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Abstract

Deep tissue imaging using two-photon fluorescence (TPF) techniques have revolutionized the optical imaging community by
providing in depth molecular information at the single-cell level. These techniques provide structural and functional aspects of
mammalian brain at unprecedented depth and resolution. However, wavefront distortions introduced by the optical system as
well as the biological sample (tissue) limit the achievable fluorescence signal-to-noise ratio and resolution with penetration depth.
In this review, we discuss on the advances in TPF microscopy techniques for in vivo functional imaging and offer guidelines as to
which technologies are best suited for different imaging applications with special reference to adaptive optics.
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Introduction

Ever since man first saw the structure within a living cell, the
quest to understand various molecular and cellular processes
started to develop in parallel. The past few decades have
witnessed rapid advancement in optical microscopy tech-
niques for deep tissue imaging. Technology-driven imaging
of live cells and their cellular processes has shaped our recent
understanding of modern-day science. However, there remain
some gaps within the imaging tools and biological applica-
tions, which are yet to be bridged. The recent advances in the
field of neuronal imaging have shed light on disease causing
factors [1] as well as neuronal plasticity [2] and circuits [3].
The use of confocal microscopy in brain imaging can success-
fully provide structural details of upper layer neurons as well
as of dynamic processes up to 200 nm spatial resolution and
250 nm axial resolution. However, imaging tissue of deeper
regions of the brain is limited mainly by scattering of light
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through the tissue which is quite heterogeneous. This issue
is mainly resolved using two-photon fluorescence (TPF) mi-
croscopy [4-7]. Here, tightly focused ultrafast pulsed laser
light provides a high-energy density photon so that two pho-
tons can drive the electronic excitation of fluorescent mole-
cules and emit light at shorter wavelengths [5]. TPF micros-
copy complemented with recent advances in optical labelling
of deep tissues has become the method of choice for tissue
imaging in an unprecedented manner. Due to its high fluores-
cence intensity and depth resolution deep tissue imaging using
TPF has drawn substantial attention for the study of structure
and vital functions of the brain in vivo [7-12].

Imaging deeper regions of the mammalian brain has always
been a challenge due to scattering and aberration caused by
the complex and heterogeneous tissue. One way of encoun-
tering it with respect to wave optics is varying aberrations in
the wavefront created by the sample itself. Scientists original-
ly proposed a concept of adaptive optics (AO) to rectify
wavefront distortions in telescopes caused by the earth’s at-
mosphere [13—18]. If the type of distortion is known, one can
apply AO to create a counter distortion to minimize the overall
aberration before the image formation. More recently, deform-
able mirrors (DM) and liquid crystal spatial light modulators
(SLM) have been incorporated along the excitation path in
order to overcome the wavefront distortions [19, 20].
Depending on the type of aberration, these devices can be
implemented in TPF microscopy to achieve better image res-
olution and depth.
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Owing to its higher spatial resolution and reduced photo-
bleaching, TPF has not only paved the way to understand the
intracellular Ca** dynamics but also to measure the electrical
activities of brain cells in vivo [20, 21]. Recent advances in
TPF have enabled scientists to study the functional changes,
such as Ca’* transients and electrical activity, within brain
cells of free behaving mammals. TPF for Ca®* imaging has
provided details of neuro-circuit changes in healthy, as well as
diseased, conditions. However, due to technical limitations
and sample complexity, neither TPF microscopy nor high-
resolution optical imaging has been able to extend to regions
deeper than 1.5 mm of the brain in awake and behaving mam-
mals [4, 22]. Recently, the combination of optical fibre deliv-
ery of short pulses and gradient refractive index (GRIN) lens
optics has enabled the implementation of laser scanning endo-
microscopes which can be used for imaging deeper regions of
the brain in awake animals, which was previously thought to
be impossible. Also, imaging deeper regions of the brain of a
free moving animal has become more feasible by the incorpo-
ration of wireless photometry technology [23].

In this review, we discuss on the various techniques sup-
plemented with TPF microscopy shedding light on the recent
advances in brain imaging.

