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Abstract. The structural and functional heterogeneity of the kidney ensures a diversity of response in health and
disease. Multiphoton microscopy has improved our understanding of kidney physiology and pathophysiology by
enabling the visualization of the living kidney in comparison with the static view of previous technologies. The use
of multiphoton microscopy with rodent models in conjunction with endogenous fluorescence and exogenous
infused dyes permits the measurement of renal processes, such as glomerular permeability, juxtaglomerular
apparatus function, tubulointerstitial function, tubulovascular interactions, vascular flow rate, and the intrarenal
renin-angiotensin-aldosterone system. Subcellular processes, including mitochondrial dynamics, reactive oxy-
gen species production, cytosolic ion concentrations, and death processes apoptosis and necrosis, can also be
measured by multiphoton microscopy. This has allowed valuable insight into the pathophysiology of diabetic
nephropathy, renal ischemia-reperfusion injury, hypertensive nephropathy, as well as inflammatory responses
of the kidney. The current review presents an overview of multiphoton microscopy with a focus on techniques for
imaging the kidney and gives examples of instances where multiphoton microscopy has been utilized to study
renal pathophysiology in the living kidney. With continued advancements in the field of biological optics and
increased adoption in experimental nephrology, multiphoton microscopy will undoubtedly continue to create
new paradigms in kidney disease. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOIl: 10.1117/1

.JBO.19.2.020901]
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1 Introduction

Over the past decade, fluorescence microscopy has provided
visual insight into the temporal and spatial interactions of mol-
ecules at a cellular and subcellular level. Continuing advance-
ments into fluorescence microscopy have led to imaging that is
less damaging to biological material, thus enabling visualization
of living tissues at a greater penetration depth. Multiphoton
microscopy (MPM) is such a technology. It has brought the
visualization and localization of cellular interactions, typically
seen only in cell culture models, to living animals. Conventional
confocal microscopy relies on a stream of single photons to pro-
cure two- and three-dimensional (3-D) images, whereas MPM
uses rapidly pulsed photons at half of the single photon energy
required to excite the fluorophore. MPM is sometimes referred
to as two-photon excitation microscopy or two-photon fluores-
cence. The simultaneous absorption of two lower-energy photons
excites the fluorophore, reduces background fluorescence due to
a narrow focal volume, and minimizes toxicity to the biological
material due to photo bleaching. The use of lower-energy pho-
tons together with infrared lasers increases the effective tissue
depth of imaging. MPM imaging has been used to study the
structure and function in numerous systems, including liver,'
skin,*® cornea,”'® thymus,'"!? and kidney.'*"!6

The kidney has a complex internal three-dimensional structure
and a heterogeneous cell population, with glomeruli, tubules,
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interstitial space, and vasculature interacting in the vital kidney,
an organ that is ideal for imaging with MPM. The renal inter-
stitium, situated between the basement membranes of nephrons
and the vessels, contains interstitial fibroblasts, dendritic cells,
and occasional macrophages that quickly react to stress and
damage of the intrinsic functioning tissues of the kidney.
Developments in image reconstruction and analysis software
have provided additional advancement to bring MPM imaging
to its potential for analyzing the kidney in health and disease.
This review will present an overview of the principles of MPM,
MPM techniques for imaging the kidney, and examples of
instances where MPM has been able to explain novel aspects
of renal pathophysiology.

2 Principles and Advantages of Multiphoton
Microscopy

The basic principles of fluorescence apply to MPM imaging.
Fluorescence occurs by the absorption of a photon by a fluoro-
phore that brings an electron from the fluorophore to an excited
state. The electron returning to its ground state causes the release
of a photon (fluorescence emission photon), which is then effi-
ciently detected.'”'® The initial excitation photon is typically of
a high energy. This is known as single-photon fluorescence.
MPM fluorescence is based on the simultaneous absorption
of two low-energy, near-infrared wavelength photons by a fluo-
rophore, and hence, the alternative name two-photon fluores-
cence (Fig. 1). Three-photon excitation and second harmonic
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generation work on similar principles and can also be used to
visualize fluorescent optical sections.'’

Although the energy of either of these photons is too low to
raise an electron to an excited state, it is the combination of the
two energies that is sufficient to excite and thus release a fluo-
rescence emission photon. However, the two photons must meet
the fluorophore at exactly the same time, within approximately
an attosecond (107!3 s) of one another. During the early stages
of development of MPM, this was difficult to achieve since
simultaneous electronic stimulation at a single specified point
was very unlikely. It was not until the development of higher-
powered lasers (~10 mW) that could produce the necessary
photon flux,?"?? as well as ultrashort pulsed laser systems>> that
greatly reduced the power, that MPM became possible with bio-
logical material.

A further advantage of using near-infrared wavelengths,
instead of ultraviolet light, for fluorescence excitation was
the reduction of scattering and increase in imaging penetration
depth in the sample (from ~20 to 500 to 600 ym). Additionally,
single-photon microscopy uses a pinhole detection device to
remove out-of-focus and out-of-plane light. Removal of the pin-
hole allows fluorescence emission detectors to be placed closer
to the microscope objective to optimize collection of scattered
light, as well as enhance imaging depth.

3 Techniques for Imaging the Kidney

Various MPM approaches have been utilized to analyze the
functioning kidney at the subcellular level. These include in
vitro imaging,** imaging of live isolated microperfused prep-
arations of tubules, vessels, and glomeruli,?>® and live perfused
kidney slice preparations.”” Although MPM can produce signifi-
cant information from in vitro experimental models, it is the
whole live kidney where MPM techniques are used to their
full potential. The interplay between segments of the nephron
(glomeruli, tubule segments), the vasculature, and its contents,
and the interstitium can be observed in detail.

