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Abstract: Fluorescence microscopy has represented a crucial technique to explore the cellular and
molecular mechanisms in the field of biomedicine. However, the conventional one-photon mi-
croscopy exhibits many limitations when living samples are imaged. The new technologies, including
two-photon microscopy (2PM), have considerably improved the in vivo study of pathophysiologi-
cal processes, allowing the investigators to overcome the limits displayed by previous techniques.
2PM enables the real-time intravital imaging of the biological functions in different organs at cel-
lular and subcellular resolution thanks to its improved laser penetration and less phototoxicity.
The development of more sensitive detectors and long-wavelength fluorescent dyes as well as the
implementation of semi-automatic software for data analysis allowed to gain insights in essential
physiological functions, expanding the frontiers of cellular and molecular imaging. The future ap-
plications of 2PM are promising to push the intravital microscopy beyond the existing limits. In
this review, we provide an overview of the current state-of-the-art methods of intravital microscopy,
focusing on the most recent applications of 2PM in kidney physiology.
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1. Introduction

Fluorescence microscopy represents one of the most used approaches in the biomedical
field to elucidate the cellular processes in vitro [1–3]. Cells or isolated tissues are cheap and
easy-to-use systems that allow to gain crucial insight on cellular and molecular mechanisms
using classical or high throughput technologies [4–6], and test the ability of pharmacologi-
cal molecules to treat genetic diseases [7,8]. Nevertheless, these methodologies show some
limitations if one takes into account that cells are very dynamic in changing their character-
istics when isolated from the native environment and, consequently, cannot reproduce the
complex physiological organization of living organisms. Accordingly, the in vivo systems
may be considered more appropriately and suitably adoptable for studying diseases, owing
to their ability to mimic human disorders and the consequent higher reproducibility of
the results.

Confocal microscopy is a milestone in the field of microscopy. This type of microscopy
uses one-photon fluorescence excitation, which enables more detailed images if compared
to the conventional fluorescence microscopy [9]. The enhanced performance of confocal
microscopy is made possible by the presence of the pinhole (and its particular confor-
mations) able to reject the unnecessary light providing improved resolution [10]. The
applications offered by confocal microscopy have been widely described over the years
and they include the tracking of single organelles [11], the real-time monitoring of cell
division mechanism [11], the study of gene expression [12], and the evaluation of cell
trafficking [13]. The ability to optically section a specimen, obtaining 3D reconstructions,
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is an additional real possibility offered by confocal microscopy. Especially, such prospect
is crucial to perform quantitative analysis and volumetric measurements of dynamic cell
processes. Although it has been largely adopted to provide insights into several cellular
mechanisms, the use of confocal microscopy remains limited when a living sample or
a thick specimen is imaged, owing to the presence of the high light scattering and the
significant effect of the photobleaching.

To overcome such issues, currently, the two-photon microscopy (2PM) is thought of as
the gold standard method for intravital imaging in living animals. Thus, the 2PM grants the
acquisition of 3D movies and real-time high-resolution images of living cells and tissues,
allowing a great advancement in the study of organ regulatory mechanisms [14].

This review discusses the basic principles of 2PM and the main advantages offered
by this brilliant imaging approach. The most recent and fascinating applications of 2PM,
with a particular focus on kidney physiology, are discussed. In addition, the use of analysis
software and machine learning algorithms for the elaboration of images and videos are
also explored.

2. Principles of Two-Photon Microscopy

2PM offers stunning images and real-time movies of the cellular and subcellular
physiology in living animals. This technique has been widely used by researchers in the
last decades to address important biological questions, taking advantage of its deeper
laser penetration and low phototoxicity. In comparison to the previous technologies, such
as confocal microscopy, 2PM uses a long-wavelength laser in the near infrared range
(700–1000 nm) and exploits the simultaneous arrival of two low-energy photons of light on
the sample [15,16].

With the conventional one-photon excitation, one photon is driven to a fluorophore,
which subsequently moves from the ground state to a higher-energy state. Thereafter, it
loses the acquired energy back to the ground state, thus emitting a photon of light. By
contrast, the two-photon excitation relies on the simultaneous absorption of two photons,
which show half the energy of the single-photon excitation event. Being inversely pro-
portional to the energy of a photon, the wavelength of the two photons is approximately
doubled with respect to the one used by one-photon excitation to reach the energy state
transition. Thus, the singlet excitation state of the two photons is equivalent to that ob-
tained by one-photon absorption, producing an identical emission fluorescence between
the two optic phenomena [17]. This scheme of photon absorption/emission is explained
by the Jablonski diagram, as reported in Figure 1.