TPF microscopy for deep brain tissue imaging

A long-standing goal of optical microscopy in neuroscience
has been to develop techniques that can provide cellular, sub-
cellular and spine level imaging to understand the basic prin-
ciples of brain development and function [24]. Combination
of fluorescent probes with light microscope allows the visual-
ization of neuronal activities with greater spatial and temporal
resolution. Dendritic spines, sub-micrometre functional units
of information transfer at the postsynaptic neurons, which
functions at a millisecond scale serves as an important factor
for understanding the brain function and activity [25]. In order
to investigate such intrinsic activities within the brain, there is
a requirement of robust optical technology to capture the neu-
ronal activity at sub-cellular or spine level. TPF serves as a
promising optical tool owing to it fast optical sectioning and
deep penetration capacities for brain structure and functional
studies [5]. Yaseen M and colleagues investigated the brain
metabolism by capturing the two-photon auto-fluorescence
signal from NADH in cerebral tissue of rat. TPF microscopy
was modified using single-photon counting detector and spe-
cialized software to decipher the metabolic activity from neu-
ronal population using NADH auto-fluorescence lifetime as a
biomarker [26]. This study, one of many, reveals the applica-
tion of TPF microscopy in exploration of metabolic activity
within neuronal cells of actively behaving mammals.

Deep tissue imaging is largely limited by specimen light
scattering owing to its water, lipid, protein and nucleic acid
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compositions. With the aid of TPF microscopy, scientists are
able to record simultaneously neuronal activities from super-
ficial neurons thus providing tremendous information about
the brain function [27-29]. However, there remains a limita-
tion when going deeper into the cortical regions of the brain to
record the neuronal activity from a population of neurons or a
single cell. This can be compensated for by increasing the
excitation power at the focus; however, high power density
damages the sample and hence the resolution decreases with
depth due to the tissue scattering. Neuroscientists used
TPF microscopy to study layer 5 of an adult mouse somato-
sensory cortex which utilized regenerative amplification
multi-photon microscopy (RAMM) and genetically encoded
calcium indicators (see Fig. 1). Taking advantage of RAMM,
they were able to image the activity in dendrites of individual
deep-seated neurons [21]. Nevertheless, activity recording
from neuronal populations is strictly restricted to superficial
cortical layers [29, 30]. One of the major reasons for this
limitation has been the attenuation of the excitation light by
the deep cortical tissues. Mittmann and co-workers used a
regenerative amplifier to optically amplify a subset of laser
pulses in the multi-photon excitation [21]. This regenerative
amplifier resulted in a train of pulses with reduced frequency
but with amplified energy per pulse. Using this technique, one
can image the GFP-labelled cells up to a depth of ~ 1000 um
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Fig. 1 Two-photon fluorescence neuroimaging. Imaging LS5
somatosensory cortex neurons labelled with GCaMP3. a Basic optical
path of the TPF microscope and the regenerative amplifier (RegA) seeded
by a pulsed Ti:Al,O3 laser source (Mira). Pulses from the source laser are
sub-sampled and amplified in the RegA (not to scale) and dispersion
compensated. The pulses entered the microscope at a pixel frequency of
<200 kHz, whereas the pulses entering the regenerative amplifier had a
frequency of ~ 76 MHz. TPF signals are collected by a photon multiplier
tube (PMT). Figure is adapted with permission from [21]
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[31]. Deep imaging in homogeneously labelled tissue suffers
from another fundamental issue that is auto-fluorescence from
the upper cortical layers. To overcome this limitation, scien-
tists used sparse labelling technique with RAMM to record
activity from soma as well as apical dendrites of cortical (L5)
neurons in the somatosensory cortex of an adult mouse.
Sparse labelling of the upper layer cortical neurons not only
minimizes the non-specific labelling but also increases the
image quality with RAMM. Until recently, pioneering work
from Yuste’s lab incorporated two-photon imaging with two-
photon optogenetic to simultaneously manipulate and image
large population of neuronal cells. Yang and co-workers ap-
plied holographic approach using SLM to generate 3D pattern
of an awake mice brain to study the neuronal circuits. With
minimal thermal damage and average power requirements,
scientists were able to stimulate over 80 cells in an average
imaging volume of 480 x 480 x 150 um® from V1 cortical
region [32]. This hybrid technique merged with AO and ho-
lographic microscopy would allow scientists to stimulate and
image deeper parts of the brain to better understand the neu-
ronal circuitry.

In vivo femtosecond laser—based TPF microscopy has re-
vealed vital information on neural activity for brain function,
despite its limitation in imaging events at depths greater than
several micrometres from the brain surface. Kawakami et al.
developed a near-infrared semiconductor laser—based picosec-
ond optical pulse source with a wavelength of 1030 nm that
directly led to a TPF microscope [33]. The penetration depth
was examined by imaging H-lines in mouse (Thyl-eYFP)
brains and demonstrated the successful in vivo imaging of
hippocampal CA1 neurons. Ryohei et al. integrated TPF with
fluorescence lifetime imaging (TPF-FLIM) to investigate the
fluorescence resonance energy transfer (FRET) at high reso-
lution in individual dendritic spines in intact tissue [34]. From
TPF-FLIM measurement using Ras sensors based on FRET
between fluorescent proteins, it was shown that Ras activation
was a highly non-linear function of neural activity and den-
dritic Ca®*. Therefore, integration of multi-modal optical tech-
nology led to the investigation of multi-functional activities
within the neurons.