The choice of animal, microscope settings, surgical or phar-
macological methods, autofluorescence and fluorescent dyes are
all important considerations for the application of MPM to nor-
mal and diseased kidney. Limitations that have been discovered
in other tissues apply equally in kidney research, and in some

* Fluorophore  * , .
* Excited e W * ‘e . . . e See
fluorophore . ® oo

Two-photon excitation One-photon excitation
Fig. 1 Pictorial representation of one-photon and two-photon fluores-
cence. Two-photon excitation demonstrates simultaneous absorption
of infrared laser pulses at a single point compared to one-photon exci-
tation, which uses visible or ultraviolet light lasers that excite photons
throughout the biological material. Adapted from Ref. 20.
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cases, the kidney presents its own set of problems. For example,
early studies in neural tissue had demonstrated that the maximal
tissue depth for two-photon excitation was 500 to 600 gm.***
The main problem of MPM in the kidney was that the depth was
limited to a maximum of 150 to 200 gm. This is primarily due to
substantial scattering of emission photons from the high refrac-
tive index and heterogeneity of kidney tissue. In addition, the
ability of cytochrome c oxidase and hemoglobin to absorb
light, and the spherical aberration (a deviation of rays of light
through a spherical lens from the expected focal point) seen in
the kidney, all contributed to a reduction in the maximal exci-
tation depth.’*3! Another important consideration of intravital
MPM is the possibility of photodamage and cytotoxicity due
to extended periods of excitation, and adequate controls need
to be included.

The limitation in maximal excitation depth is important since
glomerular depth from the renal capsule differs among rodents.
For example, the kidneys of Munich-Wistar rats possess super-
ficial glomeruli that are easily imaged with MPM. The afferent
and efferent capillaries and Bowman’s space, as well as the con-
tiguous S1 segment of the proximal tubule, can be seen in this
model.*? In comparison, imaging of mouse kidneys is usually
restricted to tubular and vascular structures because of the
depth of their glomeruli. A quantitative analysis of glomerular
depths from 10 commonly used mouse strains was performed by
Schiessl and colleagues,® who found that the BALB/c and
C57B16 mouse strains contained the most superficial glomeruli
at both 4 and 10 weeks of age, regardless of sex. However, it still
remains challenging to visualize glomeruli in mice, and the use

Fig. 2 Close-to-surface glomeruli from hydronephrotic mouse kid-
neys. Capillary endothelium is stained with isolectin B4-conjugated
to Alexa Fluor 488 (green), neutrophils are stained using anti-Gr1-
conjugated to phycoerythrin (arrows—orange/red), and surface mye-
loperoxidase (MPO) is stained with polyclonal anti-MPO-conjugated
to Alexa-647 (arrow—blue) demonstrating activated neutrophils.
Bright autofluorescence from remnants of the tubulointerstitium can
be seen outside of glomeruli. Excitation wavelength was 810 nm
and emitted signal was collected by three nondescanned detectors:
500 to 550 nm (Alexa 488), 575 to 605 nm (phycoerythrin), and 625 to
675 nm (Alexa 647). A 20x 1.0 NA water immersion objective (Leica)
was used. Scale bar represents 30 um. Methods of glomerular prepa-
ration have been described within text and in detail elsewhere.®
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of MPM for studying the functional significance of certain glo-
merular genes or proteins, in specific gene knock-in and
knockout strains of mice, is limited. Khoury and colleagues™
demonstrated podocyte biology in female nephrin knockout/
green fluorescent protein (GFP) knock-in heterozygote
(Nps1™IRK /]y mice using superficially located glomeruli.
Close-to-surface glomeruli have also been imaged using MPM
in C57B16 mice;>> however, this was only possible in three- to
four-week-old mice of ~12 g weight. These mice have smaller
kidneys and some glomeruli are sufficiently superficial in the

cortex to be visualized via MPM. Another approach for visual-
izing glomeruli in mice is to use the posthydronephrosis
model.*® In this model, one kidney undergoes ureteric ligation
for 12 weeks to allow dilatation of the renal pelvis and marked
tubulointerstitial atrophy. The remaining thin rim of transparent
cortical tissue has clear glomeruli, and these can be visualized
by both transmission and confocal microscopy. This approach
also allows assessment of numerous glomeruli in the same ani-
mal and is particularly amendable for assessment of leukocyte
recruitment during models of glomerular inflammation®™

Table 1 Types of fluorescent probes, their characteristics, and functions.

Probe

Characteristic

Function

References

Hoecsht 33342
Propidium iodide

Octadecyl rhodamine
B chloride R-18

Calcein-acetoxymethyl
(AM)

Quinacrine

Tetramethyl rhodamine
methyl ester

Monochlorobimane

Rhod2 AM

Seminaphthorhodafluor
(SNARF-1 AM

Dihydroethidium
Rhodamine-123

Rhodamine B hexyl
ester

Lucifer yellow
Furared AM
Fluo-4 AM
ANNINE-6
Sulfonefluorescein

3000 to 4000-Da
dextran-fluorophore
conjugate

10,000-Da dextran-
fluorophore conjugate

40,000-Da dextran-
fluorophore conjugate
7000 to 500,000-Da
dextran fluorophore
conjugate

Labels cell nuclei blue

Labels cell nuclei red,
membrane-impermeable

Labels cell membrane

Labels cytosol of tubular and
endothelial cells

Loads preferentially into brush
border and subapical vesicles

Mitochondrial membrane-
dependent dye

Forms a fluorescent adduct in
the presence of glutathione

Calcium-sensitive dye that is
generally localized to the
mitochondria

pH-sensitive dye

Superoxide-sensitive dye that
fluoresces red and binds to DNA

Mitochondrial membrane-
dependent dye

Endothelial cell mitochondrial
membrane-dependant dye

Stains endothelium yellow,
endocytosed from the plasma

Calcium-sensitive dye
Calcium-sensitive dye
Voltage-sensitive dye

Organic ion secreted by
proximal tubules

Freely filtlered by the glomerulus

Freely filtered by the glomerulus
and somewhat permeant in the
vasculature

Slowly filtered by the kidney, and

largely impermeant in the vasculature

Not filtered by the kidney, but

retained in the vasculature

Nuclear change (apoptosis, mitosis)

23, 32, 39 to 50

Necrotic change of nuclei 32, 51,52
Single cell size and structure 23, 42, 48, 49
Cell viability 27, 40

Endo- and exocytosis, and apical 16, 23 to 25, 39
shedding. Renin granules in the to 41, 48 to 50,
juxta-glomerular apparatus 53, 54
Mitochondrial density and health that 14, 27, 40
loads well into proximal and distal

tubules, and glomeruli

Indicates levels of intracellular glutathione 14, 27, 40
Indicates levels of intracellular calcium 40 to 42, 55
Indicated changes in pH levels 42

