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Keywords
Confocal Microscopy (CM)
Microscopy technique where optical sectioning is achieved by using a detector pinhole
that is confocal to the excitation focus to reject the out-of-focus signal.
Fluorescence
Light-emitting process of special molecules, called ﬂuorophores, after excitation with
photons of higher energy.
Laser-scanning Microscopy
Microscopy technique, in which the light source is focused to a diffraction-limited spot
and the image is formed by scanning this spot across the sample while sequentially
recording the signal generated at each position.
Multiphoton Absorption (MPA)
Process where two or more photons are absorbed simultaneously to excite a transition
with an energy equal to the sum of the energy of the photons.
Multiphoton Microscopy (MPM)
Microscopy technique where the contrast mechanism is based on a multiphoton
absorption process. Usually, but not always, the detected signal is ﬂuorescence.
Two-photon Microscopy (2PM)
Most widely used variant of multiphoton microscopy.
Whole-ﬁeld Detection
Detection scheme for laser-scanning microscopy where the light from the whole ﬁeld
of view is detected.
Wide-ﬁeld Imaging
Imaging technique where the whole ﬁeld of view is illuminated simultaneously and
imaged onto a spatially resolving detector, for example, a charge-coupled device
(CCD) camera.

Two-photon Microscopy and Imaging

 Multiphoton microscopy (MPM) is an imaging technique that employs signals,

such as ﬂuorescence, generated by a multiphoton absorption (MPA) process as its
contrast mechanism. Compared to other ﬂuorescence microscopy techniques, MPM
often has a higher sensitivity, superior penetration into scattering tissue, and causes
less photodamage to the sample and less photobleaching of the ﬂuorophore. These
advantages make MPM the method of choice for optophysiological experiments and
also make MPM the only technique available for high-resolution in vivo imaging
deep within scattering tissue, such as the brain. The two-photon microscope (2PM)
is the kind of MPM used in the overwhelming majority of applications since it
has virtually all of the speciﬁc advantages of MPM. Recent advances in staining
techniques including the booming development of genetically encoded ﬂuorophores
keep increasing the ﬁeld of actual and possible MPM applications.

1

Introduction
Over the past 15 years, multiphoton microscopy (MPM) has developed into an
indispensable imaging tool in the life
sciences. MPM has higher sensitivity, superior penetration into scattering tissue,
and often causes less photodamage in samples than alternative imaging techniques
such as confocal microscopy (CM). This
means that MPM – combined, in particular, with one of many new genetically
encoded and functional dyes – has become
the method of choice for in vivo imaging
in strongly scattering tissues such as skin,
muscle, and tumors, and even deep within
intact organs such as kidney, pancreas,
lymph nodes, and brain.
This article provides an overview of functional principles, instrumentation, and
some of the applications of MPM. Further details can be found in the books and
reviews and primary literature listed at the
end of this article.
In laser-scanning microscopy, a threedimensional image is generated by scanning the position of a tight laser focus
around in the sample while recording,
as a function of the focus position,

a signal – such as ﬂuorescence – that is
generated by absorption of light from
the beam.
Molecules that can easily absorb light
generally have a structure where several atoms of the molecule are connected
by conjugated single–double bonds. As
a consequence, the most weakly bound
electrons are delocalized and thus interact easily with the electromagnetic ﬁeld.
Near-ultraviolet or visible light is usually
sufﬁcient to promote the outermost electron to an excited level (Fig. 1). In general,
the molecule is excited electronically and
vibrationally, with the latter excitation decaying very fast (∼10−12 s). From the state
reached after vibrational relaxation, which
is still electronically excited, the molecule
then relaxes within nanoseconds (10−9 s)
to a state that is only vibrationally excited.
The energy difference can be carried away
by ﬂuorescence emission of a photon.
The difference between one photon
(1P)-excited and multiphoton (MP)-excited
ﬂuorescence microscopy is that molecular
absorption is of a single photon in the ﬁrst
case and a photon multiplet in the second
(Fig. 1). In a 1P process, the photon energy
equals the energy difference between the
ground state and an excited state. Light
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Principle of one-photon and
two-photon excited ﬂuorescence. In 1PE
ﬂuorescence, a molecule is brought to
the excited state by absorbing a single
Two-photon (blue) photon. Vibrational relaxation
excitation brings the molecule to the lowest
excited state, from which it returns to
the ground state by emitting a
Virtual
longer-wavelength (green) photon. In
state
2PE ﬂuorescence, the molecule is
brought to the excited state by
simultaneously absorbing two NIR (red)
photons. The molecule again
vibrationally relaxes, and emits a
ﬂuorescence photon from the same
Ground level as in 1PE ﬂuorescence (see color
state
plate p. xxv).
Excited
state

One-photon
excitation

Fluorescence

with a quantum energy less than the gap
between the ground state and the lowest
lying electronically excited state cannot excite the molecule by a 1P process, but if the
light intensity is sufﬁciently high, multiple photons of lower energy can cooperate
and combine their energies to promote the
molecule into the excited state. For example, two 800 nm photons can excite a transition that normally requires 400 nm light.
One may picture this process as the ﬁrst
photon exciting the molecule to a virtual
state from where the second photon then
brings the molecule into its (real) excited
state. For this process to occur, the two
photons have to arrive at the ﬂuorophore
within the lifetime of the virtual state,
which is less than 1 fs (1 fs = 10−15 s)
as deﬁned by the Heisenberg uncertainty
principle (τ ≤ h̄/E). The likelihood that
two photons arrive at a ﬂuorophore almost
simultaneously is proportional to the intensity squared and is all but negligible for
light sources other than a focused laser.
Therefore, two-photon absorption (2PA)
was observed only after the invention of the
laser. It is the strongly superlinear dependence on the light intensity that gives 2PM
(and MPM in general) its main advantages.