The probability that the two photons hit a fluorophore at the exact moment (~10−18 s)
is made significant by increasing the photon flux (>~106 times) in a short time window with
respect to the one-photon system. Efficient concentration of the photon flux in time can be
accomplished by using a higher-energy laser with a tighter focusing, such as the ultra-short
pulsed laser source, that permits to increase the density of the photons, concentrating them
into discrete pulses. Such laser source permits to increase the peak power of the pulses
relative to the time-averaged power. Additionally, a spatial concentration of the photon
flux is achievable using high-numerical aperture objectives which, focusing this flux also in
space, increase the probability of the simultaneous incidence of the two photons [17].

The concept of two-photon fluorescence was first theoretically suggested by the physi-
cist Maria Göppert-Mayer in the 1930s [18], but experimentally put into practice approx-
imately 30 years later by Kaiser and Garrett who investigated the generation of blue
fluorescent light by exciting the europium doped calcium fluoride (CaF2:Eu2+) with red
light [19].

The efficiency of an optical system is defined by its resolution, as the capability to dis-
tinguish two close signals as separate objects, determining the minimum distance between
them [20]. This spatial resolution, which includes the axial and the lateral resolution, may
be affected by changes in many parameters, such as the wavelength of the laser source, the
magnification and the numerical aperture of the used objectives, and the aperture size of
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the pinhole. In particular, higher numerical aperture, larger field of view, and lower light
scattering improve the spatial resolution [17]. Since the 2PM uses doubled wavelength,
the resulting resolution would be approximately half if compared to that ofconfocal mi-
croscopes. In a confocal system, the spatial resolution of the acquisitions is boosted by
adjusting the pinhole ahead of the detector, thus discarding the out-of-focus fluorescence.
Truly, this difference in resolution between the two approaches becomes minimal if one
considers that a quota of resolution is progressively lost in the confocal microscope when
the pinhole is even minimally opened [21]. Consequently, the 2PM shows only a slightly
reduced spatial resolution compared to the one-photon excitation systems [22]. However,
being dependent on the number of photons collected, the spatial resolution is inversely pro-
portional to the temporal resolution, and its increase reduces the acquisition time needed for
the measurements [23]. The temporal resolution of an imaging system is characterized by
many determinants, such as the quantum yield and other molecular factors. As explained
by Mondal, the temporal resolution can be quantified by considering the time necessary by
the excited molecules to complete a single excitation-emission transition. Consequently,
the time required for almost all molecules (~99.9%) to relax back from the excited state to
the ground state denotes the limit of temporal resolution, further defined by the recycle
time of the fluorescent molecule [24].

Photonics 2022, 9, x FOR PEER REVIEW 3 of 16 
 

 

 
Figure 1. Jablonski diagram for one-photon and two-photon excitation fluorescence. The absorption 
by a fluorophore of a single photon with sufficient energy allows the one-photon excitation (purple 
arrow) of the molecule. The two-photon excitation occurs upon the simultaneous absorption of two 
half-energy photons (red arrows). The resulting emission fluorescence (green arrows) is identical 
for both the optical phenomena. For one-photon absorption, λ is the excitation wavelength, whereas 
that necessary for the two-photon system is approximately double (2 × λ). 

The probability that the two photons hit a fluorophore at the exact moment (~10−18 s) 
is made significant by increasing the photon flux (>~106 times) in a short time window 
with respect to the one-photon system. Efficient concentration of the photon flux in time 
can be accomplished by using a higher-energy laser with a tighter focusing, such as the 
ultra-short pulsed laser source, that permits to increase the density of the photons, con-
centrating them into discrete pulses. Such laser source permits to increase the peak power 
of the pulses relative to the time-averaged power. Additionally, a spatial concentration of 
the photon flux is achievable using high-numerical aperture objectives which, focusing 
this flux also in space, increase the probability of the simultaneous incidence of the two 
photons [17]. 

The concept of two-photon fluorescence was first theoretically suggested by the 
physicist Maria Göppert-Mayer in the 1930s [18], but experimentally put into practice ap-
proximately 30 years later by Kaiser and Garrett who investigated the generation of blue 
fluorescent light by exciting the europium doped calcium fluoride (CaF2:Eu2+) with red 
light [19]. 

