation signal 1,.(7),
we assume a known original pulse shape. The autocorrelation signal can be calcu-
lated in terms of parameters describing the original pulse. The measured autocorre-
lation signal shape can then be used to deduce the original pulse parameters.
Ultrashort laser pulscs usually have Gaussian or secant-squared time envelopes.
Since the Gaussian is a good estimate of the actual pulse shape and facilitates
calculations, we assume a Gaussian profile for our beam. The electric field of the
laser pulses can be described as

E(ty=E, exp{wt; + imt } (A3)
a

where the full-width-half-maximum (FWHM) of the envelope of the intensity of the
pulse is a+21n 2,0 is the center wavelength of the pulse, and the origin of time is
arbitrary, as E(t) and E(t + T) appear only in integrals over all of time, e.g., Equa-
tion A2,

The autocorrelation measurement can be set up in two ways. In an interferometric
autocorrelation, fringes caused by the interference of the two pulses are observed.
The two pulses are incident on the fluorescent material so that they are exactly
colinear and are polarized in the same direction. In a noninterferometric autocorre-
lation, the fringes are smeared out either by introducing an angle between the heams
or a difference in the polarization direction of the two pulses. While both autocor-
relation methods give a measure of pulse length, the interferometric autocorrelation
will also indicate the presence of chirp in the pulse.

The interferometric autocorrelation signal with E(t) given by Equation A3 is
1? 1’ 1

ierfermetsic (1) oc | 20 + de 4 cos(@T) + e * cos(20T) (A4)

The upper envelope and lower envelope can be found by setting Wt = 7 or 2.
A convenient feature of interferometric autocorrelation is the 8:1 ratio of the ampli-
tude of the maximum from zero to the amplitude of the constant background.
Achieving this ratio indicates that the apparatus is well aligned. In the case with

A convenient feature of interferometric autocorrelation is the 8:1 ratio ot the ampli-
tude of the maximum from zero to the amplitude of the constant background.
Achieving this ratio indicates that the apparatus is well aligned. In the case with
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unchirped pulses, the FWHM of I ™" (1), denoted T "™, is related to the
FWHM of the original pulse by

FWHM ‘u‘@ | gFWHM (AS5)

In the presence of chirp, the interferometric autocorrelation function develops
curvature in the wings of the signal (* in Figure 6.26). When this feature is present,
the FWHM of the autocorrelation and the original pulse no longer have the simple
relation given by Equation A5. The central peak of the autocorrelation signal will
become narrower because the red-shifted, leading portion of the pulse will only
incompletely interfere with the blue-shifted tail. The electric field of a linearly
chirped pulse can be described as

2
E(t)=E, exp{;z + iot - ibtz} (A6)

where b is 1 measure of the chirp. The experimentally obtained autocorrelation must
be fit to the autocorrelation that is calculated (Equations A2 and A6) with the two
parameters, a and b, taken as variables in order to determine the pulse length. In
practice, for two-photon microscopy an absolute measurement of the chirp is gen-
erally not necessary. One typically adjusts only the laser to minimize the curvature
in the wings of the autocorrelation signal,

APPENDIX C: SPECTROMETER FOR TWO-PHOTON
ACTION SPECTRA

The high optical intensities necessary for gencration of significant two-photon exci-
tation typically require a pulsed laser source. The Ti:Sapphire is one of few currently
available pulsed lasers tunable over a wavelength range that is suitably targe for
spectroscopy. Unfortunately, the pulse characteristics ot this laser do not remain
constant as it is tuned from 700 to 1000 nm. Two-photon excitation is extremely
sensitive to changes in the pulse width and pulse shape of the laser output. Thus, a
direct measurement of a two-photon-induced excitation spectrum would require that
the pulse characteristics be simultaneously monitored, such as with an autocorrela-
tion technique (Appendix B). On the other hand, two-photon excitation spectra can
be obtained without detailed knowledge of the pulse characteristics by comparing
the two-photon excitation spectrum of an unknown sample with that of a dye of
known two-photon spectrum. Direct measurements of the two-photon excitation
spectra for some common dyes have been reported by Xu.” Based on this past work,
our two-photon excitation spectrometer is designed to take measurements against
dyes of known two-photon spectra,

The comparative method for obtaining two-photon excitation spectra makes the
assumption that the pulse characteristics do not fluctuate significantly over the time
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scale of the measurement at any given wavelength and output power of the laser.
Although characteristics of the laser will change as the laser is retuned, the mea-
surement of the test sample is taken directly after measurement of the reference
sample at each wavelength without retuning the laser between the two measurements.
Thus, although the exact pulse characteristics are unknown and may differ between
wavelengths, they are the same for both samples at any given wavelength.