TPF microscopy with special optics for brain
imaging

Attaining high spatiotemporal resolution with neuronal net-
work information from live behaving mammals was a major
unmet technological challenge of the 1990s. Later advances in
available imaging techniques made deep brain imaging in an
awake and head-restrained mouse possible. Initially, for
awake and head-restrained primates, scientists gained infor-
mation about brain functional mapping and spatiotemporal
responses from neuronal populations [22]. Recently, Weijian

Zong and colleagues developed a miniature two-photon mi-
croscope (mTPF) with fast high-resolution that can resolve
spine level activity in freely behaving mice [35]. In animal
studies, movement-associated distortion has been always a
limitation for optical imaging. This was one of the major
highlights of the technique developed by Zong and colleagues
where they successfully overcome motion artefacts in minia-
turized TPF with higher resolution and longer stability during
behavioural paradigms [35]. On the other hand, even during
active behaviour, it is now possible to keep the brain displace-
ments at modest levels (~ 1-5 wm) via stable cranium and
surgical steps [18]. Contrarily, imaging head-restrained ani-
mals further limits the range of behaviours that can be ex-
plored. Virtual reality—based behavioural paradigms have
proved to be better associated with head-restrained imaging,
but it still limits the number of behaviour tasks [19]. The
cerebral hemodynamic differences between an anaesthetized
mouse and an awake mouse provided crucial intrinsic neuro-
nal signals and this had a huge impact on the understanding of
brain function, but the spatial resolution was ~ 1 mm [3] and
temporal resolution approximately of a few seconds. Studies
from mouse habituated in a head-restrained position but
allowing free movement on an exercise ball have successfully
recorded Ca®* dynamics from individual neurons [18]. TPF
of Ca** imaging is a powerful technique to monitor activity of
distinct neurons and has proved substantial in vivo studies
with cellular as well as sub-cellular resolution [30, 36].
Imaging Ca®* transients at single-cell resolution in a freely
behaving mouse was not possible until the emergence of two
separate approaches; mini-epifluorescence microscopes used
in conjunction with GRIN lens micro-endoscopes [37] and
fibre photometry [38, 39].

Imaging deeper regions of the brain, such as the lateral
hypothalamus that is 5 mm from the surface of the mouse
brain, requires special optics to obtain sub-cellular resolution
(see Fig. 2). Recently, researchers incorporated micro-
endoscopes coupled with a GRIN lens to image deeper areas
of the brain tissue in an awake mouse [40]. GRIN lenses are
fine rod-like shape with a refractive index profile of near par-
abolic type and can easily be embedded inside the tissue.
Since the GRIN lens displaces tissue volume, which is linear
relative to the image depth, a GRIN lens is uniquely suitable
for imaging neurons in deeply buried nuclei. Use of a GRIN
lens for deep tissue imaging requires surgical expertise that
adds to its failure. However, the use of a guide cannula (a thin
hollow glass tube closed from one end for optical contact with
the tissue) reduces the probability of the lens being damaged
during surgical procedures [41]. Furthermore, by using a
guide cannula (outer diametre 0.61 mm) and a GRIN lens
(diametre of 0.5 mm), one can conduct deep circuit imaging
at single cell level over a period of one week to one month.
Widely used endoscopy methods make use of multi-core fi-
bres (MCFs). The major advantages of MCFs over other
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Fig.2 In vivo optical imaging. Optical technologies developed for in vivo
imaging in freely behaving animal model. Mini-epifluorescence micro-
scope attached to a head-mounted base plate that is centred around a
micro-endoscope implanted above a brain region of interest (a). A fibre
probe is implanted above the target brain region of interest to collect bulk

invasive tools are as follows: (i) it is passive, i.e., it does not
contain any active electronic component and (ii) it is very thin
(0.3 mm for 6000 cores) [42]. However, the MCFs do not
provide good resolution due to the less separation (microns)
between the fibre cores that limits the imaging resolution by
several micrometres. With repeated imaging, mini-
epifluorescence microscopes can be used to measure somatic
Ca* currents in genetically and spatially defined neurons in a
single animal and allow the analysis of the cellular network
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changes in calcium-mediated fluorescence using fibre photometry (b).
In vivo microendoscopic imaging (left) or fiber photometry (right) for
measuring the neuronal activity under social interaction. Figure is adapted
with permission from [40]

