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With few exceptions biological tissues strongly scatter light, making high-resolution 
deep imaging impossible for traditional⎯including confocal⎯fluorescence microscopy. 
Nonlinear optical microscopy, in particular two photon–excited fluorescence 
microscopy, has overcome this limitation, providing large depth penetration mainly 
because even multiply scattered signal photons can be assigned to their origin as the 
result of localized nonlinear signal generation. Two-photon microscopy thus allows 
cellular imaging several hundred microns deep in various organs of living animals. 
Here we review fundamental concepts of nonlinear microscopy and discuss conditions 
relevant for achieving large imaging depths in intact tissue.

Microscopists have always desired to look inside vari-
ous organ tissues to study structure, function and 
dysfunction of their cellular constituents. In the past, 
this has frequently required tissue extraction and his-
tological preparation to gain access. Traditional optical 
microscopy techniques, which use linear (one-photon) 
absorption processes for contrast generation, are lim-
ited to use near the tissue surface (less than 100 µm) 
for high-resolution imaging because at greater depths 
strong and multiple light scattering blurs the images. 
Scattering particularly strongly affects signal strength in 
confocal microscopy, which achieves three-dimensional 
resolution and optical sectioning with a detection pin-
hole that rejects all light that appears not to originate 
from the focus.

During the past two decades new optical micro-
scopy techniques have been developed that use non-
linear light-matter interactions to generate signal 
contrast (reviewed in1–7). Nonlinear optical micro-
scopy techniques have special features that make them 
less sensitive to scattering and thus are well suited for 
high-resolution imaging in tissues. In particular, two 
photon–excited fluorescence laser-scanning microscopy 
(2PLSM)8, combined with in vivo fluorescence label-
ing techniques, has opened a rapidly expanding field 
of imaging studies in intact tissues and living animals. 
Specimens as diverse as lymphatic organs9,10, kidney11, 
heart12, skin13 and brain2,4 can now be examined in 

detail at depths of up to one millimeter14, while leaving 
the tissue intact. Moreover, 2PLSM is used as a tool to 
study the development, progression and potential treat-
ment of pathological conditions such as tumors15 and 
Alzheimer disease16.

Although 2PLSM by now is a well-established tech-
nique, using turn-key laser sources and commercial 
microscope systems, it remains important to understand 
the underlying principles and key technical aspects, espe-
cially when optimizing a microscope system to achieve 
large imaging depths. In this review, we discuss physi-
cal principles, with special emphasis on imaging-system 
parameters important for deep imaging, and summarize 
technical issues regarding the application of 2PLSM for 
high-resolution imaging in living animals.

NONLINEAR OPTICAL MICROSCOPY
In optical microscopy one can distinguish between lin-
ear and nonlinear excitation. Traditional techniques, 
including confocal microscopy, generate contrast 
from light-matter interactions, in which the elemen-
tary process involves a single photon and which there-
fore depend linearly on the incident light intensity. 
Nonlinear techniques are fundamentally different in 
that they use ‘higher-order’ light-matter interactions 
involving multiple photons for contrast generation. The 
nonlinear nature of these interactions leads to qualita-
tively new imaging properties.
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Multiphoton absorption
Several different nonlinear processes can occur when light interacts 
with matter (Fig. 1). Most widely used in biological imaging is fluo-
rescence excitation by two-photon absorption17. Two photons that 
arrive ‘simultaneously’ (within ~0.5 fs) at a molecule combine their 
energies to promote the molecule to an excited state, which then pro-
ceeds along the normal fluorescence-emission (or photochemical-
reaction) pathway1,17. Similarly, three or more photons can combine 
to cause excitation.

The efficiency of multiphoton absorption depends on physi-
cal properties of the molecule (the ‘multiphoton absorption 
cross-section’)5,18, and on the spatial and temporal distribution 
of the excitation light. Most nonlinear processes have in com-
mon that the transition probabilities are extremely low at ‘nor-
mal’ light intensities. To generate sufficient signal, excitation 
light has to be concentrated in space and time. High spatial den-
sities are (cheaply) generated by focusing a laser beam through 
a high numerical aperture (NA) objective. Concentration in 
the time domain requires the use of (expensive) lasers that 
emit ‘ultrashort’ pulses (less than a picosecond long) with cor-
respondingly high peak intensities. For laser pulses of width 
τ occurring at a rate f

R, the signal is enhanced by a factor of 
1 / (τ f

R
)n – 1 compared to continuous-wave illumination, where 

n is the number of photons involved in the elementary process. 
Lasers typically used in 2PLSM provide 
100-fs pulses at about 100 MHz, with a 
‘two-photon advantage’1 of about 105.