Fig. 1

1.1

Optical Sectioning
In 1P microscopy, the signal generated
is proportional to the light intensity (the
power divided by the beam area: I = P/A).
As a result, the signal generated in each
slice of a sample depends on the slice
thickness, but not the distance from the
focus, since variations in the beam area
are, as long as the power stays constant,
exactly balanced by inverse variations in
the excitation rate per molecule. When
imaging thick samples, the light from
the focus is thus always contaminated, in
fact, dominated by ﬂuorescence generated
above and below the focus. This is the
bane of wide-ﬁeld ﬂuorescence imaging
of 3-dimensional (3D) samples. In CM,
this problem is solved by placing a
pinhole in front of the detector. The
pinhole is confocal with the excitation
focus and rejects light that did not
originate from that focus (Fig. 2). This
property of the confocal microscope, called
optical sectioning, vastly improves the
ability to obtain 3-D ﬂuorescence images,
particularly of thick biological samples.
The ﬁrst nonlinear optical microscope
used the second-harmonic signal and
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Fig. 2 Optical sectioning in one-photon confocal and in two-photon
microscopy. (a) With 1PE, ﬂuorescence is generated throughout the
illumination cone. For 2PE (b), because of the nonlinear intensity
dependence, ﬂuorescence generation is limited to a small volume
around the focus. In CM, optical sectioning is achieved by placing a
confocal pinhole in front of the detector. This pinhole rejects
(out-of-focus) ﬂuorescence that is generated above and below the focus
(c), ﬂuorescence generated by scattered excitation light (e), and in-focus
ﬂuorescence that is scattered on its way to the detector (e). Because no
out-of-focus ﬂuorescence is generated in a two-photon microscope, no
pinhole is necessary (d) and even ﬂuorescence that is scattered on its
way to the surface can be detected (f ).
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(Continued)

wide-ﬁeld imaging. Scanning the focus,
which was introduced later, strongly enhances the focal but not the out-of-focus
signal, and thus provides optical sectioning. The hopes placed on harmonic
imaging for biological specimens were,
however, not fulﬁlled, at least initially.
Two photon–excited ﬂuorescence microscopy proved to be much more immediately applicable to biological problems,
due, ﬁrst, to the central importance of ﬂuorescent labeling in biological microscopy
(see Sect. 4) and second, to the differences
in the physical characters of ﬂuorescence
and harmonic generation. The main difference being that harmonic generation is
a coherent process, where ﬁeld strengths
rather than intensities add, and the generated signal depends on the square of the
chromophore concentration, and is liable
to interferences effects; in ﬂuorescence,
which is incoherent, light from different
ﬂuorophores does not interfere with each
other and the signal increases linearly with
the ﬂuorophore concentration.

Common to scanned-focus nonlinear microscopies is that they provide
excitation-based optical sectioning. This
is because, different from the linear (1P)
case, the total excitation in a slice intersecting the beam strongly drops with
distance to the focus (Fig. 2). In ﬂuorescence microscopy, excitation-based rather
than confocal optical sectioning is particularly helpful since photodamage and
photobleaching are enormously reduced
(see below).
1.2

Increased Penetration Depth
MPM can generate high-resolution images from focal planes deep inside the
tissue, much deeper than CM, because
signal is generated only at the focus allowing scattered ﬂuorescence to be collected
without loss of resolution or optical sectioning. In CM, only light passing through
the confocal pinhole is detected. However,
due to scattering, the fraction of the signal
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originating from the focus that does pass
the pinhole in the CM decreases exponentially with imaging depth. Compensating
for the loss in signal by increasing the excitation power in CM in most cases would
lead to an unacceptable increase in photodamage (see below). A further reason for
the deeper penetration of MPM is that,
for the same ﬂuorescent label it uses excitation light with a wavelength that is
longer (up to two times for 2PM) and
hence scattered much less. Occasionally
helpful is the larger separation between
the excitation and emission wavelengths
in MP excited ﬂuorescence, which allows a
more spectrally complete detection of the
ﬂuorescence.
1.3

Reduced Photodamage and
Photobleaching
Protracted and high-resolution CM
imaging is often limited by excitation

light-induced damage to the sample
(photodamage) or the ﬂuorophore
(photobleaching), which in 1PM occur
throughout the sample even though
information is only gained from the focal
slice. In MPM, damage is conﬁned to
those ﬂuorophores (and their immediate
vicinity) that do provide information.
A reduced relative MP absorbance
of intrinsic ﬂuorophores may further
contribute to the vastly improved tissue
viability sometimes seen even in tissue
that scatters only little.
2

The Multiphoton Microscope
The layout (Fig. 3) of a generic MPM is
very similar to that of a laser-scanning
CM, from which an MPM can often
be constructed by modiﬁcation. In this
section, the components of an MPM will
be discussed individually.

Detector

NIR
fs-laser
Barrier filter
Collection
lens

Intensity
control

x -y scan
mirrors
Scan
lens

Tube
lens

Dichroic
mirror
Objective

Sample on x -y -z stage

Setup of a generic two-photon microscope. Light from an ultrafast laser or laser
ampliﬁer is focused to a diffraction-limited spot by an objective. The beam is
raster-scanned across the sample and the ﬂuorescence generated at each position is
collected by the objective, separated from the excitation light by a dichroic mirror and
additional ﬁlters either in a transmission or reﬂectance conﬁguration (see inset), and
detected by a whole-ﬁeld detector.

Fig. 3
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2.1

Light Sources
The development of reliable ultrafast laser
sources operating in the near infrared
(NIR) coincided with the invention of
MPM and has been an important factor
in the broad adoption of MPM, since with
continuous wave (cw) lasers, even 2PM
is only marginally possible for brightly
labeled samples. Today the vast majority of
MPMs use mode-locked titanium sapphire
lasers (Ti:sapphire, Ti:Al2 O3 ), which can
be tuned from about 680 to 1100 nm,
allowing 2PE of almost all relevant labels,
and 3PE into the deeper UV. The pulse
length of this laser type is around ∼100 fs
with a repetition rate of around 100 MHz,
i.e. every 10 ns a short burst of light arrives
at the sample while for the remainder
of this period no light is incident upon
the sample. Alternative laser sources that
produce similar pulse lengths are based
on Cr:LiSrAlFl, Cr:Forsterite, or Nd:YLiF
crystals, or on Yb-doped optical ﬁbers, all of
which have much smaller tuning ranges,
but with the exception of the Cr:LiSrAlFl
laser, operate at longer wavelengths than
can be easily provided by the Ti:Sapphire
laser. A very large tuning range but
less total power is provided by optical
parametric ampliﬁers.
An ultrafast laser increases the signal levels in the 2PM by 5 orders
of magnitude as compared to a cwlaser of the same average power. This
is because the average rate at which
ﬂuorescence photons are generated by
2PA is proportional to the average
square of the instantaneous light intensity I:
nF (r) ∝ δCI(r, t)2 
= δCI(r, t)2

I(r, t)2 
,
I(r, t)2

(1)

where   indicates an average over time, δ
is the two-photon absorption cross section
(often expressed in units of Göppert-Mayer
(GM); 1 GM = 10−50 cm4 s/photon), and
C is the ﬂuorophore concentration. For a
spot with area A, power and intensity are
related by:
I(r, t) =