Indicates levels of reactive oxygen species 14, 27,35
production

Mitochondrial density and health that 14

loads preferentially into the proximal tubule

Labels metabolically active endothelial cells 32

Indicates endocytosis

15,25, 41, 42, 49

Fluorescence intensity decreases on calcium 23, 54 to 56
binding

Fluorescence intensity increases on calcium 23, 54 10 56
binding

Vascular smooth muscle cell selective 38, 41
(afferent arteriole)

Marker of proximal tubule derived renal cysts 57,58

Indicates glomerular permeability and
proximal tubule endocytosis

15, 32, 42, 45, 59

Indicates glomerular permeability, 32, 40
proximal tubule endocytosis, and

vascular permeability

Indicates glomerular permeability, 32, 45, 59

vascular flow, and vascular permeability

Indicates glomerular permeability,
vascular flow, and vascular permeability

15,16, 25, 32, 34,
39 to 41, 45, 48 to
50, 54, 59
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(Fig. 2). We have found that glomeruli in the C57B16 mouse
kidney, made atrophic and fibrotic after ischemia-reperfusion
injury (IRI), may be located superficially and visualized using
MPM because of the atrophy of the tubulointerstitium (unpub-
lished data). Thus, MPM offers enhanced knowledge of kidney
pathophysiology from experimental studies, especially where
modulation of mouse genetics is also used.

The infusion of fluorescent, or fluorescence-conjugated,
probes for live cell imaging allows differentiation of structures
in the kidney, as well as study of the function at the single neph-
ron level. Table 1 identifies common MPM probes that will be
discussed here. The spatial organization of the nucleus in the cell
is paramount not only as a point of reference for cellular sub-
compartments, but also for detailed information on internal
kidney structure when used in conjunction with endogenous
autofluorescence. Hoechst 33342 is a membrane permeable
dye that may be used to stain nuclei blue. Gene delivery
with adenovirus-cDNA constructs containing GFP have been
microinfused successfully into the tubule or vascular space of
the rat kidney and visualized with MPM imaging.>” Although
this approach has not had wide application, it offers a unique
way to study the behavior of any fluorescently tagged protein
in the kidney. Intrarenal blood flow, both glomerular and peri-
tubular, has an intimate relationship with tubular function and
glomerular filtration. The renal microvasculature can now be
imaged at greater depth in real time with MPM. This technique
relies on performing a line scan along the central axis of a vessel
of interest in conjunction with a high molecular weight nonfil-
terable fluorescent dextran (70 kDa).*?> Red blood cells do not
take up fluorescent dye and, therefore, present apparent dark
areas for which movement can be measured through time.
This technique has been utilized to study the electronic vascular
signal conduction with nephron synchronization.* Furthermore,
Kang and colleagues® have confirmed a significantly higher
flow rate occurs in intraglomerular capillaries compared with
peritubular capillaries with similar diameters and the same
systolic blood pressure. The measured red blood cell speed
in the kidney was found to be higher than in most other vascular

Heated blanket

~Na

Coverslip
dish

Kidney

Stabilisation
device

beds, which is consistent with the higher blood flow to the
kidneys.?

3.1 Practical Considerations of In Vivo MPM

The commercialization of MPM has provided a greater degree
of automation compared to earlier models that were based on a
conventional confocal microscope equipped with a secondary
laser. Current systems can be either inverted or upright.
Upright systems need to employ a stabilization device, such
as a kidney cup, to prevent respiratory movement distorting
live images. Inverted systems limit the need for kidney stabili-
zation devices, however, these devices may still be necessary.
Two excellent step-by-step protocols provide a detailed descrip-
tion of effective preparation of the rat kidney and microscope
stage for MPM imaging.**® The first decision is whether to
image using objectives in the inverted or conventional mode.
Subsequently, high-quality image acquisition and data reproduc-
ibility of kidney imaging require two important considerations:
(1) the size of the inner muscle layer incision and (2) the imple-
mentation of a kidney stabilization device. Three layers must be
incised to reach the peritoneal cavity to externalize the kidney in
both the rat and mouse: skin, thin outer muscle layer, and thick
inner muscle layer. The incision of the inner muscle layer should
be smaller than the length of the kidney, so that externalization
of the kidney through the incision stabilizes the kidney without
stretching the renal pedicle and reducing renal perfusion. In
some cases (for example, with the objective set to image
from below the animal), a kidney stabilization device may
not be needed because the body weight of the animal effectively
stabilizes the kidney. However, where the body weight of the
animal is small, as for a mouse, stabilization devices may
still be needed. The devices can range in complexity from a sim-
ple cue-tip cotton bud placed near the renal pedicle to a custom-
made kidney cup (for example, for imaging from above the kid-
ney). Suturing the kidney capsule to a fixed point has also been
used to stabilize the kidney. Effective temperature control devi-
ces are also essential for real-time imaging of anaesthetized

<+—— Water immersion objective

Fig. 3 Schematic diagram showing a common setup for intravital imaging of a mouse or rat kidney. The
animal is placed on its side with the exposed kidney lying in a shallow coverslip dish. Appropriate stabi-
lization devices may need to be employed (depicted here are small pieces of autoclave tap stacked upon
each other). The coverslip dish is filled with warm physiological saline, and a heated blanket is placed
over the animal to maintain physiological temperature. Further temperature control devices may be
employed, such as heating pads underneath the animal’s torso and hind limbs and around the micro-

scope objective. Adapted from Ref. 60.
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animals. Figure 3 gives an example of a setup for intravital
MPM, visualizing from below the kidney and employing a cov-
erslip-bottom dish to stabilize the kidney.