Other nonlinear effects
Multiphoton absorption is but one of several 
possible nonlinear interactions7. Another is 
optical-harmonic generation, in which two 
or more photons are ‘simultaneously’ scat-
tered, generating a single photon of exactly 
twice (thrice, and so on) the incoming 
quantum energy (Fig. 1a). Harmonic gen-
eration requires no actual absorption but 
is enhanced near a resonance, albeit at the 
expense of parasitic absorption6. It also dif-
fers from multiphoton absorption in that it is 
a coherent, that is, phase-preserving process, 
which causes speckles, possible cancellation, 
predominantly forward-directed emission 
and supralinear dependence on the chromo-
phore density. In practice, only second-har-
monic6 and third-harmonic generation19,20 
have been used. Second-harmonic (but not 
third-harmonic) generation depends on the 
absence of inversion symmetry, which not 
only requires that individual molecules are 
inversion-asymmetric (as most biological 
molecules are) but also that they are spa-
tially ordered. Second-harmonic generation 
has, therefore, been useful for investigating 
ordered structural protein assemblies such as 
collagen fibers21or microtubuli22. Similarly, 
dyes that are incorporated preferentially in 
one leaflet of the plasma membrane can 
be used to detect membrane voltage23,24. A 

further process used for microscopy is ‘coherent anti-Stokes Raman 
scattering’ (Fig. 1a), which is sensitive to molecular vibration states 
and can be used to detect the presence of specific chemical bond 
types25,26.

Why nonlinear is more than linear
All nonlinear microscopy techniques require expensive pulsed laser 
systems to achieve sufficient excitation rates. Two major advantages 
make the investment worthwhile. First, because multiple excitation 
photons combine their quantum energies in nonlinear microscopy, 
the photons generated (or the transitions excited) have higher ener-
gies than the excitation light making emission ‘bluer’ than the excita-
tion, which is different from traditional fluorescence. For commonly 
used fluorescent markers, multiphoton absorption occurs in the 
near-infrared wavelength range (700–1,000 nm), whereas emission 
occurs in the visible spectral range. Near-infrared light not only pen-
etrates deeper into scattering tissue (Box 1) but is also generally less 
phototoxic owing to the lack of significant endogenous (one-photon) 
absorbers in most tissues27.

The second major advantage of two-photon absorption and, 
in fact, of all nonlinear contrast mechanisms, is that the signal (S) 
depends supralinearly (S ∝ In) on the density of photons, that is, the 
light intensity (I). As a consequence, when focusing the laser beam 
through a microscope objective, multiphoton absorption is spatially 

Figure 1 | Nonlinear optical microscopy. (a) Jablonski diagram, illustrating two-photon absorption (2PA), 
second-harmonic generation (SHG) and coherent anti-Stokes Raman scattering (CARS). Note that in 
second-harmonic generation and Raman scattering no actual electronic excitation takes place. (b) Spatial 
confinement of signal generation with nonlinear excitation. Visible (‘blue-ish’) light is used for excitation 
in single-photon microscopy, whereas near-infrared (‘red-ish’) light is used in 2PLSM. In single-photon 
microscopy an entire cone of fluorescence light (green) is generated, whereas nonlinear signal production 
is localized to the vicinity of the focal spot. (c) Generic nonlinear laser-scanning microscope. A laser source 
provides near-infrared ultrashort pulses; intensity and beam size are adjusted before coupling the laser 
beam to the microscope. The focal lengths of the scan lens (fS), the tube lens (fT) and the objective (fO) are 
indicated. Two-photon excited fluorescence (2PEF), which is isotropically emitted (inset), can be collected 
in epi- and/or trans-collection mode, using whole-area detection by photomultiplier tubes (PMTs). Forward-
directed optical-harmonic and Raman signals are detected in transcollection mode in transparent samples. 
For in vivo experiments epicollection is used exclusively.
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confined to the perifocal region (Fig. 1b). 
The absence of multiphoton absorption 
in out-of-focus planes contrasts with 
confocal microscopy, where (single-pho-
ton) absorption occurs within the entire 
excitation light cone. The lack of out-of-
focus excitation in nonlinear microscopy 
further reduces photodamage and thus 
increases tissue viability, which is crucial 
for long-term imaging28. Localization 
of excitation also provides excitation-
based three-dimensional resolution with 
no need for spatially resolved detection 
through a confocal pinhole. By the same 
token, multiphoton absorption allows 
highly localized photomanipulations, such 
as photobleaching and photolytic release 
of caged compounds, within femtoliter 
volumes29–31, which, however, is beyond 
the scope of this review.