dynamics that orchestrate behaviour as well as the transition to
pathological disease states [37]. On the other hand, fibre pho-
tometry utilizes an optic fibre to measure calcium-mediated
fluorescence from the soma [38] or terminal edges of the ge-
netically modefied neurons [39, 43]. With the recent advent of
these imaging techniques scientists can now combine various
behavioural paradigms such as sensory tasks, elevated plus
maze, tail suspension and complex learning experiments using
operant chambers. Nevertheless, complex behavioural
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paradigms including forced swim test are not feasible with the
currently available mini-epifluorescence microscopes. A
study conducted on CA1 hippocampal place codes used
Ca®* imaging from a population of CA1 pyramidal neurons
to determine the spatial as well as the temporal dynamics of
place memory [37]. The authors combined Ca”* imaging with
behavioural tests to understand the long-term dynamics of
CA1 hippocampal place codes. Using a viral vector
(AAV2/5-CaMKIIx-GCaMP3) to express the Ca>* indicator
in the pyramidal cells, the investigators mounted a micro-
endoscope with a GRIN lens on the surface of the skull of a
freely exploring mouse. Using this technique, scientists were
able to trace numerous pyramidal cells reflecting the diverse
range of activities in the mouse brain over long periods (more
than a week). Thus, studying Ca** dynamics using TPF
complemented with innovative optics provides a better plat-
form to investigate spatial information about neuronal coding
and how memories are formed and stored over a period.
Adaptive optics has also gained importance not only in imag-
ing deeper regions of the brain but also in heterogeneously
labelled samples. Recently, Champelovier et al. applied AO-
based imaging module to rodent hippocampal pyramidal cells
expressing genetically encoded GCaMP6. As mentioned pre-
viously, Ca®* imaging in rodents is of specific interest in un-
derstanding neuronal activity; AO-based TPF microscopy was
applied to image hippocampal tissues samples (depth of ~200
pm) regardless of inhomogeneous labelling of the samples
[44]. On similar grounds, bidirectional neuronal perturbation
followed by imaging has been recorded with greater resolu-
tion thanks to the holographic module complemented with
TPF microscopy. Forli A. et al. have used a hybrid
TPF microscopy to image red-shifted functional indicator
and bidirectional perturbation of specific cell type using blue
light-sensitive opsins in vivo [45]. Since complex neuronal
networks and activity are regulated spatiotemporally in the
brain, development of TPF along with holographic modules
allows scientists for understanding such complex networks.
Mainly, these tools improved the imaging either by incor-
porating better fluorescent probes or photo-switchable mole-
cules, caged compounds and light-activated ion channels or
pumps [46]. Conversely, scientists successfully modified and
improved the existing optical imaging techniques to illumi-
nate the brain in a much more precise and specific manner.
Several approaches including digital micro-mirror devices
(DMDs) [47], multi-beam illumination [48], acousto-optic de-
flectors (AODs) [49] and liquid crystal on silicon spatial light
modulators (LCOS-SLMs) [50] have been developed to im-
prove the image quality and resolution of imaging. Of the
various techniques to illuminate the brain, LCOS-SLMs holds
a promising future in neuroscience. Recently, it has gained
importance in brain circuit studies due to its ability to generate
structured light illumination by modulating the wavefront. By
finely modulating the orientation of liquid crystals within each

pixel (which LCOS-SLMs are made of), the desired illumina-
tion can be achieved for imaging purposes. Initially, holo-
graphic microscopy was used mainly for correcting optical
aberrations in tweezers; more recently, LCOS-SLM has been
used for functional imaging in neuroscience laboratories [51].
Finally, the application of TPF microscopy is not limited to
brain imaging only but has been successfully implemented in
imaging different retinal cells in vivo to aid early retinal de-
generative problems. Using two-photon fluorescence lifetime
imaging ophthalmoscopy (FLIO), Feeks and Hunter were able
to label inner retinal cells with EGFP and blood capillaries
with fluorescein to determine the retinal health in early degen-
erative stages. Authors applied AO-based FLIO to capture
images from mouse retinal cells when marked with exogenous
labels to target specific cell type or molecule that can be used
as an indicator [52].