3.2 Quantifying Kidney Function

MPM provides an alternate technique to quantify kidney func-
tion during physiological and diseased states. An important
measure of kidney function is its ability to filter molecules,
which may also provide information regarding the site of dam-
age. Quantifying renal permeability of any macromolecule with
intravital MPM requires conjugation of a fluorphore to a known
molecule and identification of kidney microstructure compart-
ments. Two excellent descriptions of methods are available:
ratiometric determination of glomerular filtration rate (GFR)
was applied during physiological and acute kidney injury
conditions,®! and similar use has been made of the glomerular
sieving coefficient (GSC).® When quantiying changes in fluo-
rescence from specific compartments, it is important to compen-
sate for background fluorescence for each image by subtracting
the average fluorescence intensity within the compartment of
interest prior to injection of fluorescent biomarkers from the

average intensity from the same region taken after infusion.
The fundamental principle for assessing GFR using intravital
MPM is to monitor the decay of a fluorescent reporter molecule
from the vascular lumen or extracellular space over time
following a bolus injection, and not neccesarily only from
within the glomerulus and Bowman’s space. The procedure
relies on the use of one compartment, and one reporter molecule,
and is known as a one-compartent model. The process is greatly
enhanced by incorporating a second, larger (kDa), species of
fluorescently labeled conjugate infused into the aminal at the
same time, thereby having the larger-size conjugate confined
to the vascular space and the other freely filterable by the kidney.
Measuring the fluorescence ratio of the larger to the smaller
molecule, rather than purely relying on measuring the fluores-
cence only from the freely filterable smaller molecule, signifi-
cantly enhances the accuracy of GFR measurment by reducing
|

the fluctuation of the signal caused by movement of the focal
point.? Using this method, GFR may be rapidly quantified;
however, a large number of data points are needed to assess
the kinetics of conjugated molecules adequately. GFR values
obtained via this method using fluorescein isothiocyanate
(FITC)-inulin (reporter) and 500-kDa Texas Red-dextran
(large molecule) were found to have a Pearson correlation coef-
ficient of 0.85 when compared to GFR values obtained via stan-
dard inulin clearance from blood and urine.®!

Determining the GSC is another useful quantitative measure
based on the fundamental concept of fluorescence decay
between compartments. This method requires 3-D data sets
acquired from glomeruli, and localization of glomerular capil-
lary loops, Bowman'’s space, and the S1 segment of the proximal
tubule. Serum albumin, conjugated to Texas Red, has been used
extensively to quantify the GSC of albumin in rats, and prepa-
ration of the conjugated fluorphore has been described.®® During
rat intravital MPM preparations, prior to infusion of reporter
molecules, glomeruli appear as dark circular spaces surrounded
by autofluorescent proximal tubules, and these should be demar-
cated in situ to allow ease of transition between glomeruli.
Following infusion of the fluorescent reporter, an appropriate
time is allowed for systemic distribution of the fluorophore
before aquiring 3-D volumes of selected glomeruli at ~1-ym
intervals. 3-D data image analysis software (for example,
MetaMorph Microscopy Automation and Image Analysis
Software; Volocity 3D Image Analysis Software; and Imaris
Scientific 3D/4D Processing and Analysis Software) is available
and often free, and facilitates export of 3-D volumetric data. To
obtain the volumetric data, the capillary loop containing the
fluorescent marker and the empty space (Bowman’s space)
between its margins and Bowman’s capsule need to be identi-
fied, taking note of the average intensity reading within the
capillary loop and the average intensity reading in Bowman’s
space from the same focal plane. Adequate background readings
prior to fluorescence marker infusion are necessary. The GSC
can then be determined using the equation

(raw Bowman’s space intensity—background Bowman’s space intensity)

GSC =

(raw capillary loop intensity—background capillary loop intensity)

Similar principles can be applied to the reabsorption of the
fluorescent marker within the S1 segment of the proximal
tubule.

Four-dimensional cell tracking over time, combined with
MPM, has also produced novel data in the field of immunology
and immune cell tracing,>%>%* and has been used in the kidney to
describe a new paradigm of leukocyte recruitment in the glo-
merulus.®> A detailed methodology for the data acquisition
and analysis is available.®® The possibility of the visualization
and quantitation of kidney myofibroblast proliferation during
profibrotic processes in the kidney presents an interesting oppor-
tunity that remains untapped.

3.3 Significance of Endogenous Fluorescence

Autofluorescence is commonly a hindrance of routine fluores-
cence microscopy, yet it is used to advantage in MPM. The
reduced form of nicotinamide adenine dinucleotide (NADH)
is a useful and plentiful endogenous fluorophore in the kidney

Journal of Biomedical Optics

020901-5

I

due to the high density of mitochondria of which NADH is a
metabolic substrate.”” Images captured without the infusion of
fluorescent dyes can rely on this signal for basic information of
tubular structure. As the fluorescence excitation, emission, and
fluorescence lifetime of NADH and NADPH overlap, these two
molecules are measured together and referred to as NAD(P)H.*
Hall and colleagues*® have demonstrated that the mitochondrial
membrane-dependent fluorophore tetremethyl rhodamine methyl
ester (TMRM) colocalizes with the endogenous fluorescence
pattern of NAD(P)H. Changes in the intensity of NAD(P)H
fluorescence can provide valuable information regarding cell
metabolism, given that the oxidized form (NAD™) is nonfluor-
escent (see Fig. 4, comparing the healthy kidney with ischemia-
reperfused kidney; our data). NAD(P)H is a respiratory substrate
for complex I of the mitochondrial electron transport chain. The
total emitted fluorescence is, therefore, equal to the total NAD
pool in a reduced state. A quantitative measure of this fluores-
cence provides information of the mitochondrial redox state,

February 2014 « Vol. 19(2)
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Fig. 4 Endogenous fluorescence of NAD(P)H excited at 740 nm (green) in the healthy (a) and ischemia-
reperfused mouse kidney (b). Seven-week-old C57BI6 mice were anesthetized, a lateral flank incision
made, and 20 min ischemia-reperfusion performed. Images were captured using a Lavision Biotec Nikon
multiphoton microscope to a depth of 71 um from the kidney capsule. Imaris 7.6.0 software was used to
adjust images to normalized fluorescence. 740-nm two-photon excitation clearly demonstrates the cort-
ical tubular network with distal tubules, proximal tubules with associated brush border, and interstitial
space (a). In (b), tubular pathology during the 20 min following renal ischemia demonstrates tubular
cell effacement (white arrow), formation of cast material (*), and epithelial cell striations (black
arrow). Excitation wavelength was 740 nm and emission was detected using three nondescanned filters:
447 to 460 nm (blue), 485 to 550 nm (green), and 593 to 600 nm (red). A 20x 0.95 NA water immersion
objective (Olympus) was used. Scale bar represents 50 um.

which is dependent on factors such as substrate supply and mito-
chondrial respiratory chain function. Detailed measurements
can also be made using fluorescence lifetime imaging (FLIM)
techniques, which are discussed in more detail below. Flavins,
which only fluoresce in their oxidative state, can provide further
information of the cellular redox state. The autofluorescent
properties of NAD(P)H can also be a problem when using
MPM, especially in proximal tubules, as it can interfere with
quantitative analysis when using some fluorophores that have
overlapping excitation/emission.