The excitation cross section for the test sample at a given wavelength can be
calculated by taking the ratio of its collected fluorescence to that collected from the
reference sample and multiplying by the known excitation cross section of the
reference sample. If the emission spectra of the test and reference samples are
different and the efficiencies of the objective, dichroic beamsplitter, detector, or
filters differ for the two emission spectra, then these efficiencies ratios must also be
factored into the final calculation.

DesiGN

The design of the comparative two-photon excitation spectrometer is shown in
Figure 6.28A. The laser light passes through a long-pass dichroic beamsplitter,
chosen to transmit the laser wavelengths and reflect the fluorescent signals. A
portion of the laser beam is deflected to a photodiode to monitor the average laser
power. The remainder of the beam passes to the objective and is focused into the
sample, which is free to translate both laterally and in the axial direction. The
transmission curve of the dichroic is typically not constant across the tunable laser
wavelengths. It is, therefore, important that the photodiode pick-off is placed after
the dichroic so that it monitors the actual laser power transmitted to the objective.
Small inaccuracies in the average power reading do not affect the two-photon
spectra, as the average power is used solely to check that the fluorescent signal
varies with the square of the incident power and thus verify that neither the dye
nor the PMT are saturated.

CONSTRUCTION

The frame for the two-photon spectrometer is built primarily from Microbench™
parts. The dichroic beamsplitter and glass slide are mounted on prism mounts. The
objective is held horizontally by a threaded Microbench™ plate and the filters,
photodiode, and PMT are mounted in Microbench™ parts and attached via protrud-
ing rods (Figure 6.20B). The sample holder is a single-axis Microbench™ translation
stage situated to move in the transverse direction. The sample holder is part of a
gpring-loaded translation assembly that allows translation in the axial direction.
‘The samples are held in microslide cuvets (VitroCom Inc; Mountain Lakes, N.J.)
with inner dimensions of 0.1 x 2.0 mm, chosen to minimize the sample volume. The
microstides are held with bone wax to a 25-mm adapter plate (Microbench™) in
which we machined parallel grooves for the microslides to seat. An OG590 colored
glass filter (Oriel Instruments) was placed at the entrance of the spectrometer to
prevent single-photon excitation by residual 532-nm light from the pump laser. We
use a 600-DCLP dichroic beamsplitter {Omega Optical Inc.) to separate the incident
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and emitted beams and a BG40 glass filter (Andover Corp.) to block remaining laser
light in the emitted pathway. The detector is a Hamamatsu R6353 compact PMT,
chosen for its low dark current.

MEASUREMENT PROCEDURES

The microslide cuvets are filled with the test and reference samples, respectively,
sealed with bone wax, and placed into the cuvet holder. The cuvets are laterally
translated until the beam strikes the center of the reference cuvet. The fluorescent
signal from the reference cuvel is then maximized by translating the cuvet in the
axial direction. All fluorescent measurements are taken at this axial position. The
laser is tuned to a particular wavelength and the fluorescent signal from the center
of the reference cuvet is recorded. The cuvets are then laterally translated a prede-
termined amount so that the beam strikes the center of the test cuvet and the
fluorescent signal is recorded. Finally, the samples are translated laterally so that
the beam falls between the cuvets and a background reading is taken. The average
laser output power is monitored and recorded during each measurement. The laser
is then tuned to a new wavelength and this process is repeated.

After the process has been repeated for all desired wavelengths, the laser is tuned
to a wavelength at which the excitation of test and reference dyes is reasonably
strong. The test cuvet is centered laterally on the beam and the fluorescent signal is
recorded. The signal is then maximized in the axial direction. Ideally, the signal
should already be maximized, but small variations in the cuvet holder or the cuvet
thickness could result in a displacement of the optimal axial positions of the two
cuvets. The ratio of the signals taken at the two axial positions is recorded and used
to obtain a true test-to-reference fluorescence ratio.
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