Adaptive optics-based TPF microscopy

TPF microscopy serves as an important tool for in vivo tissue
imaging with sub-cellular resolution; however, wavefront dis-
tortions introduced by the optical system and the sample limit
the achievable fluorescence signal-to-noise ratio and resolu-
tion with penetration depth [53]. The refractive index hetero-
geneity of the sample, the imperfections or misalignments of
the optical system as well as the refractive index mismatch
between the immersion medium and the sample are possible
causes of aberration in optical microscopy [54, 55]. To address
this limitation, several research groups introduced new
methods for creating a customized two-photon excitation mi-
croscope [49, 50, 56]. Different wavefront correction tech-
niques are reported and applied to TPF microscopy. A typical
wavefront correction system contains a Shack-Hartmann
wavefront sensor (SH-WS) and a deformable mirror (DM)
or a SLM to sense and correct the wavefront aberrations. In
most cases, the wavefront is optimized and corrected for ex-
citation light rather than the fluorescence emission signal di-
rectly [54, 55, 57]. However, another way of estimating the
optical aberration involves the direct measure of the wavefront
of the fluorescence signal using a WS and a corrective pattern
is applied to the SLM just before entering the detector [58,
59]. This estimation is limited to a non-scattering sample and
is not suitable for a highly scattering sample such as mouse
brain or in vivo imaging. A SLM-based sensorless method
could overcome the limitations of sensor-based correction.
In such a case, the wavefront of the excitation beam is pre-
cisely manipulated using a computational algorithm and the
optimal wavefront is determined through quantifying the
properties of the acquired TPF image in a feedback loop.
For all of its advantages, however, adaptive element—based
TPF microscopy has limitations for neuroscience due to the
image acquisition time, introduction of fluorescent fiducial
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markers, etc. The use of adaptive optics to correct the light
distortions in TPF signal promises to greatly improve the im-
age quality and enable researchers to see more deeply and
clearly into thick biological tissues (Table 1).

The experimental arrangement and 3D projection using
wavefront sensorless adaptive optics—based TPF microscopy
is described in [18, 57, 60]. An existing home-built TPF mi-
croscope was modified for AO imaging setup (Olympus BX-
51). A femtosecond laser (Coherent Mira HP) was used as the
excitation light source in Fig. 3 and the wavelength was tuned
between 720 to 1100 nm. The laser intensity was modulated

using an electro-optics device. The polarization state of light is
made parallel to the active axis of SLM (Boulder Nonlinear
Systems, XY-512) using a A/2 wave-plate (Thorlabs,
AHWPO05M-980). The reflected beam from the SLM is
Fourier-transformed and forms a first image of the target at
the focal plane of achromatic lens. A telescopic combination
helps in order to conjugate the SLM plane with the back focal
plane of the microscope objective lens. The computer-
generated hologram (CGH) modulates the phase of incident
beam. The modulated light was reflected by a dichroic mirror
and scans the sample through the objective lens. The

Table 1 Comparison of the various types of wavefront sensing

Type of wavefront Principle Information Ref.

sensing

Direct wavefront Wavefront is directly a. Direct wavefront sensing works when there are sufficient [14, 15,19, 59, 68, 71,

measurement measured with a wavefront

ballistic, unscattered photons from the guide star.

72,75, 79]

sensor, Shack—Hartmann ~ b. The aberration of emitted fluorescence signal is measured using

(SH) sensor

SH wavefront sensor in wide-field fluorescence microscopes

and wavefront error is corrected using a closed loop between a
wavefront sensor and a deformable mirror.

o

. Aberration correction improves the signal and contrast of

images in confocal fluorescence microscopy using fluorescent

guide star.

d. In TPF microscopy, aberration for the excitation light is
corrected since imaging performance depends on the quality of

excitation focus.
. Direct wavefront sensing is applied to cultured cells and

[¢]

transparent tissues; improves the image quality in in vivo-
Caenorhabditis elegans, zebrafish larval brains, mouse brain
and to resolve dendritic spines.

f. The technique based on the feedback signal from guide star and
limited to many bio-imaging applications. Backscattered light
may reach the sensor in case of highly scattering tissue.

g. The technique requires dedicated detector (SH sensor), it
increases the hardware complexity as well as analysis.

Indirect wavefront
measurement indirectly measures the

aberrated wavefront and

apply the correction based

on algorithm

A wavefront modulator a. The wavefront of excitation laser is changed and observes the
variation of the acquired images. A number of images need to
be recorded during the measurements. Commonly, DM and
SLM are used for this purpose. SLM provides the high number
of pixels and a larger active area.