The efficiency of an optical system is defined by its resolution, as the capability to 
distinguish two close signals as separate objects, determining the minimum distance be-
tween them [20]. This spatial resolution, which includes the axial and the lateral resolu-
tion, may be affected by changes in many parameters, such as the wavelength of the laser 
source, the magnification and the numerical aperture of the used objectives, and the ap-
erture size of the pinhole. In particular, higher numerical aperture, larger field of view, 
and lower light scattering improve the spatial resolution [17]. Since the 2PM uses doubled 
wavelength, the resulting resolution would be approximately half if compared to that of 
confocal microscopes. In a confocal system, the spatial resolution of the acquisitions is 
boosted by adjusting the pinhole ahead of the detector, thus discarding the out-of-focus 
fluorescence. Truly, this difference in resolution between the two approaches becomes 
minimal if one considers that a quota of resolution is progressively lost in the confocal 
microscope when the pinhole is even minimally opened [21]. Consequently, the 2PM 
shows only a slightly reduced spatial resolution compared to the one-photon excitation 

Figure 1. Jablonski diagram for one-photon and two-photon excitation fluorescence. The absorption
by a fluorophore of a single photon with sufficient energy allows the one-photon excitation (purple
arrow) of the molecule. The two-photon excitation occurs upon the simultaneous absorption of
two half-energy photons (red arrows). The resulting emission fluorescence (green arrows) is identical
for both the optical phenomena. For one-photon absorption, λ is the excitation wavelength, whereas
that necessary for the two-photon system is approximately double (2 × λ).

The latest state-of-the-art optic systems employ super-resolution microscopes (SRM)
that are able to significantly enhance the spatio-temporal resolution [25]. Accordingly, SRM
may perform at increased resolutions over the usual resolution limit, popularly recognized
as the Abbe diffraction limit, enabling to image detailed structures as small as tens of
nanometers, such as the cell organelles. Some of the techniques developed for the SRM
are photoactivated localization microscopy (PALM), fluorescence PALM (fPALM), stimu-
lated emission depletion microscopy (STED), stochastic optical reconstruction microscopy
(STORM), ground state depletion microscopy (GSDIM), and structured illumination mi-
croscopy (SIM). The majority of these (PALM, fPALM, STORM, GSDIM) enable a super
spatial resolution at the cost of lower temporal resolution. By contrast, other techniques
including multiphoton multifocal microscopy, multifocal plane microscopy, multiple exci-
tation spot optical microscopy, and multiple light-sheet microscopy (LSM) advantage the
increase of the temporal resolution [24]. Notwithstanding, LSM uses a thin sheet of light to
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illuminate the plane of interest with a resulting improvement in terms of light efficiency
and high volumetric imaging speed. LSM provides great benefits for the biological research
since it can be easily applied to large samples with low phototoxicity and very high contrast
of images. Despite this, the imaging of thick specimens produces high light scattering
resulting in aberrations, contrarily to 2PM. In addition, LSM sacrifices the spatial resolution
for the temporal one to permit fast acquisitions for prolonged imaging period. Owing
to such limitations, LSM has been coupled to 2PM. This combined system represents an
advancement in tissue imaging and permits both to increase the resolution and decrease
the light scattering, especially in thick specimens [26]. Fundamentally, 2PM has an optic
resolution limited to around 250 nm [27]. This diffraction limit can be bypassed coupling
2PM with SRM. An innovative integrating approach, called two-photon scanning patterned
illumination microscopy (2P-SPIM), has been developed by Urban and colleagues who
obtained a lateral resolution of 141 nm, representing an improvement of approximately
1.9-fold over the 2PM system alone [28].

Nonetheless, the employment of 2PM allows to obtain additional several advantages.
First, there is less phototoxicity due to the low energy of the two photons, allowing con-
tinuous observations of the samples over the time [17]. This is particularly beneficial
when thick samples or living organs are imaged. In addition, the laser penetration in the
tissue is deeper in consequence of the reduced light scattering, permitting to image up to
150–200 µm in the kidney, while in the brain or other less heterogeneous organs more than
1 mm of deepness can be reached [29,30]. However, this depth is about 3 times higher than
confocal microscopy [31], as schematically shown in Figure 2. Moreover, the out-of-focus
signal of the image is reduced and the fluorescence intensity is high only in the focal plane,
reducing the photobleaching and avoiding the necessity of a pinhole [32,33]. Owing to all
the above-mentioned advantages, 2PM is able to capture dynamic events in living animals,
incorporating the complexity of hormonal factors with subcellular resolution, becoming
the gold standard approach for intravital imaging in animal models.
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Figure 2. Schematic representation of the renal structures identified with 2PM. The nephron segments
that are visible with confocal and 2PM are shown. As indicated by the vertical arrows, 2PM allows the
renal structures to be imaged about 3 times deeper compared to confocal microscopy. G = glomerulus;
S1 = S1 proximal convoluted tubule; S2 = S2 proximal convoluted tubule; DT = distal tubule. This
figure was drawn adapting the vector image from the Servier Medical Art bank (http://smart.servier.
com/; last accessed on 22 February 2022).
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3. Main Applications of Two-Photon Microscopy
3.1. Renal Autofluorescence to Study Metabolic Functions

The renal metabolic functions may be studied indirectly by easily analyzing the urine
samples collected as easily accessible liquid biopsy from individuals. The specific urinary
patterns of molecules detected is an indirect measure of the pathophysiological status
of patients [34–36].