Localization of excitation is main-
tained even in strongly scattering tissue 
because the density of scattered excita-
tion photons generally is too low to gen-
erate significant signal, making nonlin-
ear microscopy far less sensitive to light 
scattering than traditional microscopy 
(Fig. 2). This is of paramount impor-
tance for deep imaging, because it means 
that all fluorescence photons are known 
to originate from near the focus and thus 
can provide useful signal. The best detec-
tion strategy therefore becomes: collect 
as many photons as possible, wherever 
they seem to come from, but look at their 
color. Scattering does, however, increase 
the spatioangular range (the phase space) 
within which fluorescence light emerges 
from the tissue so that special detection 
optics is needed to optimize fluorescence 
collection from deep foci.

A TWO-PHOTON MICROSCOPE SETUP
In many respects, a 2PLSM is similar to a 
confocal microscope. The main differences 
are the excitation laser and the detection 
pathway. Commercial confocal micro-
scopes can be converted into multiphoton 
microscopes8, but major modifications 
and partial rebuilding may be required to achieve optimal perfor-
mance, especially for deep imaging. Alternatively, the microscope 
can be custom built, which is cheaper but requires technical exper-
tise or help from specialized companies. Custom-built microscopes 
typically lack a microscope corpus, a design that is advantageous 
for in vivo imaging because it provides space for placing the ani-
mal, and imposes fewer constraints on the size and position of the 
detectors. The availability of laser-scanning software32,33 facilitates 
such custom designs. Here we only describe the basic microscope 
design; detailed instructions are available elsewhere5,33–35.

A multiphoton microscope requires a pulsed laser source (Fig. 
1c). Historically, the use of nonlinear light-matter interactions in a 
microscope only became possible after the development of ultrafast 
pulsed lasers (for a collection of reprints see 36). Whereas the first 
two-photon images8 were taken using a lab-built laser system, suit-
able near-infrared femtosecond laser systems have now been com-
mercially available for more than a decade. Most widely-used is the 
Titanium-sapphire (Ti:sapphire) oscillator, with a repetition rate 
(~100 MHz) that matches typical fluorescence lifetimes, thus balanc-
ing excitation efficiency and onset of saturation. The wavelength can 

BOX 1 LIGHT SCATTERING IN BIOLOGICAL TISSUE
In most biological tissues absorption of light is negligible compared to scattering, 
particularly in the near-infrared wavelength range. Scattering is the deflection of a 
light ‘ray’ from its original direction; if the photon energy stays unchanged, it is termed 
‘elastic’. Elastic scattering depends on refractive index inhomogeneities, which are 
present even in glass but are much stronger in tissue because cells are a heterogeneous 
mixture of molecules and supramolecular structures with varying molecular 
polarizabilities. The strength of scattering is described by the ‘mean free path’ (ls), the 
average distance between scattering events. The likelihood and angular distribution 
of scattering depend on refractive index variation, object size and wavelength λ. 
For very small objects (such as isolated atoms or molecules in a gas) scattering is 
nearly isotropic and strongly wavelength-dependent (∝ λ–4; ‘Rayleigh scattering’). 
For objects comparable in size to the wavelength (as in cells) scattering is directed 
mostly in the forward direction. This can be quantified by the anisotropy parameter 
(g) or by the ‘transport mean free path’, lt = ls / (1 – g), which is the distance after 
which ‘direction memory’ is lost. Measurements in brain gray matter yielded values for 
ls of 50–100 µm at 630 nm in extracted tissue50,51 and of about 200 µm at 800 nm in 
vivo43,53. Scattering decreases with wavelength albeit less than expected for Rayleigh 
scattering43. The anisotropy parameter generally is high (≈0.9) in brain tissue51.

In nonlinear optical microscopy only ballistic (non-scattered) photons contribute to 
signal generation in the focal volume. The ballistic power follows a Lambert-Beer–like 
exponential decline with imaging depth z  

with length constant ls and surface power PO. Because of the quadratic intensity-
dependence in 2PLSM, the fluorescence signal declines as

Conversely, we need an exponentially increasing laser power entering the 
surface (P0 ∝ ez/l) to maintain the same ballistic intensity at the focus. The 
reduction in focal intensity depends on ls and not lt, because even a small 
deflection from the original path causes a ray to miss the focus (Fig. 2). In 
contrast, the forward-directed angular distribution of scattering is important for 
the calculation of the near-surface background103 (P. Theer and W.D., unpublished 
data). Both ls and g depend not only on tissue type but can change substantially 
with age and upon removal of the tissue from the animal43. Surface scattering can 
become important if the beam crosses between media with substantially different 
refractive indices, for example when imaging through the skull.