Functional autofluorescent markers have also been used to
detect accumulation of the so-called aging or wear and tear pig-
ment, lipofuscin, in retinal pigment epithelial cells and the
brain.®”%® To our knowledge, this has not been carried out in the
kidney, despite the presence of lipofuscin in the atrophic kidney.
In addition, aberrant indoleamines, such as serotonin (5-HT)
and melatonin, under conditions of oxidative stress can form
dimerized indolamine oxidation products producing intrinsic
fluorescence that can be detected by three-photon excitation.
This approach has been used to image 5-HT granules induced
in mucosal mast cells by oxidative stress.'”

3.4 Multiphoton Microscopy and FLIM

The fluorescence lifetime of a fluorophore is the mean time a
fluorophore remains in an excited state before emitting a photon
(fluorescence) and returning to the initial ground state. The
fluorescence lifetime of a fluorophore, either endogenous or
synthetic, depends on the type of molecule, its conformation,
and the way the molecule interacts with the surrounding micro-
environment.®” FLIM constructs a spatial distribution map of
fluorescence lifetimes of a sample imaged by confocal, multipho-
ton, endoscopic, or wide-field microscopy.”’ Importantly, FLIM
microscopy can be used to measure molecular environmental
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parameters, the metabolic state of cells and tissues via endog-
enous autofluorescence, drug distribution and interactions, and
protein-interactions by fluorescence resonance energy trans-
fer (FRET).

There are two major approaches used to measure the fluores-
cence lifetime of a sample: time-domain and frequency-domain.
For time-domain FLIM, the fluorescence of a sample is acquired
by time-correlated single-photon counting (TCSPC) to generate
a lifetime decay curve. The lifetime curve is generated by repeat-
edly measuring the appearance of an emitted photon following
an excitation pulse from the confocal or multiphoton laser
source. This approach allows for the direct measurement of
the decay curve, which is modeled to an exponential function
according to the number of estimated components (i.e., indepen-
dent physiochemical states of one or more fluorophores). The
advantages of time-domain FLIM include the direct measure-
ment of the decay curve, calculation of fluorescence lifetimes of
the major components (typically a maximum of three to four),
and relatively simple analysis compared to frequency-domain
FLIM. Time-domain FLIM in multiphoton microscopy may
require longer acquisition times compared to frequency-domain
in order to generate an accurate decay curve. However, time-
domain FLIM by TCSPC delivers excellent signal-to-noise
ratio for weak signal samples.”®”!

For frequency-domain FLIM, the intensity of the excitation
light source is modulated sinusoidally at a radio frequency. The
resulting emission fluorescence has the same frequency as the
excitation light, but demonstrates changes in phase and ampli-
tude (demodulation) relative to the incident light depending on
the fluorescence lifetime.”” For multiphoton frequency-domain
FLIM, an image intensifier is used to modulate the gain of the
detector at the same frequency as the incidence light. Ideally, the
fluorescence lifetime of a single molecule with one physiochem-
ical state will be identical to both the phase and modulation
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lifetimes.”"”> The advantage of the frequency-domain FLIM is
comparatively better signal-to-noise ratio than time-domain FLIM
via TCSPC for complex systems with multiple fluorophores.

3.5 Multiphoton FLIM Applications

A useful application of FLIM in conjunction with MPM in the
kidney is measuring the fluorescence lifetime of NAD(P)H.
NAD(P)H lifetime measurements are widely used for metabolic
and redox imaging in vitro and in vivo.>"">7® The lifetime of
NAD(P)H is resolved as a two-component system with the short
(~0.3 to 4 ns) and long (~2.3 ns) lifetimes represented as
the free and protein-bound conformations, respectively.”>”"-’8

As previously mentioned, the reduced form of NADH, NAD
+, is not fluorescent and the ratio of NADH:NAD+ has been
used previously as a measure of the redox state of the cell.
Bird and colleagues demonstrated that the free-to-bound ratio
of NAD(P)H, represented by the ratio of the amplitude coeffi-
cients for the short and long lifetimes (i.e., @; /@), is related to
the NADH/NAD+ ratio and can be used as an indicator for redox
changes within the cell.” While the free-to-bound ratio of NAD
(P)H can be used to measure redox changes within the cells,
this ratio should not be confused with the widely used redox
ratio that is calculated by measuring the ratio of flavin adenine
dinucleotide (FAD) to NADH intensity.”

FAD is also examined routinely by FLIM for intracellular
metabolic and redox analysis. While FAD can be found in
a free and protein-bound conformation, the former has a signifi-
cantly higher quantum yield with a lifetime of 2.91 ns.”* In con-
trast to NAD(P)H, only the oxidized form of FAD is fluorescent
and is used to measure changes in the redox state of the cell in
combination with NADH.”

Figure 5 shows a depth- and spectrally resolved stack of mul-
tiphoton FLIM images and corresponding lifetime histograms
measured from a healthy mouse kidney. TCSPC was used to
generate the lifetime decay curve for each image (depth range:
120 pm) and fit to a two-component exponential function. Two
spectral windows were used to simultaneously isolate the fluo-
rescence lifetimes of NAD(P)H (350 to 450 nm) and FAD (515
to 620 nm). The data show a relatively consistent average life-
time of NAD(P)H as the imaging depth increases. Similarly, the
FAD lifetime shows a tendency for a minimal decrease in aver-
age lifetime with depth. As expected, the total fluorescence
intensity decreased with depth. This figure demonstrates that
multiphoton FLIM yields consistent lifetime data, which can
be used to assess changes in the metabolic and redox states
of the tissue, with increasing depth imaging of the kidney.

Cellular autofluorescence lifetime has also been used to dis-
tinguish between normal, dysplastic, and cancerous tissues,
including oral,” breast,® basal cell carcinoma,®' and head
and neck squamous cell carcinoma.® In addition, FLIM was
used to characterize morphological features of basal cell carci-
noma within in vivo human skin.®** The fluorescence lifetime
properties of FAD and porphyrin were used to distinguish
between normal kidney and renal cell carcinoma within the liv-
ing rat kidney.®® The fluorescence lifetime of NAD(P)H and
FAD is a viable indicator of IRI within the liver'? and kidney®®
in vivo. The fluorescence lifetime changes associated with
necrosis’® and apoptosis®”*® have also been described and
can be used to measure tissue responses to drug treatments
and disease states® within the kidney.