Instead, the application of 2PM provides unique and direct opportunities to perform
morphological and functional studies, even without external labeling or exogenous dyes,
taking advantage of the endogenous autofluorescence properties displayed by several
molecules. For example, the lysosomal and mitochondrial NADH fluorescence naturally
exhibited by the renal tubules enables the visualization of some kidney structures [37].
This intense autofluorescence allows to recognize the proximal tubules that are very rich
in mitochondria and lysosomes, while other nephron segments poor in such organelles,
such as the distal tubules, and the collecting ducts appear as dark empty patches [38]. The
superficial glomeruli, lacking of any fluorescence, appear likewise as large dark empty
spaces close to proximal tubules, as visibly appreciable in Munich Wistar Frömter (MWF)
rats. Thus, the autofluorescence can be very supportive in recognizing and defining the
renal components without using exogenous dyes.

This approach has been important to clarify the metabolic profile in S1 and S2 prox-
imal tubules at the physiological level. Indeed, Bugarski et al. demonstrated that the
mitochondrial NAD(P)H expression is comparable between the two populations of tubules.
However, S2 proximal tubules displayed a more intense signal at the cytosolic level and
this seems to be justified by their main function to maintain the pool of cellular glutathione.
Moreover, a higher expression of flavoproteins is also displayed in S2 than S1, reflecting
a different regulation of glutamine and nitrogen metabolism [39,40]. In addition, it was
shown that S2 proximal tubules are more dependent on glucose metabolism than S1 tubules
as confirmed by the drastic signal reduction in this nephron segment upon the stimulation
with a glucose inhibitor [39]. This is in agreement with previous studies showing a damage
of rat S2 isolated tubules when a glucose inhibitor was used [41].

As shown by Hall et al., NADH also provides a crucial read out of the metabolic state
of renal tubules after renal injury, such as ischemia reperfusion injury (IRI). In particular,
the authors demonstrated that following IRI, the membrane potential quickly dissipates
leading in turn to the fragmentation and shortening of the mitochondria in proximal
tubules, while the distal tubules better maintained the membrane potential [42]. This may
be crucial to investigate the electron transport chain function, which provides information
regarding the redox state of the mitochondria [43]. These data pave the way toward the
therapeutic application of this technical approach to monitor the eventual improvement of
the membrane potential and the overall metabolic function, following the administration
of IRI-targeting drugs.

Notwithstanding, the main drawback in using the renal autofluorescence to investigate
the metabolic functions is evidenced when external probes are used concurrently. In fact,
in these cases, the tissue autofluorescence may overlap with the emission signals of the
external probes, rendering the data obtained from the analysis doubtful [44].

3.2. Second Harmonic Generation (SHG) to Study Renal Fibrosis

Additional applications of 2PM make use of the second harmonic generation (SHG)
technology, often called frequency doubling, which is a non-linear optic phenomenon that
takes advantage not of absorption but of the Rayleigh scattering. In particular, two photons
with the same frequency interact with a non-linear material and are finally ‘combined’
resulting in frequency-doubled photons [45–47]. Consequently, SHG signals are revealed
at the half of excitation wavelength, and can be detected simultaneously with the renal
autofluorescence, providing the overall imaging perspective of the organ. The advantages
obtained by this imaging approach are understandable. SHG is particularly beneficial
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as it does not require external fluorescence labeling, hence circumventing the effects of
photobleaching and the issues related to molecules administration.

One main application of SHG relies on the possibility to visualize collagen fibers [48],
as well as muscles myosin [49] and microtubules [50], showing high specificity when the
signal is detected. Indeed, SHG allows to distinguish type I and type III collagen fibers,
whereas non-fibrillar material, such as type IV collagen, cannot be revealed in tissues.
Additionally, no tissue preparation is required: fresh, fixed, and frozen preparations as
well as living organs can be analyzed, ensuring the reproducibility of the technique and
minimizing the variability shown by conventional histological techniques. Furthermore, 3D
reconstruction of imaged SHG is possible in living samples thanks to the high penetration
power of the multiphoton laser. In turn, this permits to perform volumetric analysis of the
tissue of interest. Accordingly, the application of SHG in the field of nephrology is well
documented and many research groups have used SHG to image and quantify the fibrosis
progression in renal diseases, showing the high potentiality as a pejorative predictor of
nephropathies in many renal injuries [48,51,52] and in translational cancer research [53].