Scattering of fluorescence photons is important for the detection process. 
Because of the short mean free path of visible light, the ballistic fraction becomes 
quickly irrelevant with increasing focal depth. For sufficient depth, multiply 
scattered fluorescence light leaves the sample from a diffusely radiating region 
on the surface, which has a full-width-at-half-maximum intensity (FWHM) of 
about 1.5× the focal depth, independent of the scattering length44.

P
ball

 = P
0
 e–z/ls (1)

F
2PE

 ∝ (e–z/l)2 = e–2z/lss (2)
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be tuned over a large range (670–1,070 nm), allowing the excitation 
of many  fluorophores used in biology18. Key parameters that have to 
be considered when choosing a laser system are available power at the 
desired wavelength and pulse length. An optimal pulse length, how-
ever, cannot be strictly defined. Depending on the microscope design, 
relatively short pulses (<100 fs) at the laser output may end up as 
longer pulses at the sample than initially longer pulses will end up 
because they are broadened by dispersive optical glass components 
in the excitation path to a larger extent. Dispersive broadening can be 
precompensated by a prism or grating arrangement37,38, thus restor-
ing the initial pulse width at the sample and maximizing two-photon 
absorption. Another complicating factor is that, at least at high power, 
photobleaching and photodamage depend more-than-quadratically 
on excitation intensity39–41. Hence, for a given microscope setup and 
specimen, an optimal pulse length (or even pulse shape42) may have 
to be empirically determined, requiring a compromise between fluo-
rescence yield and photodamage.

Compact Ti:sapphire laser systems are now available, no longer 
requiring user adjustments and providing computer-controlled 
wavelength tuning over a broad range. Although these laser systems 
are more user-friendly than a mercury arc lamp, it is still helpful to 
understand the characteristics of the laser beam, in particular if one 
aims to optimize the system for deep imaging. The available output 
power is one of the limiting factors for the maximum imaging depth 
but the average power (~1W) provided by these commercial systems 
over the central portion of the tuning range is sufficient for most 
applications, even with losses in the optical pathway.

The excitation pathway of a typical multiphoton microscope is 
as follows (all optics should be optimized for near-infrared light). 
Starting from the laser, the beam is expanded using a telescope (using 
either curved mirrors or lenses) followed or preceded by a laser inten-
sity modulator (Fig. 1c). Because the laser beam is linearly polar-
ized, the intensity can be adjusted easily, albeit slowly, by using a λ/2 
waveplate and a polarizer. Alternatively, acousto- or electro-optical 
devices can be used, providing high extinction ratios and permitting 
rapid intensity changes. Such devices can also be used to automati-
cally compensate for power loss with depth if the scattering length 

in the tissue is known (Box 1). The beam is then scanned by a xy-
deflection module (usually a pair of galvanometric scanners) and 
further expanded by the combination of scan and tube lens in order 
to ‘fill’ the back aperture of the microscope objective, which focuses 
the light into the sample.

Although the descanned confocal detector pathway (not shown 
in Fig. 1c) can be used to obtain two photon–excited fluorescence 
images in clear specimens, clipping at the pinhole will decrease the 
available signal by several orders of magnitude deep in scattering 
specimens. Hence a simpler but better detector arrangement is used 
in nonlinear microscopy to capture as many of the potentially highly 
scattered signal photons as possible. In most systems a ‘whole-area’ 
epi-detection scheme is used, with all light that is collected by the 
objective also guided onto the detector1,33,34,43,44. For small or trans-
parent specimens trans-collection through a high-NA condensor can 
be used instead or, better, in addition, capturing even more light (Fig. 
1c). Because of the preferentially forward-directed signal, trans-col-
lection is the principal detection mode in optical-harmonic genera-
tion and Raman scattering. In deep, scattering specimens, however, 
no light will penetrate, and epicollection is the only mode that can 
be used. Epicollection results in surprisingly little signal loss pro-
vided the detector’s field of view is large enough because most signal 
photons eventually leave the tissue surface after multiple scattering 
events. For optical-harmonic generation and Raman scattering, the 
detection field of view needs to be especially large because the initially 
forward-propagating light has to ‘turn around’ first (Fig. 2).

OPTIMIZATION FOR DEEP IMAGING
We now consider how fluorescence generation and detection can 
be optimized for deep imaging and what fundamentally limits the 
imaging depth.

Excitation wavelength
To look deep inside tissue sufficient signal needs to be generated, 
which means that sufficient light needs to reach the focus with-
out being scattered (the ‘ballistic’ fraction). Less-scattering long-
wavelength light thus should allow deeper penetration (Box 1). 