P(r)
.
A

(2)

For a square pulse with pulse length τ ,
the ‘‘two-photon advantage’’ is

1 T
I(r, t)2 dt
I(r, t)2 
1
T 0
= 
.
2 =
 T
I(r, t)2
f
τ
1
I(r, t)dt
T 0
(3)
Equation 1 then becomes:
nF (r) ∝ δC

P(r)2 1
.
A2 f τ

(4)

Thus, for example, to obtain the same
signal with 1 ps pulses rather than with
100 fs pulses, the average
power must be
√
higher by a factor of 10.
Implicit in this derivation is the
assumption that the 2P absorption cross
section δ is constant across the spectrum of
the laser pulse. For very short pulses this is
not true because – due to the uncertainty
principle – the shorter the pulse duration
(τ ), the broader its spectral width
(ν). For a transform-limited (unchirped)
Gaussian-shaped pulse τ ν = 0.44. A
100-fs laser pulse centered around 800 nm
then ranges (full width at half maximum;
FWHM) over 10 nm in wavelength and a
20-fs pulse over 50 nm, which is already
as wide as the main features in a
typical ﬂuorophore absorption spectrum.
However, in practice the main limitation
for using shorter pulses is group delay
dispersion (GDD), which occurs because
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different wavelength components of the
laser pulse travel at different speeds inside
all materials, including of course, optical
glass. After passing the microscope optics,
the long-wavelength (‘‘red’’) components
of the pulse arrive at the focus ahead of the
short-wavelength (‘‘blue’’) components,
leading to a so-called chirped pulse.
Because the wider spectrum of a shorter
pulse accentuates this effect, an initially
shorter pulse can actually become longer
once it reaches the focus than an initially
longer pulse. Owing to the GDD in
a typical microscope, a 20-fs pulse, for
example, is stretched to about 700 fs, while
a 100-fs pulse is stretched to only 200 fs.
Without compensation (prechirping, see
below), the shortest pulses that can
be attained at the sample are about
150 fs. Therefore, lasers producing 100 to
200 fs pulses are typically used in 2PM.
It is possible (but rarely necessary) to
compensate for the microscope’s GDD
by the use of an optical arrangement
(consisting of prisms, gratings, or special
dielectric coatings) that has negative
GDD. Negative GDD prechirps the pulse,
giving the blue components a head
start over the red components. This
head start compensates all or part of
the speed disadvantage that the blue
components have when traveling through
the microscope optics. Prechirping allows
the arrival of transform-limited pulses as
short as 15 fs at the focus. For such short
pulses, compensation of higher-order
dispersion and chromatic aberrations
needs to be considered as well. For higher
than 2PA, the effects of using shorter
pulses are even more dramatic (the 3PA
rate, for example, increases by 10 orders of
magnitude compared with cw-excitation
when using the typical Ti:sapphire
laser).

2.2

Excitation Pathway
The pathway for the excitation light in
a MPM is essentially that of a laserscanning CM: shutter, beam conditioning
and intensity control, scan mirrors, scan
lens, tube lens, objective, and, ﬁnally, the
sample (see Fig. 3). As in every laserscanning microscope, the scan mirrors (or
a point in between for proximity coupled
scanners) is conjugate to (i.e. imaged into)
the objective exit pupil. Coatings on lenses
and mirrors need, of course, to be IR
transmissive or reﬂective, respectively. The
intensity control needs to be compatible
with ultrashort pulses and should allow
the automatic compensation of depth
dependent losses (see Sect. 3.3) and should
be fast enough to shut off the beam during
retrace, i.e. while the focus is moved from
the end of a scan line to the beginning of
the next.
2.3

Final Focusing and Resolution
Many standard microscope objectives can
be used for MPM, albeit with compromises
in correction and transmissivity. While
this was an issue in the early times of
MPM, most objectives now are either corrected and transparent throughout the IR
or come as special ‘‘IR’’ versions. To minimize tissue damage (see below), detection
efﬁciency has to be maximized by keeping the transmission at the ﬂuorescence
wavelength(s) as high as possible. Optical
correction at the ﬂuorescence wavelength
is not necessary. The numerical aperture (NA) of the objective determines
the resolution (laterally ρ ∝ 1/NA, axially z ∝ 1/(NA)2 ) and the peak intensity
(∝ (NA)2 ), and thus the peak excitation
rate per ﬂuorophore (∝ (NA)4 ), but (and
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this is a special property of 2PA, that
neither 1P nor higher-order multiphoton
absorption, MPA possess) when the concentration of ﬂuorophores is uniform, the
total amount of ﬂuorescence generated
throughout the focal volume V = ρ 2 z
is independent of the NA:
2 NA

4

1
nF tot ∝ δCP
ρ z ∝ δCP
.
fτ
fτ
(5)
A more extensive treatment that takes
into account the exact spatial and temporal
intensity distribution of the light in the
sample yields:
nF tot =

2

4ηgnλ
1
δCP2 ,
πh2 c2
fτ

2

(6)

where η is the quantum-efﬁciency of
the ﬂuorophore (i.e. the percentage of
excited molecules that emit their excess
energy in the form of a photon), g =
f τ I(r, t)2 /I(r, t)2 and depends on the
exact temporal intensity distribution of
the pulse. For the square pulse used
in equation (3), g = 1. For more realistic
shapes such as a Gaussian or a hyperbolic
secant intensity distribution, g = 0.66 and
0.59, respectively; n, λ, h, and c are the
index of refraction, wavelength of the
excitation light, Planck’s constant, and the
vacuum speed of light, respectively.
While scattering per se need not reduce
the resolution even if only a minor part
of the beam energy reaches the focus
unscattered (ballistically), eventually the
stronger attenuation of the lateral rays
due to their longer path length inside
the tissue does lead to a reduction in
the effective NA, and thus a larger focus
size. Further, practical, considerations in
selecting an objective are the detection
efﬁciency (see below), working distance,
which tends to decrease with increasing
NA, and the immersion medium, which

will usually be water or a physiological
salt solution. Refractive-index mismatch
between immersion medium and sample
that was not taken into account during the
lens design results in a loss of resolution
and signal strength.
2.4