3.3. Single-Nephron Glomerular Filtration Rate (SNGFR) Assessment

A reliable measure of kidney function is provided by the glomerular filtration rate
(GFR), which is one of the most important renal parameters taken into account by clinicians
for diagnosing renal disorders or monitoring chronic renal diseases [54]. The kidney func-
tionality with the measurement of the GFR, as well as the kidney volume and the renal clear-
ance may be complemented by assessment with other imaging techniques such as dynamic
micro-PET (Positron Emission Tomography) analysis after injection of radiotracers [55].

The GFR indicates the overall filtration function of the kidney, whereas the single-
nephron GFR (SNGFR) considers the individual filtration events, assessing the function of
individual nephrons. Since its discovery, the evaluation of SNGFR has been established as
one of the key parameters to evaluate the renal function [56]. In fact, in some pathological
conditions, such as the diabetic nephropathy, the total GFR may remain unchanged, even
after a significative nephron loss (50%), because of the compensatory hyperfiltration of
single nephrons [56]. For these reasons, evaluating the SNGFR provides more accurate and
precise information regarding the glomerulus dynamics, as well as the determination of
the mechanisms of tubular reabsorption and secretion.

Historically, the micropuncture was the first technique employed to elucidate the
mechanisms of renal function and has been extensively used for many years as the gold
standard technique for the SNGFR calculation in vivo. However, this technique is laborious
and demanding in virtue of the very complex surgical preparation of the animals and
the sophisticated equipment required [57]. For these reasons, the assessment of SNGFR
represents one of the most attractive applications of 2PM in kidney physiology. Accord-
ingly, Kang et al. developed and implemented a 2PM-based method, consisting in the
observation and quantification of the fluorescent decay time of a low-molecular-weight
dye between two regions of interest selected within a tubule [58]. In particular, they used
multiphoton resonant scanners, which are optional galvanometric mirrors able to perform
higher full-frame acquisitions (>20 Hz) than basic 2PM. This approach provided reliable
data comparable to the old-fashioned micropuncture. Notwithstanding, the implementa-
tion of 2PM with resonant scanners requires additional costs for the users. Furthermore,
the high-speed acquisition offered by this imaging modality may increase the noise of the
detected signal, hence forcing the investigators to use imaging software to analyze the data
and improve their quality.

Instead, an innovative method that does not employ the resonant scanners was re-
cently used to assess the SNGFR through the application of the linescan tool [59]. Linescan
is a well-established 2PM method mainly exploited in kidney physiology to assess the ery-
throcytes velocity in renal vessels [60]. Linescan permits to acquire a region of interest (ROI)
repetitive times reaching a very high temporal resolution, since the acquisition is focused
only on a drawn line, instead of the entire field of view. This novel application, therefore,



Photonics 2022, 9, 294 7 of 14

does not require the implementation of expensive resonant scanners and can obtain even
faster measurements (>400 Hz) than previous multiphoton approaches. Standing as a faster
method, it permits to measure a higher number of tubules in the same animal during the
experiment. This, in turn, would allow the investigation of new complex biological ques-
tions, such as the nephron heterogeneity. The linescan tool has been validated in models of
increased (i.e., following low-dose dopamine administration) and reduced (i.e., following
IRI) SNGFR, showing results comparable with conventional micropuncture and previous
full-frame acquisition [59]. Notably, while conventional micropuncture only allows to
measure a few tubules per single animal for SNGFR experiments, the linescan tool allows
to analyze on average 15 tubules, hence improving the reliability of the study. The novel
linescan-based approach is a reliable tool for the in vivo assessment of SNGFR in health
and disease, thus representing a promising method for future preclinical investigations.

3.4. Organic Cations Transport Evaluation

Further applications of 2PM technology include the evaluation of the organic cations
(OC) transport throughout the kidney. The excretion of OC mainly occurs along the
proximal tubules by a secretion mechanism [61]. For the regulation of such mechanisms
in humans, the organic cation transporter 2 (OCT2) is involved in the basolateral uptake
of many OC in tubular epithelial cells, whereas the multidrug and toxin extrusion 1 and
2 proteins (MATE1, MATE2-K) mediate the apical secretion of OC. In rodents, the tubular
secretion is mediated by the basolateral OCT1 and OCT2 transporters, and by the apical
MATE1 [62]. Because of this fine regulation, the toxic substances (including antibiotics and
diuretics) and the endogenous metabolites (such as catecholamines) are efficiently removed
from the blood. Among these molecules, the uremic toxins are particularly dangerous since
their accumulation can lead to chronic kidney disease [63]. Therefore, the development of
methods to in-depth investigate the OC transport is required for the formulation of drugs
and optimization of dosages.