The optimal wavelength for deep tissue 
imaging is, however, also affected by the 
two-photon absorption spectrum of the 
fluorophores used and by the fact that less 
power is available at the extremes of the 
laser tuning range.

Beam size
Loss of excitation power, for example, by 
clipping at apertures in the light path, lowers 
the achievable maximum depth. Although 
many of the lenses in the beam path will 
allow the passage of larger beams than speci-
fied, this is not true for the back aperture of 
the objective lens, which defines the NA and 
thus determines the achievable spatial reso-
lution (Box 2). Because the radial intensity 
profile of a laser beam is Gaussian-shaped, 
an exact match to an aperture is impossible, 
and a compromise between resolution and 
transmitted power has to be found33. The 
width of a Gaussian beam is often defined 
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Figure 2 | Signal generation and fluorescence collection in clear tissue (no scatter) and in scattering 
tissue (scatter). In clear tissue all excitation light reaches the focus, but in scattering tissue, scattering 
(even by a small angle) causes light rays to miss the focus and be lost to signal generation. This leads to a 
roughly exponential decrease in excitation with depth. In clear tissue only fluorescence light rays initially 
emitted into the collection cone, determined by the objective’s NA, can be detected, but in scattering 
tissue fluorescence light is (multiply) scattered and may even ‘turn around’. Fluorescence light apparently 
originates from a large field of view but a larger fraction than in the nonscattering case is actually within 
the angular acceptance range θf of the objective.
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by where intensity drops to 1/e2 (13.7%). With a fill factor of one, 
defined here as the 1/e2-intensity width being equal to the back-aper-
ture diameter, power transmission is 86% (Fig. 3). The lateral and 
axial resolution (defined, for example, by the 1/e-width of the radial 
and axial profile of the focal spot5) are nearly unchanged in this case 
compared to uniform illumination (8% and 4% increases, respec-
tively). A further reduction of beam size improves power transmis-
sion but broadens the focal volume as the ‘effective’ NA is reduced 
(Fig. 3). The resolution loss is, however, smaller than it would be for a 
‘top-hat’ beam because for a Gaussian profile large-angle rays are still 
present up to the nominal NA of the objective. Note that large-angle 
rays are more likely to be scattered than central rays simply because 
they travel a longer distance to the focus, which leads to a reduction 
of the effective NA with increasing depth in scattering tissue.

For objects that are large compared to the focal volume, a reduction 
of the effective NA does not lead to a reduction in the total two-pho-

ton excited fluorescence45; smaller structures will, however, become 
dimmer. Underfilling the back aperture also lowers the peak intensity, 
potentially reducing photobleaching and photodamage, which have 
been found to have a more-than-quadratic intensity dependence in 
some cases39–41. Finally, the narrower light cone of a lower effective 
NA is less likely to run into obstacles (for example, blood vessels) as 
it penetrates the tissue.

Pulse width
A complicating factor is that ultrashort pulses are broadened (‘dis-
persed’) while propagating in material, reducing the two-photon 
absorption efficiency. The underlying physical principle is that lon-
ger-wavelength (‘red’) components of the pulse spectrum travel faster 
in optical materials than short-wavelength (‘blue’) components, so 
that the pulse is lengthened and ‘chirped’ (frequency-modulated). 
It is possible to compensate for the group-delay dispersion of the 

Image formation in a microscope is described using the image 
of a point (for example, of a fluorophore), the so-called point-
spread function (PSF). The image of any object is obtained 
convolving the object intensity distribution with the PSF. The 
three-dimensional PSF depends on the wavelength and the NA 
and, for an aberration-free lens of circular aperture, is given 
by104

J0 denotes the zero-order Bessel function and v = k(NA)r and 
u = k(NA)2 z are radial and axial normalized optical coordinates 
with the wave number k = 2π / λ. For a confocal microscope 
the detection pinhole adds a second PSF for the detection 
side. Assuming an ideal pinhole and similar wavelengths for 
illumination and fluorescence the effective PSF is

For 2PLSM with whole-area detection the effective PSF is the 
square of the illumination PSF

with v/2 and u/2 indicating an about doubled illumination 
wavelength compared to confocal. Spatial resolution can be 
quantified using the width of the effective PSF (approximate 
expressions for PSF widths in 2PLSM are available5). Because of 
the longer excitation wavelength used in 2PLSM, the theoretical 
PSF width is larger in 2PLSM than in confocal microscopy. In 
practice, however, the achievable spatial resolutions are similar 
because finite-sized pinholes have to be used in confocal 
microscopy, broadening the effective PSF105.