FRET describes the energy transfer from a donor to an
acceptor fluorophore with overlapping emission and excitation
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spectra, respectively.”® However, the two substrates must be
within a critical distance of each other so that the donor energy
is quenched by the acceptor.”! Therefore, measuring the fluores-
cence lifetime of the donor substrate can provide quantitation of
protein—protein proximity and interactions.”>** This technique
has been harnessed in conjunction with MPM and FLIM in stud-
ies of renin synthesis in the kidney: by utilizing fluorescence-
based fluorogenic renin substrates, the direct visualization of
the enzyme activity of renin in vivo, rather than only the granular
content, has been seen.?**! These fluorogenic renin substrates
contain donor and acceptor fluorophores connected by a
sequence of rodent angiotensinogen, which includes the renin
cleavage site. In the absence of renin activity, the donor fluores-
cence is quenched by the acceptor molecule due to its close
proximity and FRET. In the presence of renin and subsequent
cleavage of angiotensinogen producing separation of the donor
and acceptor, fluorescence is recovered and can be visualized.
This technology potentially offers unique insight into disease
models of altered renin-angiotensin-aldosterone system (RAAS)
activation. More recently, Baird and coworkers have developed
a quantitative FRET system using MPM to investigate the
interaction of NF-E2 p45-related factor 2 (Nrf2) and its in-
hibitor Kelch-like erythroid-cell-derived protein with CNC
homology [ECH]-associated protein 1 (Keapl).”* The Nrf2/
Keapl complex is a master regulator of cytoprotective genes’
and has been shown to play a role in both acute and chronic
kidney pathologies.”®3

4 Utilization of Multiphoton Fluorescence
Microscopy in the Kidney

4.1 Multiphoton Microscopy and Renal Physiology

The ability of MPM to provide high-resolution real-time optical
sections that can produce 3-D images has led to significant
improvements in our understanding of kidney physiology.
Interactions between hormones, tubular cells, and vessels can
all be observed. In particular, our understanding of the functions
of the juxtaglomerular apparatus (JGA), tubular transport, and
glomerular filtration have all improved. Powerful studies have
utilized single nephrons to demonstrate tubulovascular inter-
actions, the intrarenal RAAS, renal vascular flow rate, and
permeability. Subsequently, this has uncovered subcellular proc-
esses that can also be visualized and include apoptosis, necrosis,
mitochondrial dynamics, reactive oxygen species (ROS) pro-
duction, cytosolic ion concentrations, pH, signal propagation,
and protein expression.’>*?

Some of the first insights into kidney function using MPM
were found after imaging of the JGA.? The JGA is a critical
structure that regulates renal blood flow and glomerular filtra-
tion for a single nephron, and the multiple cell types of the JGA
make real-time MPM 3-D reconstruction of living kidney prep-
arations an ideal tool for studying the structure. The cell types
include mesangial cells, secretory granular epithelioid cells, vas-
cular smooth muscle cells, vascular endothelium, and macula
densa tubular epithelial cells. Macula densa cells in the thick
ascending limb detect changes in fluid osmolality and/or NaCl
concentration via specific transport mechanisms and send sig-
nals through mesangial cells to the glomerulus (tubuloglomer-
ular feedback), resulting in vascular resistance and renin release
by granular mesangial cells.”’

Initial MPM approaches utilized in situ isolation of glomeruli
with attached afferent and efferent arterioles, S1 segments of the
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Fig. 5 Fluorescence lifetime imaging (FLIM) of (a) NAD(P)H and (b) flavin adenine dinucleotide (FAD) in
healthy mouse kidney. Seven-week-old C57BI6 mice were sacrificed and the kidney excised prior to
multiphoton FLIM imaging on the JenLab Dermalnspect microscope at an excitation wavelength of
740 nm. Endogenous fluorescence was separated into two emission channels, (a) 350 to 450 nm
and (b) 515 to 620 nm, corresponding to NAD(P)H and FAD, respectively. Z-stack FLIM images
were taken from a depth of ~20 um below the kidney surface and are pseudo-colored according to
average weighted 7, lifetime (0 to 2000 ps; blue-green-red). Scale bare represents 40 um.

proximal tubule, and the cortical thick ascending limb of the
loops of Henle. By increasing the osmolality and NaCl concen-
tration of tubular perfusate, this approach allowed direct visu-
alization of the tubuloglomerular feedback mechanism. It was
noted that macula densa cells swelled significantly, most likely
due to increased NaCl transport, and that membrane blebbing
of the apical membrane of the macula densa also occurred,

resulting in afferent arteriole constriction.?® The inclusion of
angiotensin II (Angll) in the perfusate also decreased the glo-
merular capillary diameter and increased the calcium concentra-
tion in cells of the JGA.?® Liu and Persson'® then demonstrated
that macula densa cells could regulate their volume and that cal-
cium elevation, due to decreased tubular NaCl and osmolarity,
was not dependent on cell volume. Furthermore, physiological
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increases in luminal NaCl concentration and osmolality could
result in macula densa cell shrinkage, a change that may
have implications for cell signaling.'”!

Studies using MPM fully show the integrated nature of cell-
to-cell communication in the kidney. MPM on live kidney tissue
and confocal microscopy on fixed kidney tissue have combined
to give a novel understanding of JGA physiology. MPM allowed
the visualization of endothelial fenestrations of the JGA portion
of the afferent arteriole for the first time.>> The release of renin
into the JGA interstitium, a common and integral component for
endocrine function, was therefore demonstrated. Using tech-
niques similar to that of MPM, standard confocal microscopy
has highlighted that tubuloglomerular feedback relies on a cal-
cium-dependent vasoconstriction caused by extracellular ATP
and gap junction communication in the JGA.*® Electronic vas-
cular signal propagation in isolated JGA preparations has also
been visualized with a fluorescent voltage-sensitive dye loaded
into tubular-vascular preparations highlighting nephron syn-
chronization.® Recently, Peppiatt-Wildman and colleagues™
have taken a subcellular approach to calcium handling in the
kidney to complement these studies. Using calcium-sensitive
fluorophores and transgenic mice expressing the GCaMP2-
calcium sensor, they were able to record calcium dynamics
from endothelial, glomerular, and tubular origins.