Detection
To preserve the main strength of MPM, i.e.
the reduction of photodamage, the detection efﬁciency must not be compromised.
This is because molecular excitation inevitably causes photodamage to the sample
(see Sect. 3.4) and thus the number of
molecular excitations necessary to generate a sufﬁcient number of detected photons
need to be minimized. In nonscattering
samples, the main determining factor for
detection efﬁciency is the solid angle of
collection (assuming, of course, the avoidance of absorption and reﬂection losses as
much as possible). Thus, a high NA objective is crucial if epi detection (through
the objective lens, the usual conﬁguration) is used. Better still is a combination
of epi detection (where, for working distance reasons, a compromise with respect
to the NA may be necessary) with transdetection through a high NA condenser.
The separation of the ﬂuorescence from
the excitation light by a dichroic mirror is standard practice in ﬂuorescence
microscopy, as is the further separation
into multiple spectral channels. Suppression of the excitation light often is easier
in MPM because the wavelength separation is larger and the sensitivity of
some detectors declines sharply toward
longer wavelengths. In contrast to a laserscanning CM, there is no need in the
MPM to ‘‘de-scan’’ the ﬂuorescence in
order to thread it through the confocal
pinhole. In fact, the detection optics in
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a MPM can be rather crude but need to
accept large opening angles and have a
large ﬁeld of view for deep imaging in
scattering samples.
Deep imaging in scattering samples
is where no other known ﬂuorescence
microscopy technique can compete with
MPM because MPM can image deep in
scattering samples virtually without loss of
resolution and sensitivity as long as the
detection pathway collects a large fraction
of the diffuse ﬂuorescence light emerging from the sample. Unlike in other
techniques, the diffuse ﬂuorescence contains high-resolution information about
the focus because the excitation is highly
localized to a volume of less than one
femtoliter. The improvement possible by
using whole-ﬁeld detection has been directly demonstrated by switching quickly
between whole-ﬁeld and descanned detection. The main drawback of whole-ﬁeld
detection is its incompatibility with detectors that only accept a small phase
space volume (the product of angular
and area acceptances). This precludes
the use of photon-counting avalanche
photodiodes (APDs), which are the highest quantum-efﬁciency photon detectors
available, and of spectrometer detectors.
Fortunately, the characteristics of photo
multiplier tubes (PMTs), which have large
sensitive areas and acceptance angles
and are the standard detectors for CM,
have also improved, closing the quantumefﬁciency gap.

3

Limitations
In this section, the limitation of spatial and
temporal resolution, penetration depth
and photodamage will be discussed.

3.1

Temporal Resolution
The temporal resolution of optical techniques can be very high. In fact, some
of the fastest measurements are based on
pulsed lasers. When ﬂuorescence is used,
the excited-state lifetime (in the nanosecond range) is the ultimate limit. In practice,
temporal resolution is often limited by the
time required to obtain a sufﬁcient signalto-noise ratio. When a whole image is to
be acquired, this time has to be multiplied with the number of pixels in a frame.
Another limitation of all laser-scanning
microscopes is that the focus has to be
raster-scanned across the ﬁeld of view. In
most CMs and MPMs, this is achieved
by mechanically scanning the beam using
galvanometer mounted mirrors, which are
limited in frequency response to the low
kilohertz regime, setting the rate at which
scan lines can be acquired to about 1 kHz
or so, depending somewhat on the extent of the scan. A high-resolution (1000
lines) image thus takes at least one second. By sacriﬁcing one spatial dimension
and scanning a single line only, a time
resolution of 1 ms is common, and when
measuring only from one spot, a time
resolution in the microsecond range can
easily be achieved. On the other hand,
to acquire a high-resolution volume image (a stack of optical sections) can take
many minutes. When trying to measure
dynamic physiological signals from many
locations simultaneously, as it is desirable,
for example, in neuroscience, image acquisition time is a serious limitation. Attempts
have, therefore, been made to speed up the
scanning process by either using resonant
scanners, or rotating polygonal mirrors,
or by scanning the beam nonmechanically
using an acousto-optical deﬂector (AOD).
Owing to the spread wavelength spectrum
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of the excitation pulses, the AOD, which
is based on diffraction by a sound wave, is
plagued by angular dispersion, which can
only be sufﬁciently compensated for a limited ﬁeld of view. The main attraction of
AOD scanning is the capability of randomaccess scanning: the focus can be moved
between distant location within microseconds without illuminating (and potentially
damaging) the sample area in between.
Acquisition speed is limited ultimately,
as mentioned above, by the ﬂuorescence
decay time, which has to be shorter than
the pixel dwell time. But the limited
rate at which a ﬂuorophore can produce
photons, even if the excitation light is
arbitrarily intense, usually enforces a
longer pixel dwell time just to collect
enough photons. Beyond those limits,
an increase is only possible by scanning
multiple points, arranged either in a 2D
pattern or in a line. This approach is
rather successful in CM, but it requires
confocal or at least spatially resolved
detection, since at each point in time,
ﬂuorescence can come from any of the
foci. Thus, using it in MPM means
giving up one of the main advantages
of MPM, namely the ability to detect
ﬂuorescence irrespective of how it reaches
the detector (see above) and accepting
either image degradation or signal loss.
Other drawbacks are anisotropic lateral
and reduced axial resolution (for line
illumination) and the increased laserpower requirement (for any multipoint
method).
3.2

Spatial Resolution
In the generic conﬁguration (with wholeﬁeld detection), there is no spatial selectivity in the detection and hence the
resolution of MPM (i.e. the size of the

point-spread function) is completely determined by the intensity distribution (in
fact, the point-spread function equals the
intensity squared) at the focus. Thus, the
resolution depends on the wavelength of
the excitation light and on the NA of the
objective. With 700-nm light and an NA of
1.3, a resolution (FWHM) of ∼200 nm in
the lateral and 600 nm in the axial direction
can be achieved.
Even though in CM the resolution is
determined by the combined (multiplied)
excitation and detection point-spread functions, the mathematical expression for the
resolution of CM and 2PM are identical. This holds, however, only under the
somewhat unrealistic assumption that the
pinhole has zero diameter and the 1PE
and 2PE wavelengths and the emission
wavelength are all the same. Realistically,
the pinhole has to be opened up to gain
sufﬁcient signal, the emission wavelength
is longer (both reducing the resolution of
CM) and the excitation wavelength is close
to twice as long for 2P as for1P (reducing
the resolution in 2PM).
As a result, compared with CM, the
resolution in 2PM (and MPM, in general)
is typically somewhat worse, but can be
improved by reintroducing a confocal
pinhole, albeit at the expense (particularly
in scattering specimens) of detection
efﬁciency. 2PM can also be combined
with the 4Pi microscope, which greatly
improves the resolution in the axial
direction, and where using 2PE rather than
1PE considerably reduces side lobes in the
point-spread function and thus ﬁlls in the
holes in the modulation transfer function.
In general, at a given wavelength, resolution improvements beyond the Abbe
limit require optical nonlinearity, which
is exploited in the Stimulated Emission
Depletion (STED) microscope. This microscope is based on the saturation of
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excited-state depletion, which has potentially unlimited resolution, because this
saturation contains arbitrarily high orders of nonlinearity. 2PE, by contrast,
contains only a second order (quadratic)
nonlinearity, and consequently, in 2PM
the resolution improvement beyond the
Abbe limit is moderate.
3.3