The resolution also depends on the intensity distribution in the 
back aperture of the objective and a pupil function P(ρ), which 
needs to be included (Fig. 3). P(ρ) = 1 for uniform illumination 
and is exp(–ρ2 / T2) for a Gaussian beam (T is the fill factor 
DBeam / DBA with DBeam the 1/e2-intensity width and DBA the 
back-aperture diameter).

PSF(v,u) = ⏐2 ∫P(ρ) J
0
 (νρ) exp(iuρ2 / 2)ρ  dρ⏐

1

0

2

PSF
confocal

 = PSF
illumination

 × PSF
detection

 ≈ PSF2(v,u) 

PSF
two-photon

 = (PSF
illumination

)2  ≈  PSF2 (v/2, u/2)

BOX 2  IMAGE FORMATION AND SPATIAL RESOLUTION

(3)

(4)

(5)

Figure 3 | Beam size adjustment relative to the 
objective’s back aperture. (a) ‘Matched’ filling 
of the back aperture with an expanded beam 
(fill factor of one; power transmission 86%; 
left). In this case most of the NA is used and 
almost diffraction-limited resolution is reached. 
Underfilling of the back aperture (right). The 
beam is expanded less to optimize power 
transmission. Because a lower effective NA is 
used, spatial resolution is reduced. 
(b) Focal spot size and power transmission as 
a function of the fill factor, the ratio between 
DBeam (1/e2-width) and DBA. Radial width (ωxy) 
and axial width (ωz) of the focal volume are 
normalized to the values for a uniformly filled 
back aperture. For fill factors around 0.7, nearly 
all power is transmitted with only minor losses 
in lateral and axial resolution.
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microscope by giving the short-wavelength components a sufficient 
head start (negative ‘prechirp’) so that blue and red components 
arrive at the sample at the same time, restoring as-short-as-possible 
(‘band-limited’) pulses at the focus. Such compensation is useful 
if average power is limiting, for example, because of availability or 
single photon–induced damage. Prechirping can be achieved by 
using grating or prism arrangements, which first spatially separate 
the different-wavelength components, then impose different path 
lengths, and finally recombine the spectral components. Most com-
monly the laser beam double-passes a pair of prisms or gratings, the 
spacing of which determines the amount of negative prechirp37,38. A 
disadvantage of prechirp units is that their optical surfaces can lead 
to power losses.

Pulse repetition rate
The ‘two-photon advantage’ can also be increased by lowering f

R
 

while maintaining average power levels. Because in mode-locked 
lasers f

R
 is determined by the optical resonator geometry (in most 

commercial systems around 100 MHz), it cannot easily be changed 
by a substantial factor. Much reduced repetition rates are provided 
by regenerative amplifiers, which amplify a submultiple of pulses 
from an oscillator. As a consequence the peak power is increased by 
as much as 108 in extreme cases at the expense of lowering the repeti-
tion rate to around 1 Hz46. For imaging applications at least one pulse 
per pixel is needed, however, limiting the reduction in f

R
 to about a 

factor of 1,000 (assuming 10-µs pixel dwell time). This approach can 
be used to enhance depth penetration47 and has been demonstrated 
for in vivo imaging14.

Correcting for tissue inhomogeneities
Signal generation is strongly affected if the focus quality is degrad-
ed by distortion of the incoming wave front. Such distortions are 
due to inhomogeneity of the refractive indices within the tissue, 
as caused for example by blood vessels or clusters of cell bodies 
acting as microlenses. Wavefront distortions can⎯if they can be 
measured48⎯be corrected49 by using wave-shaping elements such 
as deformable mirrors.

Fluorescence collection
As important, or perhaps even more important, as the maximi-
zation of signal generation is the optimization of collection and 
detection efficiencies. Because scattering is more severe for shorter 
wavelengths, the contribution of ballistic fluorescence photons is 
minor beyond about one scattering mean-free-path (50–90 µm at 
600 nm in brain gray matter50,51), and is negligible several hundred 
microns deep into brain tissue. Hence the confocal detection path-
way becomes useless and attention has to be paid to the detection 
of scattered light, which emerges from the tissue surface spanning 
an area that is wider than the focus is deep (Fig. 2). Therefore, even 
with a small imaged field of view, efficient fluorescence detection 
requires a large detected field of view43,44. Because a large field 
of view corresponds to low magnification, special objectives that 
combine high NA with low magnification have particularly high 
collection efficiencies43. For a large field of view, the post-objective 
detection pathway has to be carefully designed to guide all light 
onto the detector (Fig. 1c). A large spatio-angular spread also rules 
out the use of certain types of detectors⎯such as photon-count-
ing avalanche photodiodes, which have some of the highest detec-
tion quantum efficiency for fluorescence but a small area⎯and of 

spectrometer detectors. In vivo two-photon microscopes thus use 
photomultiplier tubes, available with large sensitive areas and rea-
sonable quantum efficiencies.