Another primary role of JGA cells is to release renin into the
vasculature to activate the RAAS, which maintains body salt and
water balance. Renin release is slow and, therefore, is the rate-
limiting step of the RAAS pathway. As such, the temporal infor-
mation that MPM provides adds value onto more conventional
methods of analysis. Specific labeling of JGA granular cells
containing renin with acidotrophic fluorophores that are highly
membrane-permeant, therefore accumulating in acidic cellular
organelles, allows temporal and spatial tracking of renin activity
at a cellular level. The JGA is the classic anatomical site of renin
synthesis and its biosynthetic precursor prorenin; however,
significant amounts of renin have been found in the principal
cells of the connecting tubule as well as the cortical and medul-
lary collecting ducts.!®!%19 The study of renin dynamics
using acidotrophic fluorophores, such as quinacrine and Lyso
Tracker-Red, must be interpreted with caution given that
these studies rely on surrogate molecules being observed rather
than renin itself.

4.2 New Paradigms in Renal Physiology

The postglomerular uptake of selected glomerular filtrates con-
tributes to the complex process of urine production. The simul-
taneous visualization of tubular uptake and glomerular filtration
provided by MPM has allowed direct quantification of single
nephron filtration. These measurements utilize dextrans of
varying molecular weights conjugated to fluorophores. The
approach has already challenged our understanding of the eti-
ology of albuminuria. Russo and colleagues® used a puromycin
aminonucleoside nephrosis rodent model. They administered
fluorescent serum albumin to rats and demonstrated that the glo-
meruli filter albumin at nephrotic levels in both controls and
rats with nephrosis (albumin excretion rate >300 mg/day);
however, a rapid retrieval of almost all albumin occurred at
the epithelium of the S1 segment of the proximal tubule in con-
trol rats, but not nephrotic rats. This result is in direct contrast
with previous studies that measured glomerular-tubular filtration
using micropuncture techniques.!*1%
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The proximal tubule apical endocytotic machinery megalin,
vacuolar H+-ATPase A subunit, and clathrin were shown to
decrease in expression in nephrotic rats, and this provides a pos-
sible mechanism for albuminuria.*'% Quantitative MPM
studies were performed to validate the result, with some finding
the GSC of albumin much lower than reported.44’53’m7 However,
the issue remains controversial,'®® ! with debate on the ability
of MPM to identify multiple factors that influence glomerular
albumin permeability, including the depth of image acquisition,
the selection of fluorophore, genetic strain of rat, and dietary
status.”>!'2 The generalized polarity concept, whereby the inten-
sity difference between two fluorescent molecules is normalized
to the total intensity of the two dyes, has revealed further
differences in proximal tubule uptake following glomerular
filtration. Specifically, negatively charged 40-kDa dextran is
more readily absorbed in the proximal tubule than neutral
40-kDa dextran.*

4.3 Multiphoton Microscopy and Renal
Pathophysiology

Significant advancements have been achieved using MPM in
experimental models of kidney disease. Possibly, the most valu-
able aspect of the utilization of MPM in models of kidney path-
ophysiology is the temporal and spatial imaging of subcellular
processes, such as apoptosis, necrosis, and mitochondrial
dynamics. Renal IRL'?"4013114 kidney cyst development,’
diabetic nephropathy,'®**#!!5 renal inflammation,*!'¢!!7 and
gentamicin toxicity'* have been investigated using MPM.

Renal IRI is the most common form of acute kidney injury
and has been studied extensively. As an experimental model,
this has a translational focus for transplant nephrology and is a
useful model to study cellular responses to IRL. IRI is charac-
terized by tubular swelling, cell death (apoptosis and necrosis),
mitochondrial dysfunction, inflammatory responses, and
deregulated vascular function.*® Microvascular and tubular com-
ponents of the kidney have mutual, as well as unique, responses
to IRI, which contribute to decreased kidney function. Given
that IRI is potentially reversible, MPM can be used to image
these cellular processes and then determine the success, or fail-
ure, of novel interventions. Recently, Hall and colleagues'* have
used MPM to demonstrate the role of redox alterations occurring
as a result of IRI. By using endogenous NADH fluorescence,
mitochondrial selective probes (TMRM), ROS-sensitive dyes
[dihydroethidium (DHE)], and glutathione indicators, they
have shown that IRI mainly affects the distribution of mitochon-
dria in the proximal tubular epithelium, with increased superox-
ide levels. Although increased ROS have been implicated in the
pathophysiology of IRI before, MPM has allowed direct visu-
alization of ROS in conjunction with cell damage. MPM image
analysis of IRI during two models of kidney transplantation has
revealed cast formation in the tubular profiles, mainly from
increased tubular injury, necrosis, and apoptosis.’’ This study
also assessed the efficacy of p53 siRNA during rodent kidney
transplantation and found that it significantly improved kidney
function and decreased cast formation, perhaps by increasing
blood flow through the vasculature.

Inflammation within the kidney may be reparative or profi-
brotic; however, the underlying mechanisms remain poorly
understood. Routine histological analysis, of necessity at a sin-
gle point in time, often fails to uncover important cellular inter-
actions given the high motility of circulating inflammatory cells
in a time-dependent manner. Recently, MPM revealed a new
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leukocyte recruitment paradigm in the glomerulus of the
inflamed kidney.>> This has implications for glomerular base-
ment membrane disease and other forms of immune cell-medi-
ated glomerulonephritis, common causes of end-stage kidney
disease, associated with inflammatory cell recruitment to the
glomerulus. Devi et al.*> used MPM of glomeruli in mice in
combination with fluorescence-based approaches for labeling
leukocytes to demonstrate that even in the absence of inflamma-
tion, neutrophils and monocytes undergo transient (~5 min)
periods of retention and migration in the glomerular capillaries
before returning to the bloodstream. In addition, in three sepa-
rate models of glomerular inflammation, neutrophils increased
their dwell time in the glomerulus in response to inflammation.
This model also spatially tracked neutrophils and monocytes,
separating them into static and crawling groups. In addition,
~30% of intravascular neutrophils in the inflamed glomeruli
generated ROS that were detected by DHE, which also dis-
played increased dwell time.*