Penetration Depth
In scattering samples where absorption
of the light is negligible, the intensity of
the ballistic light, i.e. light that has not
been scattered, decreases with depth in
the sample as:


d
Iball = I0 exp −
,
(7)
ls
where ls is the scattering length, i.e.
the average distance a photon travels
before it is scattered. For near-infrared
wavelengths, ls in brain tissue is around
200 µm. To estimate the imaging depth,
one can assume that only the ballistic
light that reaches the focus contributes to
the generation of two-photon ﬂuorescence,
which seems to hold for up to at least
several scattering mean-free-path lengths.
Then the number of ﬂuorescence photons
generated when the focus is at a depth d
below the surface can be written as:
nF tot =

1
g 8nλ (−2d/ls )
e
. (8)
ηδCP2
2
f τ πh2 c2

As long as the detection system is designed to capture most of the ﬂuorescence,
which consists almost entirely of scattered
light, the maximum imaging depth depends only on the laser power that is
available. With the power available from
standard mode-locked Ti:sapphire lasers,
imaging depths of 2 to 3 scattering lengths
(400–600 µm) are achieved routinely.

To increase the imaging depth further,
the efﬁciency in generating 2P ﬂuorescence needs to be increased, which is possible by reducing the laser pulse–repetition
rate while increasing the pulse energy.
The use of a so-called regenerative ampliﬁer,
which generates pulses that are about 250
times as intense as those directly from the
laser ‘‘oscillator’’ but are also by the same
factor less frequent, resulting in an unchanged average power, permits imaging
to about 1000 µm. A somewhat technical but important issue is that each pixel
needs to contain at least one pulse, limiting
the pixel rate to several hundred kilohertz
(the repetition rate of the ampliﬁer). At
such pulse rates, the average 2PA rate is
increased by a factor of about 250.
Now the imaging depth is, however,
no longer limited by the available laser
power but instead by the ﬂuorescence
background generated near the surface of
the sample. The reason for this is that
in order to keep the ﬂuorescence generation at the focus constant, the amount
of ballistic light that reaches the focus
must also be kept the same, and thus the
laser power that needs to enter the sample
must increase exponentially (equation 7).
At large depths, this exponential increase
overcomes the quadratic decrease in light
intensity, which results from the increased
beam cross section with distance from the
focus. Eventually, the intensity at the surface becomes comparable to the intensity
at the focus and surface ﬂuorescence starts
to dominate. For samples with staining
throughout the sample, this limit may well
be impossible to overcome, thus deﬁning
the ultimate depth limit of 2PM (a similar
logic applies to higher-order MPM). This
limit increases somewhat with the NA, but
that may not help much since at higher
NAs, focus blurring due to wavefront aberrations becomes a more serious issue, and
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may, in turn, require the use of adaptive
optics as a remedy.
3.4

Photodamage and Photobleaching
Cell viability is obviously important for
imaging living tissue. Excitation of intrinsic or introduced chromophores often
leads to photochemical effects, such as
destruction of the chromophore (bleaching) or damage and subsequent cell-death,
which are mostly mediated by reactive
oxygen species. This problem is exacerbated in laser-scanning CM because of the
rather poor utilization of the generated
ﬂuorescence light and the appearance of
superlinear photochemical effects at high
intensities, probably due to excited-state
absorption. Utilization of the generated
ﬂuorescence is generally much better in
MPM, with the improvement increasing
as the specimen becomes more scattering
and the imaging depth increases.
However, in clear (i.e. nonscattering)
specimens, where the detection efﬁciency
in the CM for focal photons can be rather
high, bleaching and photodamage in the
2PM can actually be exacerbated, but is
also clearly reduced in some cases compared with CM. Strategies for avoiding or
reducing damage depend on the underlying photophysics and photochemistry.
If damage is due to single-photon absorption, increasing the 2PE efﬁciency by
reducing pulse length or repetition rate
is helpful. Damage is, however, rarely
dominated by 1PA for typical tissue, but
can become so in pigmented cells or
if much longer wavelengths are used
and water absorption becomes an issue.
If higher-order instantaneous nonlinearities, such as 3P absorption or optical
breakdown are the culprits, increasing
the pulse length can help. Chemical

nonlinearities such as locally overwhelming cellular repair mechanisms should
be avoidable by faster scanning. Often,
as mostly anecdotal evidence suggests,
damage decreases with increasing wavelength, which may be due to reduced
2PA by endogenous chromophores. While
photobleaching can be quantitatively measured, this is more difﬁcult with damage
to cells, since photostress may be present
but may not be evident below a certain
instantaneous or cumulative threshold.
This is consistent with the observation
in several studies that at low intensities
(up to 1014 − 1015 W m−2 which corresponds to 1–5 mW at the focus) no
obvious damage occurs. As the intensity
increases, severe damage, optical breakdown, and strong luminescence eventually
do occur.