The fluorescent organic cation 4-(4-(dimethylamino)styryl)-N-methylpyridinium (Asp+)
has been proposed as a valid dye to study the OC transport in the kidney. The work of
Hörbelt et al. [64] demonstrated for the first time that the secretion of OC can be elucidated
in vivo in the rat kidney by means of the 2PM and Asp+ marker. Accordingly, the authors
monitored the continuous distribution of the fluorescent signal in the renal tubules upon
the endovenous administration of Asp+.

A very recent study exploited the potential of 2PM to extend the knowledge of renal
OC transport by using the Asp+ dye [65]. The first attempt of the authors was to reproduce
the results obtained by Hörbelt. The presence of the signal in the tubular lumen and the
strong fluorescence along the apical membrane of proximal tubules detected during the
in vivo experiments induced the investigators to test the hypothesis of a binding between
Asp+ and albumin. Therefore, a combination of in vivo 2PM and PET approaches was
used to investigate the binding of ASP+ with serum albumin. The data obtained by
this work clarified that Asp+ may not be a convenient probe for the in vivo evaluation
of OC transport, since the detected signal is likely affected by the presence of albumin.
These in vivo observations have been demonstrated through in vitro assays, showing an
enhancement of the Asp+ signal in presence of bovine serum albumin (BSA) and a blue
shift of the emission peak. Finally, further confirmation comes by considering that the
high Asp+ signal was detected in old rats, which likely show high levels of albumin in the
ultrafiltrate, while this marker was not detectable in the lumen of young rats [64].

3.5. Renal Tissue Regeneration

Mammalian cells have limited lifespan; therefore, they need to be continuously re-
placed to ensure the morphological and functional integrity of an organism. Compared to
other organs, such as liver and skin, whose cells are constantly renewed, renal tissue holds
a lower cell turnover, thus showing limited regenerative ability. However, the replenish-
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ment of renal cells is necessary to preserve the kidney function, despite the mechanisms of
tissue regeneration still not being clear [66].

The conventional experimental approaches are not able to follow the renal regenerative
process over the time, leaving a gap of knowledge in this field. The advent of 2PM has
allowed to constantly monitor in real-time the dynamic reparative process in the kidney
with unprecedent results. In particular, Schiessl et al. demonstrated with 2PM analysis,
after applying an abdominal window on the mouse, that the interstitial cells are involved
in the regeneration of the renal epithelium by a PDGFβ-mediated process [67].

Along the same lines, Zhang and colleagues recently exploited the 2PM and the
abdominal window to investigate the regenerative therapies following acute kidney injury
(AKI) [68]. In detail, the authors tested the ability of mesenchymal stem cells (MSC)-derived
microvesicles (MVs) to regenerate the renal tissue in a transgenic mouse model of AKI.
The data obtained showed that the injected MVs were able to travel to the injured kidney
and promote the formation of efficient renal tubules through a Sox9-mediated mechanism.
The therapeutic effect of MSC-derived MVs was further demonstrated by the evaluation
of renal function. Indeed, the progression of renal fibrosis as well as the increase of blood
urea nitrogen and serum creatinine typically detected after AKI were significantly reduced
following the MVs administration [68]. These results show that 2PM and the abdominal
window constitute a powerful combination to track in real time the distribution of single
MVs in renal tissue and the repair process after a renal injury. This approach is promising
for future studies aiming to explore the regeneration of other abdominal organs.

4. Imaging Data Processing and Machine Learning

The great potential of 2PM technology is counteracted by several drawbacks that
make the experiments quite intricate, especially for the data analysis of acquired images.
The movements of the animals under analysis due to the breathing may generate drifts
and artefacts that complicate the experimental acquisition and the following data analysis.
Particularly for the above-mentioned linescan procedure, a high stability in the field of view
is required to ensure reliable results. This can be in part mitigated during the animal prepa-
ration with proper anesthesia and surgery. Noteworthy is the work of Rhodes [69], who
discussed different methods of anesthesia, surgical approaches for intravital microscopy,
and post-operative recovery procedures.

Some expedients may improve the image stability during the acquisition process.
In particular, better results can be achieved by increasing the spatial resolution, i.e., to
a full-frame 512 × 512 pixels that usually permits acquisitions with a temporal resolution of
1 frame-per-second. Such resolution, despite not being the highest reachable, may represent
a compromise to concurrently avoid excessive animal movements and image moderately
fast processes, such as glomerular permeability and protein/metabolite uptake [70]. On
the other hand, faster cellular events (i.e., erythrocytes velocity) need to be tracked with
higher temporal resolution, achievable by scanning smaller regions, for example using the
linescan tool.