The depth limit
The maximum achievable imaging depth is proportional to the scat-
tering mean-free-path and depends logarithmically on available laser 
power, two-photon advantage and collection efficiency43. With a laser 
oscillator providing ~100-fs pulses, the maximum depth usually is 
limited by the available average power (1 W average power allows 
imaging depths of about 600–800 µm in the neocortex)52–56. When 
a regenerative amplifier is used, it is possible to image deeper (up to 1 
mm in the neocortex)14. Eventually, however, fluorescence generated 
near the sample surface becomes a limiting factor14. The resulting 
contrast reduction might be impossible to overcome in samples with 
a wide fluorophore distribution as, for example, in transgenic mice 
with extensive GFP expression. The achievable imaging depth also 
strongly depends on other tissue properties such as microvascula-
ture organization, cell body arrangement, collagen or myelin content, 
which will more-or-less degrade the laser focus and limit signal gen-
eration deep inside the tissue. If deeper structures need to be reached 
and if less-scattered longer wavelengths cannot be used, mechanical 
penetration or removal57 of overlying tissue may be necessary. Efforts 
in this direction have been made using very narrow objective lenses 
made from gradient-index (GRIN) material58–61.

LOOKING INSIDE LIVING TISSUE
The special advantages of 2PLSM for imaging deep within intact 
tissue have led to a rapid expansion of its use in various fields of 
biological research. 2PLSM is now used for high-resolution imaging 
in various organs of living animals. Here we summarize additional 
aspects important for in vivo imaging using mainly examples of cel-
lular and subcellular imaging in the intact brain.

In vivo labeling techniques
For fluorescence imaging, structures of interest need to be labeled 
unless they are autofluorescent13,62. In vivo labeling techniques for 
staining cells in living tissues have greatly advanced. ‘Traditional’ syn-
thetic dyes still are indispensable and can be introduced by a variety 
of methods: injection into the blood stream to label vasculature, for 
example, to measure blood flow in the brain53 or the kidney11; fill-
ing of individual cells via recording electrodes52,63 (Fig. 4a); uptake 
and anterograde transport of dextran-conjugated dyes in axons64,65; 
high-affinity binding of certain dyes to protein aggregates66; cell-spe-
cific spontaneous uptake of water-soluble dyes56; and bulk-loading of 
membrane-permeable calcium indicators67. Cells can also be labeled 
ex vivo and introduced back into mice10.

Fluorescent proteins can be introduced using molecular genetics 
(for reviews see68,69). Widespread but cell-specific labeling can be 
achieved in transgenic animals expressing anatomical markers70 or 
functional indicators71,72. Viral systems allow local expression, either 
short-term but less cell-specific73,74, or long-term under control 
of specific promoters75. Different approaches can be combined to 
achieve multicolor labeling of various tissue elements.

Monitoring cell structure and function
Once cells of interest are labeled, various preparations and procedures 
can be used to study structural and functional dynamics. For short-
term studies of the brain a cranial window is opened above the area of 
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interest, which also provides access for recording electrodes (Fig. 4a). 
Other organs are surgically exposed in a similar manner or, as in the 
case of kidney, are exteriorized11. A general problem for in vivo imag-
ing is motion induced by heart beat and breathing. Therefore, tissue 
pulsation should be dampened as much as possible, for example, by 
covering or embedding the exposed organ with agar. Tight control of 
the anesthesia or artificial respiration can help to alleviate pulsation. 
For time-lapse imaging of cell structures, we recommend acquiring 
small subvolumes (image stacks of 10 to 20 focal planes) in anticipa-
tion of lateral or focal drift, which can then be corrected offline using 
correlation methods. Image acquisition can also be synchronized to 
the heartbeat by triggering individual frames using a simultaneously 
recorded electrocardiogram, to ensure that all images have the same 
phase relationship to the heart beat76.

For long-term imaging over days to months, animals are multiply 
reanesthetized and image stacks of the same subvolume are acquired. 
In the brain, these experiments are performed either through the 
thinned skull66,77–79 or through a chronically implanted glass win-
dow80–82 (Fig. 4a). In cancer research, a dorsal skin-fold chamber 
with a glass window is used for imaging implanted tumors15. To 
repeatedly find the same structure (for example, a cell, a blood vessel, 
an amyloid plaque or even a synapse), stable anatomical landmarks, 
such as the surface blood vessel pattern can be used.