4

Fluorophores
4.1

Comparison of 1PA and 2PA
While the ﬂuorescence process itself is
largely independent of the mode of excitation (and hence the ﬂuorescence emission
spectra are the same for 1PE and 2PE),
the absorption spectra of 1PE and 2PE are
expected and found to be quite different in
some cases. The reasons for this are: (1) To
excite a molecule from its ground state to
the excited state, quantum-mechanical selection rules have to be fulﬁlled in addition
to energy conservation. For example, the
angular momentum (usually only the photon spin is relevant since the absorption
of a photon with nonzero orbital angular
momentum is unlikely) that is carried by a
photon must be taken up by the molecule
upon absorption. The selection rules for
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2PA are different from those for 1PA, since
in the ﬁrst case, two photons, each carrying
a spin of 1 h̄, are absorbed. This means that
the angular momentum of the molecule
has to be unchanged (if two photons of
opposite spin are absorbed) or changed by
2 h̄. A change by 1 h̄ (also corresponding to
a change in parity) is not allowed. However, for complex asymmetric molecules,
these selection rules are not necessarily
as strict, due to interaction with molecular vibrations and rotations. (2) Since the
transition to the excited state occurs in a
sense via all molecular states, which serve
as a combined ‘‘virtual’’ intermediate state,
excitation is possible even if there is no direct orbital overlap between ground and
target state.
For the use of ﬂuorescent dyes in
MPM, it is very important to know
their MP-absorption spectra in order to
choose the best dye and then excite
it optimally. While it is not easy to
measure MP-absorption spectra, at least
the 2P-absorption spectra of many commonly used chromophores are now available (http://www.drbio.cornell.edu/) and
it turns out that all dyes used with 1PE can
also be used with 2PE, albeit with a larger
spread in their cross sections because, in
a way, transition matrix elements enter
twice in the 2PA process.
In some cases, the 2PA spectra plotted
on a λ/2 scale are rather similar to
the 1PA spectra plotted on a λ scale.
In most cases, however, the excitation
maxima are shifted to the blue and the
spectra are broader. Additional spectral
features at wavelengths longer than the
‘‘red’’ 1P absorption edge are not seen,
nor would they be expected. The reason
for this is that ﬂuorescence emission only
occurs for molecules where the transition
to the lowest lying excited state 1P is
allowed. There have been a number of

attempts to predict 2P cross sections and
to develop, on the basis of theoretical
calculations, chromophores with large 2P
cross sections.
In the following, we will give a short
overview of chromophores that are widely
used with 2PM, with particular focus
on dyes with biological relevance. Under
this premise, the chromophores can be
categorized into intrinsic, synthetic, and
genetically encoded dyes, each group
containing dyes with a variety of different
indicator features.
4.2

Intrinsic Chromophores
Biological tissue is naturally ﬂuorescent
to a varying degree even without adding
chemically synthesized molecules or introducing the gene of a ﬂuorescent protein
(see below). The molecular origin of this
intrinsic ‘‘autoﬂuorescence’’ depends on
the excitation wavelength. For UV excitation, nucleotides and the aromatic amino
acids are dominant, for excitation with visible wavelengths, other compounds such as
nicotinamide adenine dinucleotide (phosphate) NAD(P)H and ﬂavin adenine dinucleotide FAD are the main contributors.
Tryptophane ﬂuorescence is rarely used
for 2PM, but 2PE ﬂuorescence correlation
spectroscopy (FCS) is possible for proteins
containing a large number of tryptophane
residues. NAD(P)H is of special interest
as its ﬂuorescence intensity depends
on its oxidation state. With excitation
at 800 nm, NAD(P)H and ﬂavoprotein
ﬂuorescence can be used together for a
quantitative ratiometric measurement of
cellular metabolism.
One of the advantages of MPA for
exciting cellular autoﬂuorescence is that
it permits access to transitions that
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require for 1PE, ultraviolet light of wavelengths that do not pass most microscope objectives.
On one hand, endogenous ﬂuorophores
can be useful because tissues can be imaged without dyes having to be applied
to the tissue. On the other hand, endogenous ﬂuorophores contribute most of the
unwanted background when exogenous
dyes, which provide enormous speciﬁcity
and tailored indicator properties, are to be
imaged. A special case is the green ﬂuorescent protein (GFP, see below), which
occurs naturally in the jellyﬁsh and has
a biological function there, but in other
organisms GFP is an exogenous stain in
the sense that it needs to be introduced by
molecular genetic means.
4.3

Synthetic Dyes
Because of the speciﬁc advantage of
MPM for the observation of living tissue,
the most frequently used synthetic dyes
are those that provide functional signals,
called ﬂuorescent indicators, in particular,
ion-sensitive, and (more recently) voltagesensitive probes.
Ion Indicators
In many cellular responses, changes in ion
concentrations are involved. Most important is Ca2+ , with its key position in cellular
signal transduction; also important are
Na+ , K+ , Mg2+ , H+ , and Cl− . Ion indicators go back to Arnaldus de Villanova,
a doctor and alchemist (∼1300 AD), who
invented litmus, an indicator that changes
its color (absorption spectrum) depending on the concentration of H+ ions. The
ﬁrst 2PM calcium measurements where
done using Indo-1, a BAPTA-based Ca2+
indicator, which is, however, excited by
rather short wavelength and has a rather
4.3.1

moderate 2P cross section. Much larger
cross sections are found in xanthenederived indicators, which also use the
BAPTA Ca2+ -binding group and are now
available with a wide range of Ca2+
afﬁnities, covering the entire physiological
range. A selection of different peak emission wavelengths (from 530 to 670 nm)
ensures discrimination ability against GFP
or other cellular labels if needed.
In tissue imaging, labeling without
damage to cells is crucial and several
methods have been used in connection
with MPM. (1) Loading individual cells
by diffusion or iontophoresis from dyeﬁlled micropipettes in brain slices or
in vivo; (2) applying cell-permeable acetoxymethoxyl (AM) esters variants, which
become trapped in cells by intracellular esterases. AM loading is straightforward in
isolated cells, but is also possible in brain
slices and even in vivo; and (3) particle
(‘‘gene’’)-gun delivery.
For an overview of ﬂuorescent indicators
see http://www.probes.com/. All of these
indicators can be efﬁciently 2P excited
somewhere between 700 and 1000 nm,
i.e. they are accessible when using a
Ti:sapphire laser.
Voltage-sensitive Dyes
Voltage-sensitive dyes (VSDs) measure
electrical activity directly rather than indirectly via Ca2+ inﬂux. Most VSD-based
measurements have, until recently, not
used laser-scanning microscopy, since the
fractional ﬂuorescence changes that occur with physiological voltage swings are
small and thus need for detection and
quantiﬁcation of a large number of ﬂuorescent photons. Recently, it was shown that
by using band-edge excitation, fractional
changes are substantially increased, and
are for equivalent excitation wavelengths,
larger with 2PE than with 1PE.