[18-20, 44, 47, 52, 54,
55, 57, 62, 65, 66, 69,
73-75, 79]

b. This method works without additional wavefront sensor which
reduces the cost and hardware complexity.

c. Indirect wavefront correction approaches are used, for example,
the phase retrieval methods, the image metric optimization
methods and the pupil segmentation methods.

d. Quality metric is calculated based on the intensity (mean pixel
value) of the image and an appropriate set of Zernike functions
are identified and applied to correct the aberrations introduced
by the optical system as well as the biological sample.
Low-order Zernike functions are insufficient for highly scat-

tering samples.
. Although simpler in hardware implementation, however,

o

suffers from long optimization time (seconds to minutes) and it
is limited for live imaging.

f. Iterative multi-photon adaptive compensation technique
(IMPACT) utilizes iterative feedback and TPF non-linearity to
rapidly measure wavefront in a highly scattering biological
tissue, such as the brain and skull of adult mice.
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fluorescence signal was collected through the excitation
objective lens, by a de-scanned PMT. Details of calibration
and phase mask wrapping operations can be found elsewhere
[60]. Matsumoto ef al. have shown that the spherical aberra-
tion in TPF microscope due to the mismatch of immersion
medium and biological samples can be corrected using SLM
electrically [20]. It therefore improves the fluorescence inten-
sity and depth resolution of the observed fluorescence image.
In addition, SLMs can be used in adaptive optics to correct the
light path as well as sample induced aberrations using numer-
ous optical transfer functions.

AO-based TPF microscopy for brain imaging

The signal strength is reduced in 3D two-photon imaging
for thick biological specimens due to sample as well as
system-induced aberration [61, 62]. The ability to control
and correct distorted ultra-short pulses after propagation
through optical elements and a scattering medium was
demonstrated [18]. The wavefront correction can be per-
formed using a liquid crystal spatial light modulator (LC-
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y

SLM) and deformable membrane mirror membrane
(DMM) (see Fig. 4). The correction can be determined
using both modal and zonal approach. In zonal schemes,
measurements are used to determine the optimal value at
each pixel or a subset of pixels of the modulator, where-
as a modal approach uses across the whole pupil and
thus speeds up the optimization process [54, 55, 60].
The key to this degree of control is the optimization of
a certain image metric such as brightness, sharpness or
contrast of the TPF signal by iteratively adjusting the
wavefront [62].

Genetic or hill-climbing algorithms have long been used
to search for the optimal aberration correction by maximiz-
ing image brightness. The method has been used to improve
the image quality in TPF microscopy of ex vivo ocular tissue
as well as astrocytes in mouse brain in vivo [18, 63]. Marsh
et al. has shown that by optimizing the aberration using
feedback from TPF intensity of a single point in the sample
allowed for the improvement of the axial resolution across
the whole field of view of the image at a fixed sample depth
[64]. The non-linear TPF process was incorporated with a
deformable mirror for accurate measurement of aberration
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permission from [60]
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and is sensitive to both spatial focusing and the temporal
duration of the exciting field. However, Debarre et al. dem-
onstrated that a modal sensorless AO approach increased the
brightness and contrast of TPF microscopy in mouse em-
bryo and fixed brain slices [65, 66]. In this method, a quality
metric was calculated using the intensity (mean pixel value)
of the image upon sending a set of 11 low-order Zernike
modes to the deformable mirror. Booth et al. has shown that
by using orthogonal functions (Zernike polynomials), the
aberration can often be accurately represented by a short
sequence of function coefficients [67]. An appropriate set
of Zemike functions were identified and the corresponding
holograms were applied to correct the aberrations introduced
by the optical system as well as the biological sample. Also,
modal sensorless adaptive optics correction was reported for
mapping optical aberration with 3D resolution in thick hu-
man skin biopsies and mouse brain tissues. These methods
were integrated with a TPF microscope to analyse the con-
sequences of tissue structure and refractive index distribution
on aberration and imaging depth [65]. The intensity and
resolution of TPF images were compared before and after
aberration correction of GFP-stained cells in a fixed mouse
embryo. The applied aberration correction for Fig. 5 is most-
ly significant in Zernike modes of astigmatism, coma and
first-order spherical [65]. It was shown that aberration am-
plitude variations are strongly affected by the sample struc-
ture with imaging depth. In this analysis, the optimal correc-
tion was calculated over the entire acquired image.