The manipulability of mouse genetics combined with intra-
vital microscopy is especially useful in the field of renal immu-
nology. Soos and colleagues''® used conventional intravital
confocal microscopy in the CX3CR16FP/+ mouse in the normal
kidney to examine interstitial macrophages and dendritic cells in
the normal kidney. This demonstrated the contiguous network
and probing dendritic behavior throughout the entire kidney.
Using a robust model of kidney inflammation and fibrosis
[unilateral ureteral obstruction (UUO)] and MPM, renal den-
tritic cells identified via endogenous expression of yellow fluo-
rescent protein (YFP) in CD11c-YFP mice were seen to adapt to
a proinflammatory phenotype to activate T-cells. However, fol-
lowing dentritic cell depletion, UUO mice continued to develop
fibrosis, indicating that these cells do not directly contribute to
fibrosis.''® Fluorescently labeled Escherichia Coli has been
used in a model of upper urinary tract infection and visualized
using MPM. This study revealed the initial stages of neutrophil
infiltration with the Hoechst 33342 fluorophore and morphol-
ogy as well as vascular, tubular, and lymphatic structural inter-
actions.'!” The use of GFP-labeled immune components in these
murine models, as well as fluorophore-conjugated antibodies,
have fully utilized immunological analyses using MPM.

Diabetic nephropathy is the leading cause of chronic kidney
disease worldwide and comprises a large proportion of nephrol-
ogy research. The progressive nature of diabetes-induced kidney
damage, coupled with the quantitative aspects of MPM image
acquisition and analysis, allows structural and functional rela-
tionships to be explored. The previously mentioned controversy
of the nonglomerular origin of albuminuria has been further sup-
ported in models of streptozotocin-induced diabetes in rats.**!!>
The GSC of albumin was found to be unaltered in 12-week-old
diabetic rats compared to controls. Infusion of a 69-kDa FITC-
dextran (which has the same GSC as albumin) in control rats
was not retained in the plasma following 24 h; however, albu-
min-Alexa568 (used to image albumin with MPM) was well
retained in the plasma.* This supported the theory that filtered
albumin was reabsorbed by the proximal tubule epithelium and
returned to the circulation. This system of reabsorption appears
to be disturbed early in diabetes within the proximal tubular
cells captured in vivo using MPM, showing a marked reduction
in intracellular uptake of albumin-Alexa568. However, despite
albuminuria being an outcome in diabetic nephropathy, the
question still remains as to what causes a disruption of the proxi-
mal tubule endocytosis machinery. Studies have shown that
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proximal tubule albumin uptake relies on clathrin- and recep-
tor-mediated mechanisms.''*'?° Proximal tubule endocytosis
is modulated by Angll through AngllI (type 2) receptor mediated
protein kinase B activation and may present a target for
albuminuria.'?!

Diabetes also increases collecting duct prorenin levels,
observed by quinacrine-labeled renin/prorenin granules and
MPM, suggesting that prorenin content and release from collect-
ing duct cells may be more important than the JGA when regu-
lating levels of Angll in diabetes. '® This alternate pattern of AngII
renin stimulation makes MPM an ideal tool, compared with fixed
whole kidney or cortex preparations, and provides a theoretical
pathway for inhibiting proximal tubular albumin endocytosis
early in diabetes. Using the same rodent model of diabetes (strep-
tozotocin-induced diabetic rat), Satoh and colleaguesl 15 demon-
strated early morphological changes in glomeruli at four and
eight weeks, including glomerular hypertrophy and an increased
diameter ratio of afferent and efferent arterioles, which correlated
to hyperfiltration of a 40-kDa dextran fluorophore. However, the
hyperfiltration of the glomeruli had already occurred before the
diabetic rats developed albuminuria. A novel finding relating to
established proteinuric kidney disease has shown significant
alterations to endothelial surface layer of the glomerulus.'??
This endothelial glycocalyx composed of glycosaminoglycans,
proteoglycans, absorbed plasma components, and a loose matrix
is significantly reduced in old spontaneously proteinuric kidney
disease rats. This technique utilized MPM in conjunction with
various fluorochrome-conjugated lectins to specifically label
the glomerular glycocalyx in conjunction with physiological
microvascular permeability measurements.

Polycystic kidney disease is an autosomal dominant genetic
disorder that often leads to destructive renal cyst development.
Studies into the pathophysiology of autosomal dominant poly-
cystic kidney disease (ADPKD) using MPM are limited, yet
provide an untapped opportunity, given that the tubule-derived
cysts often lack important transport functions. Sulfonefluores-
cein, which is a fluorescent organic anion that has been
shown to be secreted from kidney proximal tubular cells,?® pro-
vides a useful tool to study tubule-derived cysts. Tanner and col-
leagues®’ have demonstrated in heterozygous Han:SPRD rat
with ADPKD that sulfonefluorescein accumulation in proximal
tubules was diminished compared with control proximal tubules
in control rats. However, the proximal tubule epithelial cells of
cysts were variable in accumulating sulfonefluorescein, sug-
gesting a broad deficiency in transport functions.

5 Conclusion: Future Advances in
Multiphoton Microscopy in the Kidney

The use of MPM imaging has rapidly increased over the past
decade and with this comes an unprecedented possibility for
advancements in our knowledge in live cell physiology and
pathophysiology. A major limitation to current MPM technol-
ogies in the kidney is the limitation of imaging depth in the
cortex. Continuing efforts toward imaging at greater depths,
possibly into the medulla, are needed. New infrared dyes with
longer wavelengths that penetrate deeper due to less absorption
and scattering appear to be the next step. Researchers are also
continuing to find new applications for MPM technology. The
use of a compact and flexible microendoscope utilizing multi-
photon excitation has been used to visualize rodent colon, kid-
ney, and liver in vivo.'”® This opens the possibility of in vivo
imaging in human organs. MPM has already been applied in
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Peti-Peterdi and colleagues*? have now demonstrated the uncon-
ventional use of multiphoton lasers as micromanipulators in the
kidney. By focusing the multiphoton excitation laser beam at a
small site, such as the capillary wall in the glomerulus, the local
tissue damage can cause a disruption and may help to study
the local effects of this damage. Recently, Corridon and col-
leagues'?® developed a method to facilitate and monitor the
expression of exogenous genes in the rat kidney using plasmid
and viral vectors, which can be visualized with MPM.

In conclusion, the ability to visualize and quantify cellular and

intracellular processes in multiple dimensions in living animals
offers endless rewards in experimental nephrology research.
MPM provides an avenue to answer some unknown kidney
processes both in terms of physiology and pathophysiology.
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