4.3.2
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4.4

Genetically Encoded Fluorophores and
Indicators
Labeling with synthetic dyes is in most
cases not cell-type speciﬁc. For example,
when injecting AM ester-Ca2+ indicator
into brain tissue, many cell types take up
the dye, and it is impossible to stain, for example, only neurons. Genetically encoded
protein ‘‘dyes,’’ often called XFPs by generalizing from GFP, the green ﬂuorescent
protein, with ‘‘X’’ standing for the color
such as for yellow in YFP and for cyan
in CFP, overcome this problem because
their expression can be put under the control of speciﬁc promoters that are only
active in certain cell types. XFPs can also
be fused to other proteins to then map
their dynamic distribution in the cell. Fusion protein with XFPs have also been
designed to act as indicators for Ca2+ ,
Cl− , pH, and other cellular signals and
physiological parameters such as cAMP,
phosphorylation, redox potential, protein
kinase B and C, as well as membrane voltage. The molecular genetic methods used
to label intact animals are either the creation of transgenic animals, infection with
properly engineered viral vectors, or in vivo
electroporation.
For imaging in intact animals XFPs
and MPM are rather synergistic, since
together they solve the deep labeling and
the deep imaging problem, with 2PM even
allowing imaging through the thinned but
intact skull.

5

Applications
On the basis of the unique imaging
properties described earlier, MPM has
become the preferred and virtually the

only method that allows morphological
and functional imaging in thick living
tissue and in live animals. While many
of the essential uses of MPM are in
the ﬁeld of neuroscience, the range of
biological structures and processes investigated using MPM have continuously
grown. Applications of MPM now include
photodynamic therapy, noninvasive optical biopsy of human skin, the study of
cellular metabolism, embryogenesis, immunology, tumor pathophysiology, and
neurodegenerative disease. In the following, we will discuss some of these
applications in more detail.
5.1

Neurobiology
After it became clear that 2PM is particularly well suited to high-resolution
imaging in scattering tissue, it was applied to neural tissue, which is strongly
scattering and requires the use of intact pieces of tissue for functional studies
owing to the high degree of cellular interconnectivity. Early studies focused on
Ca2+ dynamics in dendritic spines. Then
it became clear that it is possible to image Ca2+ dynamics with high spatial and
temporal resolution in the wholly intact
brain as well, where 2PM can now be
used to guide recording pipettes to selected cells. It has also been possible to
study the structural stability and plasticity of neuronal morphology in explanted
tissue and, over periods of months, in
intact animals.
2PM has helped to reveal neural structure and function at various levels ranging
from individual synapses to entire neural
networks (see also Fig. 4). The retina, a
spatially separate but functionally integral
part of the brain, has been a particularly rewarding specimen for 2PM. Because of the
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(a) x-z projection and single planar scans of GFP labeled neurons and
(b) stained vasculature obtained throughout almost the entire gray matter of the
mouse neocortex. (c) Blood ﬂow measurement in the mouse neocortex at 900 µm
below the brain surface. Blood cells appear as shadows in surrounding blood plasma.
Their motion traces out shaded bands in an image consisting of line scans repeatedly
taken along the capillaries (dashed line in the planar scan). Blood ﬂow parameters as
velocity, linear density, average spacing, and ﬂux of red blood cells can be inferred from
the slope (dt/ds) of, and the distance (ds) and time (dt) between shaded bands.

Fig. 4

retina’s high sensitivity for UV and visible
light, 1PE of common ﬂuorescent probes
inevitably perturbs the observed specimen;

in fact, intensities used commonly for ﬂuorescence microscopy completely bleach
the photopigments within seconds. In

Two-photon Microscopy and Imaging

contrast, photoreceptors are blind to light
in the near-infrared wavelength region,
allowing the use of IR-excited 2PM to measure light stimulus-evoked calcium signal
in the functionally intact retina, which has
been used to study the mechanism of motion detection in retinal cells (see Fig. 5).
5.2

Calcium Imaging
‘‘Calcium imaging’’ constitutes the bulk
of ion imaging, both with 1PM and with
MPM, because of the important role of
Ca2+ in coupling electrical processes to
biochemical processes, for example, in

muscular contraction and neurotransmitter secretion, and because [Ca2+ ] transients can often be used as a proxy for
electrical excitation. The particular advantages of MPM are, again, excitation-based
optical sectioning and highly efﬁcient ﬂuorescence collection in scattering tissue.
A disadvantage of MPM is that ratiometric indicators that require dual-wavelength
excitation are difﬁcult to use because a
second laser is required for the second
excitation wavelength (at this point in
time, changing the wavelength even in
a fully automated Ti:Sapphire lasers still
takes seconds). Therefore, ratiometric calcium imaging with 2PM has to resort

50 µm
(a)

Two-photon optophysiology in the retina. Dye-ﬁlled ‘‘starburst’’
amacrine cell (a) in ﬂat-mounted rabbit retina. Like many amacrine cells,
this neuron bears no axon; it receives inputs and makes output synapses
with its dendrites. Starburst cells are involved in the detection of image
motion. Using (b) two-photon microscopy, light stimulus-evoked Ca2+
signals (green trace) were recorded in the dendritic tips of a starburst
amacrine cell. Simultaneously, membrane voltage (black trace) was
measured at the soma using a patch electrode (see schematic drawing).
The light stimulus, a concentric sinusoidal wave, induced stronger
responses when it was expanding (left) than when it was contracting
(right) (see color plate p. xxv).
Fig. 5
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(Continued)

to Indo-1, which has drawbacks, such as
a short absorption wavelength and fast
bleaching, but has been used to measure calcium oscillations in tumor mast
cells and calcium transients in cardiac myocytes. More common nowadays is the use
of dye mixtures that provide virtually all
the advantages of proper ratiometric indicators. Furthermore, single-wavelength
indicators are often sufﬁcient, particularly
if one is interested mainly in the temporal
[Ca2+ ] dynamics (see Figs. 5 and 6). Satisfactory calibration can often be achieved by
using the intensity prior to stimulation as
a reference, such as was done in the early
studies of [Ca2+ ] dynamics in dendrites,
and dendritic spines in brain slices, and in
whole animals.
5.3

the activity of respiratory enzymes and
thus is an intrinsic probe of cellular
metabolism. 1P-CM of two-dimensional
NADH/NADPH-ﬂuorescence maps is possible, as has been shown in rabbit cornea,
but is hampered by photobleaching and
photodamage due to the UV illumination (∼360 nm) needed for the excitation
of NADH/NADPH. Those problems are
substantially reduced with 2PE so that
now nearly continuous NADH/NADPH
imaging is possible throughout the entire
thickness (400 µm) of the rabbit cornea.
Because metabolic events can be fast but
may need to be monitored for extended
time periods, low-damage imaging is of
paramount importance. With MPM, it has
become possible to follow the response to
glucose application in β-cells inside intact
pancreatic islets and in muscle cells.