Also taking care of such precautions, many artefacts caused by animal movement
can persist. A practical solution adopted when a video is taken relies in the motion
compensation in the post-processing phase. As widely reported, several algorithms can
be applied to improve the stability of time-series or z-stacks, through an alignment of
the acquired frames one with the other or with reference frames [71]. For example, the
“registration” plugin on the imaging software Fiji is particularly useful to stabilize the
acquired movies, by the realignment of the x, y, and z positions within a ROI [72]. In
addition, many other corrections can be performed with the same software image. After
the image acquisition, some filters can be applied to enhance the contrast, change the
brightness, and smooth the edges [73].

Even often, imaging data processing following acquisition with 2PM may be hampered
by blurred and noised images. A certain amount of light arriving on the sample inevitably
leads to produce a noised signal especially when the photons reach the dark regions.
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However, the signal-to-noise ratio (SNR) cannot be raised by simply changing the spatial
resolution, since it would alter the interpretation of the examined events. In fact, one of
the main tasks of the imaging processing tools is to suppress the image noise, referred
to as the “denoising” process. Many tools and software have been developed in order
to increase the SNR, thus improving the quality of the signals. On the other hand, as
consequence, denoising methods may generate artefacts, flatten the edges, or exclude
significant details within the images [74]. To overcome these issues, some algorithms may
help reducing the noise in the pictures acquired by 2PM, preserving the samples even for
quantification purposes [74].

Furthermore, the high penetration depth offered by 2PM progressively limits the
quality of the images as a consequence of the light dispersion throughout thick tissues,
resulting in a loss of contrast. The contrast, described as the ratio between the in-focus and
out-of-focus signals, can be enhanced by rejecting the out-of-focus background in deep
tissue imaging. Xiao and Mertz have improved a technique based on this principle of
the background rejection for 2PM, named differential aberration imaging (DAI) [75]. This
strategy removes the background through the comparison, and subsequent subtraction of
one aberrated image from one unaberrated. Subtracting the aberrated image empowers the
resulting contrast by retaining the in-focus signal. The authors specified the DAI approach
as advantageous for 2PM, since neither further optical features nor extremely powerful
computational systems are required [75].

Recently, a great development in the artificial intelligence (AI) techniques has been
achieved thanks to their beneficial assistance to researchers worldwide. Machine learning
(ML) is a subfield of AI developed to assist data and experimental observations, particularly
exploited in the field of biomedical imaging [76]. Modern ML approaches have empowered
the imaging data processing by providing automated and semi-automated algorithms
to challenge with the complexity of the data generated by high throughput technologies.
ML works by elaborating a computer program that is trained to learn to recognize and
predict patterns [77]. In detail, ML algorithms generate mathematical models established by
“training” and “ground truth” observations, by which they can accomplish classifications
and predictions analysis [78]. While traditional ML models, e.g., random forest, classify and
predict data on the basis of selected quality features, the deep-learning models, including
the neuronal networks, represent another subtype of AI working to automatically extract
features from the images [78].

These newest approaches, in fact, hold the potential to automatically detect, emphasize,
segment, and classify different anatomical structures as well as injuries of interest in a faster
and more reliable way with respect to the human visualization.

The AI offers the main advantage in saving time during the analysis of microscopy
data. Indeed, a lot of crucial information could be extracted from a dataset of pictures in
a shorter time than required by a manual approach. Moreover, the automatization of the
analysis only needs an example of the image to be classified. Accordingly, neither specific
parameters nor particular settings are necessary to drive the segmentation process. ML-
assisted algorithms ensure reliable and accurate results following a robust training phase
with respect to the manual analysis, which is predisposed to human error due to fatigue
and distraction. Furthermore, the user can monitor at any moment the training process,
modify the selected features, and control the segmentation efficiency, thus ensuring a finely
optimized process. ML has shown surprising benefits for different medical applications,
especially in the field of modern pathology and in the cancer field [79]. ML approaches have
been shown to be particularly advantageous in assisting fluorescent microscopy studies.
One of the most used ML applications is the thresholding of fluorescent images to obtain
segmented images. This procedure may be complex with manual systems, especially when
tightly packed tissue, such as cells within a tumor, are considered [80].

One recent example of a ML tool is represented by ilastik, an open source and semi-
automated segmentation software [81]. This user-friendly tool provides the investigators
with the main advantage of analyzing images and videos without particular programming
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or computational skills. Users can adjust the workflow according to the biological question
arisen by giving a specific training to obtain predictions masks. These latter are produced
upon the selection of input given to the software as short brush. Different features, including
shape, color, and texture, are used to segment the image of interest in specific classes. After
performing an initial training phase, the algorithm is further able to perform a classification
of many other images never seen before with similar features. This represents a much
smarter and faster tool to segment images or video compared to conventional analysis
approaches (for example, the imageJ software). Moreover, the ability of the software to
automatically segment the images ensures the reliability and reproducibility of the results,
overcoming the arbitrary analysis offered by previous tools.