Several studies have shown that to counteract the aberrations
introduced by the sample, the exact wavefront shape has to be
applied to the DMM to compensate the distorted wavefront of
the excitation light [55]. The detection of aberrations in micros-
copy is straightforward. SH sensor is used to measure the
wavefront of excitation light passes through a confocal pinhole
[68]. This method uses the intensity or contrast of the fluores-
cence or backscattered light confined in a compact focal
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specimen induced aberration, restoring a diffraction-limited focus. ¢
The deformable mirror also corrects for aberrations induced in the detec-
tion or imaging path. Figure is adapted with permission from [67]

volume as a fitness factor which can be maximized using an
optimization algorithm [69, 70]. A guide star was generated
due to such a non-linear-excitation and used to improve the
image quality of Caenorhabditis elegans in vivo [71]. Wang
et al. demonstrated that high resolution and large volumes of
neurons > 240 pm’ was achieved in zebrafish brains in vivo
using a fluorescent guide star—based direct wavefront sensing in
visible wavelengths [68]. The depth of imaging field was ex-
tended to 700 pm inside the mouse brain and resolve dendritic
spines in vivo by near-infrared (NIR) wavelengths (see Fig. 6).
Tissue scattering is reduced at longer wavelengths allowing
direct wavefront sensing from fluorescent guide stars in the
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Fig. 5 Depth-resolved correction on a mouse embryo. The two images
(left, before; right, after correction) share the same colour scale. Image
size is = 720 x 640 pixels. Insets, correction phase applied. b 3D
reconstruction of a 30 x 40 x 40 pum?® region of the embryo. ¢
Aberration amplitude in Zernike modes as a function of depth. The
objective correction collar was set to optimize image quality at a depth
of = 50 pm in the sample. Figure is adapted with permission from [65]
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mouse brain [72]. The technique not only improves the visual-
ization of morphological features of neurons but also their func-
tional sensitivity at 500 um depth in the primary visual cortex
of the Thyl-GCaMP6s GP4.3 mice. The NIR fluorescence
protein iRFP71316 (peak fluorescence emission at 713 nm)
was used as a marker for TPF generated guide star down to
500 um below pia to obtain corrective wavefronts. After AO
correction, calcium detection sensitivity in the visual cortex was
improved at depths of 400, 500 and 600 pm.

For some applications where speed is not a limiting factor,
due to large number of pixels and active area of SLM, it can be
a good alternative to the wavefront sensor in terms of dynamic
range and sensitivity. Daniel et al. implemented a pupil
segmentation—based adaptive optical approach in a TPF mi-
croscope with full-pupil illumination [73]. In this case, a re-
flective liquid crystal phase—only SLM was used as the active
optical element. The images were acquired by illuminating
only a small part of the pupil at a time and wavefront aberra-
tion was reconstructed using the phase-shift values measured
from the displacement of the corresponding excitation light in
the focal plane. This approach recovers near diffraction-
limited imaging performance and improves the imaging signal
and resolution at a depth of 450 pm in a mouse cortex in vivo
[73]. However, conventional adaptive optics systems are lim-
ited to a small imaging area but for large field of view multi-
pupil adaptive optics (MPAQO) enables wavefront correction
(over 450 x 450 um?). The approach was applied to high-
speed 3D dynamic imaging of calcium, blood vasculature,
microglia and structure of neuronal network in in vivo mam-
malian brain (see Fig. 7) [74].

a

AO off

z=400 um

z=500 um

Fig. 6 AO correction via direct wavefront sensing improves functional
calcium imaging deep inside the cortex of a living mouse. a Calcium
responses evoked by drifting-grating stimulation 400 and 500 um below
pia in the primary visual cortex of a mouse (Thy1-GCaMP6s line GP4.3)
before (left panel) and after (right panel) correction. Brightness of each
pixel reflects its s.d. across 800 frames imaged during five repetitions of
the drifting-grating stimulus set and is correlated with the local calcium

Indirect (without wavefront sensor) and direct (wavefront
sensor—based) methods differ in implementation, speed and
sensitivity. The indirect sensing method is simpler in hardware
implementation but slow in aberration measurement (seconds
to minutes) and it is applicable to opaque tissue. Again, direct
methods can find out corrective wavefront in weakly scattering
samples within tens of milliseconds. Also, compare to iterative-
based indirect methods, direct methods using guide stars may
have higher accuracy in measuring the wavefront [75].