Imaging of Metabolic Activity
5.4

The ﬂuorescence from the reduced pyridine nucleotides NADH and NADPH,
which are metabolic intermediates, can
be used to localize and characterize

Photoactivation (Uncaging)
The excellent localization of MPE can be
used to conﬁne photochemical generation
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(a)

50 µm

(b)

5 µm

Fig. 6 Measurement of calcium dynamics in dendritic spines of a hippocampal
neuron (a) using simultaneous excitation, at 910 nm, of two different
ﬂuorophores – a red ﬂuorescent Ca2+ -insensitive dye (Alexa-594) helping in
visualization of small structures and a green ﬂuorescent Ca2+ indicator
(Fluo-5F), which is very dim at rest, but shows large ﬂuorescence changes in
activated spines. (b) Following extracellular electric stimulation, presynaptic
ﬁbers release transmitter in the synaptic cleft whose binding to corresponding
receptors on the postsynaptic membrane causes a Ca2+ rise in a single dendritic
spine leading to an increase in green ﬂuorescence observed by successive planar
scans of a dendritic branchlet (see color plate p. xxvi).

of chemical compounds, such as ﬂuorescent tracers or biological signaling
molecules, to volumes smaller than a femtoliter. Typically, this is achieved by the
illumination of a photolabile precursor
that then absorbs two or more photons
and decays via a photochemical pathway
into the desired product. Scanning 2P photochemical microscopy, ﬁrst demonstrated
by mapping the distribution of neurotransmitter receptors on cultured muscle-like
cells, has, however, been hampered by the
very low 2PE cross sections of the available
‘‘caged’’ compounds (an example of the
rule that weak 1P absorbers tend to be very
weak 2P absorbers) even though there has
been recent progress in the synthesis of
better caged compounds, having allowed
the study of calcium ‘‘sparks’’ in cardiac
muscle cells and the mapping of glutamate sensitivities on dendritic spines. A

combination of 2P uncaging and bleaching
of ﬂuorescence has been used to measure
diffusional resistance of spine necks.
5.5

Human Diseases and Therapy
In conjunction with animal models, MPM
has provided some insights into human
diseases such as Alzheimer’s dementia. There, 2PM in vivo imaging allows
the observation over time of how senile
plaques (amyloid-beta peptide aggregates)
develop. This is extremely helpful when
evaluating antiplaque therapies, since the
fate of individual plaques can be followed over weeks and months by repeated
imaging through a thinned skull. These
experiments have shown that, surprisingly, plaques do not change size after formation.
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2PM has also been used to measure
blood ﬂow at the level of single capillaries and to observe leucocytes-endothelial
interactions in tumors in vivo at tissue
depths that are not accessible otherwise.
Such studies have revealed, for example,
the depth dependent dynamics of tumor
angiogenesis. In the area of immunology,
2PM allows the observation of lymphocytes
in their native environment such as monitoring the motility of T cells that invade
the brain during neuroinﬂammation.
Potential clinical applications on MPM
are optical skin biopsy and photodynamic
therapy. Traditional biopsy is an invasive
procedure, which requires the removal and
ﬁxation of tissue before imaging. During
this process, biochemical information is
often poorly preserved. Optical biopsy does
not require the removal of any tissue
sample, but it remains to be seen whether
the quality of 2PM images will become
good enough to allow a pathological
analysis with accuracy comparable to that
of traditional biopsies.
Photodynamic therapy is based on the
preferential accumulation of certain photosensitizing agents in tumorous or otherwise abnormal tissues and the subsequent
selective tissue destruction by illumination. 2PE photodynamic therapy has the
potential of providing more spatially speciﬁc destruction of, for example, cancer
tissue than 1PE, which can be conﬁned
not as easily or not at all.

6

Future Directions
Among the ‘‘exponentially’’ growing number of papers on MPM, about half are
still on methods development. With these
ongoing improvements and extensions of

MPM, the range of applications that beneﬁt from MPM continues to expand. Much
of the current improvement efforts are
directed at excitation and detection efﬁciencies, which, as was discussed at length
earlier, is the main factor determining
imaging depth and speciﬁc (i.e. per information gained) photodamage. Novel
chemical ﬂuorophores with large two photon–absorption cross sections still await
signiﬁcant biological applications. Closer
to being really useful appear to be semiconductor quantum dots (QDs), which have
the largest 2PA cross sections measured,
are very photostable, and are available with
widely varying but narrow emission spectra. Recent advances have all but solved
early problems with solubility, quenching,
and toxicity. Different coats allow covalent
linking to biorecognition molecules, such
as antibodies or biotin/avidin, so that QDs
can be used as speciﬁc ﬂuorescent probes.
In conjunction with their broad excitation
spectra, QDs are very well suited for multilabel imaging.
An entirely different route to improving
excitation efﬁciency is the use of coherent
control, which involves tailoring the phase
and amplitude of a laser pulse to optimize
the optical response of a molecule, to
achieve selective excitation, or to reduce
photobleaching.
Inhomogeneities in the index of refraction across the tissue lead to degradation
of the focus and thus a reduction in 2PE
efﬁciency. In particular at large depths,
therefore, adaptive aberration correction
can signiﬁcantly improve excitation.
In order to image structures that are
beyond the penetration depth of the MPM,
overlying tissue has to be removed. In
order to keep the lateral extent of such
removal, limited ‘‘endoscopic’’ approaches
are being developed that use a small
diameter gradient-index (GRIN) lens as
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the objective. This limits the NA and the
ﬁeld of view, but may be the only way to
reach deeper brain structures such as the
hippocampus in vivo.
Regular MP microscopes are bulky and
thus most in vivo imaging is done in
anesthetized and immobilized animals. To
achieve the goal of high-resolution imaging in freely moving animals, scanners
and optics have to be miniaturized. This
requires a different scanning mechanism
because the weight of a galvo scanner rules
out its use in a headpiece that can weigh at
most a few tens of grams without encumbering an animal such as a rat too much.
An alternative is the ‘‘2P-ﬁberscope’’ in
which scanning is achieved by deﬂecting
the free end of the ﬁber that is used to
deliver the excitation light to the headpiece. The deﬂection can, for example,
be achieved by using resonant oscillations. One challenge peculiar to nonlinear
ﬁber microscopy is that special measures,
including the use of large core or microstructured ﬁbers, have to be taken to
limit the degradation of the pulse shape
by nonlinear optical effects in the beamdelivery ﬁber.

See also Alzheimer’s Disease; Calcium Biochemistry; Metabolic Basis of Cellular Energy; Molecular
Neurobiology, Single-Cell; Neuron
Chemistry.
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