Functional imaging from neuronal dendrites in the intact neocor-
tex has, so far, still required the introduction of synthetic calcium 
indicators via electrodes52,54,55,63,83,84, which has the advantage 
of providing additional in vivo intracellular electrophysiological 
data. The combination of two-photon optophysiology with elec-
trophysiology85 will be crucial for studying synaptic integration 
and single-cell computation in living animals. Great hope still 
rests on the in vivo application of genetically-encoded functional 
indicators69,71,72,86,87.

Imaging cellular network dynamics
The ability to label entire cell populations with calcium indicator in 
living animals, using a rather generally applicable bulk dye-injec-
tion method67, has allowed two-photon imaging of neural and 
glial network activity with cellular resolution. Somatic and den-
dritic calcium transients, for example, have revealed spontaneous 
and evoked activity patterns in the mammalian neocortex67,88, now 
with single-spike resolution89, as well as in the cerebellar cortex90 
and in zebrafish91,92. Calcium signals are also found in the neuro-
pil, providing additional information about the input activity in 

afferent pathways89,90. Because bulk-loading does not discriminate 
well between cell types, specific counterstaining with synthetic or 
genetically encoded markers may be necessary to highlight particu-
lar cell types56.

Imaging of population activity in neuronal networks pushes 
present scanning technology to its limit because fast acquisition 
rates are required to simultaneously measure activity in many 
cells. Although resonant galvanometric scanners93 and acousto-
optical deflectors94 can achieve video-rate full-frame acquisi-
tion (30 frames/s) of a single optical plane, a further technologi-
cal challenge is the equally fast recording of cells distributed in 
three dimensions.

Visualization of pathological states
In vivo imaging is increasingly applied to study tumorgenesis, 
immune responses and various brain diseases. For example, the 
evolution of senile Alzheimer disease plaques66,95, their effects on 
neighboring neuronal structures96 and the effectiveness of poten-
tial treatments97 can be followed over months. The ability to image 
microglial cells in the neocortex opens new possibilities to study 
their role in a variety of brain diseases76,98.

CONCLUSIONS AND OUTLOOK
The main strength of 2PLSM and other nonlinear microscopy tech-
niques is the ability to maintain resolution and contrast within scat-
tering tissue. This has permitted, in many fields for the first time, 
direct visualization of the normal behavior of cells in their natural 
environment, as well as their response to systematic manipulations. 
The use of 2PLSM is particularly powerful in neuroscience, where 
one ultimately wants to correlate cellular activity patterns with the 
animal’s experience and behavior. Moreover, in vivo two-photon 
imaging allows longitudinal studies of structural and functional 
changes in the same animal over long periods of time (potentially 
over years). Cellular behavior thus can be put into the larger context, 
both spatially and temporally.

a bFigure 4 | In vivo two-photon imaging in the intact neocortex. (a) Different 
types of brain access. Open cranial window with the dura mater removed so 
that micropipettes for cell labeling and electrophysiological recordings can 
be inserted (top). Pulsation of the exposed brain is reduced by covering the 
craniotomy with agar and a coverglass. Thinned-skull (20–40 µm thickness) 
preparation (middle). Cellular structures are either prelabeled (for example, 
with fluorescent proteins in transgenic mice) or stained through a tiny hole 
lateral to the thinned area. Chronically implanted glass window replacing 
the skull (bottom). Agar is used underneath the window for stabilization. 
(b) Example of deep two-photon imaging in mouse neocortex. Maximum-
intensity side projection of a fluorescence image stack, obtained in a 
transgenic mouse expressing Clomeleon, a genetically-encoded chloride 
indicator101, under the control of the Thy1-promoter102, preferentially in 
deep layer 5 (L5) pyramidal cells. Data were taken with a 10 W pumped Ti:
sapphire oscillator using a 40×, NA 0.8 water-immersion lens (Zeiss). Note 
that nearly the entire depth of the neocortex can be imaged.
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What will the near future bring? In vivo applications of 2PLSM will 
expand further into other fields, taking advantage of user-friendly 
laser systems and of ongoing technological developments such as 
the use of regenerative amplifiers, extended application of optical 
harmonic generation and other nonlinear effects, and microscope 
miniaturization. Miniaturized, fiber-based microscopes will allow 
imaging in freely moving animals99. Moreover, flexible submillime-
ter-sized microscope probes58–61 may be used to reach deeper into the 
tissue, beyond the depth limit set by surface-generated background, 
albeit using a more invasive endoscopic approach. In neuroscience, 
the direct optical measurement of electrical potentials using two-
photon excitation of voltage-sensing dyes100 or second-harmonic 
signals23,24 could have a large impact.
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