5. Discussion

In the last decades, intravital 2PM has become the elite technique for studying the
pathophysiology in animal models, especially for the kidney, due to the several advantages
offered in comparison to confocal microscopy. The development of sensitive probes and
powerful detectors enabled to gain stunning results as never before. In addition, the
software for data analysis and the machine learning-based algorithms helped to analyze
imaging data faster and with more reliability than before.

Here, we reviewed the most recent applications of 2PM, mostly focusing on the
SNGFR assessment, the OC transport evaluation, and the renal tissue regeneration, which
are among the most crucial points in kidney physiology. In particular, the evaluation of
SNGFR values by the linescan tool represents a technical advancement that will be decisive
to test pharmacological drugs able to revert pathological injuries or study other processes,
such as acid-base alterations and diuretics administrations. The linescan method for 2PM
in analyzing the SNGFR requires no resonant scanners because of the very high temporal
resolution it is able to achieve. Moreover, more data points along each tubule can be
obtained, providing the opportunity to study more precisely the tubular reabsorption of
water and other molecules. What is more, this innovative method permits to improve
the study of the renal function not only in rats but also in mice, the latter being almost
prohibitive with the conventional micropuncture technique. Additionally, linescan-based
2PM permits to measure in the same animal a higher number of tubules for SNGFR
assessment compared to the micropuncture, thus increasing the accuracy of the data
and the statistical significance of the results. There is also a real possibility to perform
repeated SNGFR measurements on the same tubules over several days/weeks if the linescan
tool is combined with the existing approach of abdominal window. This represents an
advancement compared to conventional micropuncture, allowing to perform new studies
of nephron recovery after chronic kidney disease or other injury models.

Despite the exciting endless applications, the other side of the coin of the intravital
imaging by intravital 2PM is represented by some limitations and drawbacks [82]. These
include: (i) animal surgical preparation; (ii) limited laser penetration into the tissue; and
(iii) quantitative analysis starting from image acquisitions. First of all, animal models are
needed for in vivo imaging and a strong expertise is required for both animal preparation
and microscopy management. As mentioned, proper anesthesia and surgical interventions
are crucial to maintain the physiological breathing of the animals and minimize their
movements. In particular for renal imaging, after adequate anesthesia, the animals are
tracheotomized to facilitate the breathing, and the vein and artery are cannulated for
the infusion of fluorescent probes and for monitoring the pressure, respectively. Then,
a flank incision is made, and the left kidney is usually externalized. Subsequently, the
animals are placed under the microscope with the exposed kidney positioned in a cell
culture dish filled with warmed physiological saline solution [83]. Performing a 2PM
experiment with a microscope objective positioned below the kidney generally provides
more stable conditions and minimizes the movements due to breathing and the heart
beating [16,32,33,70,83]. During such experimentations, the arterial pressure, the body
temperature, and the breathing should be continuously kept under surveillance in order to
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ensure the animal wellness and to monitor the normal kidney function. At the end of the
experiments, the animals are euthanized, or they are surgically sutured and employed in
further experiments [84].

Although empowered with respect to the confocal microscopy, the laser penetration
of 2PM is limited at 150–200 µm in the kidney, restricting the imaging power only to the
renal cortex. In fact, the majority of the glomeruli and the renal medulla are not visible
with conventional fluorescence imaging techniques. Despite this, the visualization of
the glomeruli can be partially enabled by 2PM using the MWF rats, which exhibit many
glomeruli immediately located under the renal capsule [85]. As an alternative, recent works
underline the possibility of using clearing techniques to study ex vivo the structures sited
in the medulla [86,87]. Nonetheless, further strategies may permit a deeper imaging using
enhanced laser power, longer excitation wavelength, or high numerical aperture of the
objective lens [44].

Finally, data analysis represents the bottleneck of intravital imaging. Indeed, it is not
an easy task to transform the acquired colorful images and movies in reliable and robust
quantitative measurements because of the laser artifacts and animal drifts. However, the
improvement of tools for data analysis and, in particular, the ML-based software have been
crucial to assist the post-processing of data in a semi-automatic manner. This has not only
improved the imaging correction process, but also allowed to increase the sample size,
overcoming the efforts deriving from the manual analysis.

In conclusion, we are living in exciting times for in vivo imaging in health and diseases,
since 2PM has revealed itself as a powerful tool for improving the knowledge of the
kidney physiology in comparison to previous microscopy techniques. Future technical
implementations will possibly overcome the existing limitations of 2PM, facilitating the
acquisition of real-time high-resolution images and 3D movies in living cells even in
different tissues and organs.
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