Summary and outlook

The recent advances in the field of neuroimaging have shed
light on disease causing factors as well as brain circuit func-
tioning. The use of confocal microscopy in brain imaging
could now successfully provide information of upper layer
neurons and the cellular signalling. However, to elucidate
deeper regions of the brain tissue, TPF microscopy is widely
used. This technique utilizes two-photon for excitation of the
sample at focal point and provides information only from the
focused region; hence, signal is free from out of focus area.
Though TPF provides deep tissue imaging at sub-cellular lev-
el resolution, there remain limitations such as sample and op-
tical aberrations. Until recently the invention of two separate
techniques that use optical fibre and an endo-microscope sup-
plemented with a GRIN lens, imaging deeper regions of the
brain in a live animal was thought to be impossible.
Computer-controlled phase—only SLM allows the dynamic
control of the distribution of multiple excitation light for

b up s v 24w
ROl i — AOon — AO off
ROl ii
ROl iii

Time (s)

transient magnitude. Scale bar, 20 um. b Calcium transients at regions of
interest (ROI) i—vi, before and after AO correction. Solid colours label
averaged transients; faded colours label transients during specific repeti-
tions. Top panel indicates the orientations and drifting directions of the
grating stimuli. Representative images from > 20 imaging sections in
three mice. Figure is adapted with permission from [72]
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(pe1) eseyd

Fig. 7 Non-planar microscopy of 3D vasculature dynamics. a
Vasculature network at 6-65 pum depth under the dura with the depth
colour encoded. b Planar imaging of blood vessels at the depth of 35
um. ¢ Non-planar imaging of blood vessels and neural dendrites, with
the relative depth shown in each image segment in microns. The central
segment was at the depth of 35 pm. Magenta, Texas-Red-labelled blood
plasma; green, YFP-expressing neural dendrites. d Wavefront applied to
the pupil array, which shifted the focal planes and corrected tissue-

photo-stimulation of multiple regions of the sample. These
multi-beam methods are currently limited in non-power limit-
ed setting applications but promise to be equally useful in
power limited applications when more powerful lasers be-
come available. The multiplex beam generation method is
used extensively in neuronal circuits. However, the imaging
depth is limited by the sample induced aberration.

The implementation of AO in TPF has revolutionized fluo-
rescence imaging over the last decade [75—77] and in next few
years, we will continue to witness unprecedented advances of
this tool. Additional improvements in the developments will
enhance our ability to image deeper into the brain and with
better temporal resolution in vivo. Although AO is implement-
ed efficiently in TPF microscope, spatial resolution remains
limited by diffraction to ~ 0.3 pum laterally and ~ 0.8 pm
axially. A multi-photon structured illumination microscopy
is developed to determine optical aberrations and a deform-
able mirror to correct them uses a non-linear guide star. By
combining two-photon and SLM diffraction-limited with deep
penetration imaging, it is demonstrated on bead phantoms,
cells in collagen gels, nematode larvae and embryos, drosoph-
ila brain and zebrafish embryos [78, 79].

Motivated by AO-based TPF for brain imaging, Bar-Noam
and co-workers developed correction-free remotely scanned
two-photon in vivo mouse retinal imaging [80]. This technique
remotely scanned the laser beam and focus using an

@ Springer

Change in diameter 10 % | S0 S

induced aberration. Rad, radian. e Synchronized dilation of three blood
vessels at different depths. Their corresponding positions are marked in ¢,
with the dotted lines indicating the position of measurement. Vessel 111 is
a vertically penetrating vessel originating from vessel II as shown by the
volumetric view in a. Scale bars, 50 pwm. The data shown in this figure are
representative of three experiments. Figure is adapted with permission
from [74]

electronically tuneable lens that provides inertia free high-
resolution 3D fluorescein angiograms at cellular resolution.
Moreover, it allows long-term repeated imaging as well as
functional calcium imaging of repeated retinal responses to
light stimulation using the genetically encoded indicator,
GCaMP6s. Despite the recent advances in TPF and adaptive
optics for deep tissue imaging, neuroscientists and physicists
are still trying to improve the existing techniques in order to
achieve a much higher degree of cellular resolution that will
eventually improve our understanding of brain structure and
function. Application of AO for imaging deeper regions of the
brain requires the identification of type of aberration and op-
timization of spatial and temporal resolutions to be achieved.
Given the robustness of this method, it is crucial to identify the
specimen-derived aberrations such as depth and transparency
which can be corrected via AO. Direct or indirect methods of
aberration corrections could be applied based on the specimen
and laboratory needs. Once implemented, further improve-
ments such as use of longer wavelength fluorescent probes
can improve AO-based TPF for in vivo deep tissue imaging.
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