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Abstract

Renal micropuncture, which requires the direct access to the renal tubules, has for long time been the technique of choice to
measure the single nephron glomerular filtration rate (SNGFR) in animal models. This approach is challenging by virtue of
complex animal preparation and numerous technically difficult steps. The introduction of intravital multiphoton microscopy
(MPM) offers another approach to the measure of the SNGFR by mean of the high laser-tissue penetration and the optical
sectioning capacity. Previous MPM studies measuring SNGFR in vivo relied on fast full-frame acquisition during the filtration
process obtainable with high performance resonant scanners. In this study, we describe an innovative linescan—based MPM
method. The new method can discriminate SNGFR variations both in conditions of low and high glomerular filtration, and
shows results comparable to conventional micropuncture both for rats and mice. Moreover, this novel approach has improved
spatial and time resolution and is faster than previous methods, thus enabling the investigation of SNGFR from more tubules
and improving options for data-analysis.

Keywords Micropuncture - Single nephron glomerular filtration rate - Linescan - Multiphoton microscopy - Kidney
physiology - Ischemia/reperfusion

Introduction

The single nephron glomerular filtration rate (SNGFR)
refers to the rate of ultrafiltrate production measured at a
level of a single glomerulus, showing a precise measure of
the glomerular dynamics [36].

SNGFR changes are associated to specific body condi-
tions, including extracellular fluid volume expansion [3] and
dietary proteins intake [20], and to pathological states, like
obesity [7] and/or diabetes mellitus [33].
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For a long time, micropuncture approaches have been
used to calculate SNGFR in animal models. According to
the standard formula, SNGFR assessment requires the evalu-
ation of inulin in the blood and in a fluid sample in ratio
with the tubular fluid flow rate [18]. Micropuncture has been
the technique of choice to investigate SNGFR, despite the
need for a very complex animal preparation and a sophisti-
cated equipment to carry out the experiments. Additionally,
micropuncture is limited to conventional microscopy, which
allows to image only a few microns under the renal capsule
providing limited access to deeper renal structures [21].

The advent of multiphoton microscopy (MPM) facili-
tated in vivo imaging of physiological processes compared
to other imaging techniques due to improved laser penetra-
tion and less light scattering. Unlike the conventional one
photon fluorescence, MPM uses a long-wavelength laser in
the range of near infrared (700-1000 nm) and 2 photons
arriving simultaneously on the sample. The resulting lower
light dispersion and low energy of the photons lead to deeper
tissue imaging and less phototoxicity. Since the excitation
energy tends to drastically decrease by going far from the
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focal plane, photobleaching and out of plane signal are much
reduced [37].

Because of deeper penetration in renal parenchyma,
MPM allowed the visualization of structures like the juxta-
glomerulus apparatus and the investigation of physiological
processes, including the tubule-glomerular feedback (TGF)
and renin release [8, 25] as well as the proximal tubule endo-
cytosis and the vascular permeability [30].

Additionally, MPM enables the detection of the autofluo-
rescence naturally emitted by the kidney, hence allowing
to recognize the renal structures without external labeling.
In fact, nicotinamide adenine dinucleotide (NADH) fluores-
cence naturally exhibited in its reduced state by mitochon-
dria and lysosomes allows to easily recognize the proximal
tubules where these organelles are abundant, while other
segments of the nephron such as distal tubules and collecting
ducts appear as less evident structures. Superficial glomeruli
lack any fluorescence and appear as large dark empty spaces
close to proximal tubules [30].

The renal autofluorescence is also helpful to investigate
the mitochondrial function and metabolic state of the cells,
as previously shown [12].

The main advantage of MPM is the possibility to label
many cellular structures by using concurrently up to 4-5
different fluorescent markers, allowing multiple compari-
sons of labeled probes and simultaneous analysis of different
parameters [30].

An interesting application of MPM was developed by
Kang et al. [15] for in vivo SNGFR measurements. The
authors used resonant scanners to acquire a full-frame
time-series of the field of view at high temporal resolution
(20 Hz). This allowed the necessary temporal and spatial
resolution to record the entire glomerular filtration process
of a fluorescent dye, from the vascular perfusion of the glo-
merular capillaries to the diffusion in the Bowman space
and tubular lumen.

However, in order to achieve SNGFR measurement in the
absence of high-performance resonant scanners, we develop
here a new MPM imaging approach based on linescan acqui-
sition, whereby high-performance galvanometers direct the
laser beam along a predefined freehand drawn line at very
high temporal resolution (> 400 Hz).

Methods
Multiphoton microscopy

MPM was performed using an upright Ultima Investigator
2-photon microscope (Bruker, MS, USA) equipped with a
water-immersion 20 X objective XLUMPlanFL20XW NA
1.0, (Olympus, Japan) and supplemented by a converter
arm (Inverterscope, LSM TECH, USA) to allow inverted
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imaging. The Ti-Sapphire laser (Mai Tai® DeepSee™,
Spectra-Physics, USA) was tuned for an excitation wave-
length of 800 nm. For the detection of FITC (green chan-
nel), emitted light between 500 and 550 nm was recorded
using a Hamamatsu model H10770PB-40 GaAsP-detector.
For the detection of TRITC (red channel) and autofluores-
cence (blue channel) light between 570 and 620 and between
435 and 485 nm, respectively, were recorded using a Hama-
matsu model R3896 multi-alkali detectors. The images were
collected at 512X 512 resolution, and the pixel dwell time
was 2.8 pus. The microscope was controlled by Prairie View
software.

Animal experiment

Female (170-220 g) and male (260-295 g) Munich-Wistar
Fromter (MWF) rats, and male (20-30 g) C57BL/6 mice
were used in this study. After anesthesia with ip injection of
thiobutabarbital for rats (Inactin, 120-mg/kg body weight)
and tiletamine hydrochloride and zolazepam hydrochloride
(Zoletil, 40-mg/kg body weight) and xylazine hydrochlo-
ride (Rompun, 4-mg/kg body weight) for mice, the trachea
was cannulated with a polyethylene catheter (PE210 for rats,
PEO9O0 for mice, 2Biological Instruments) to assist breathing,
and the right jugular vein and the left carotid artery were
cannulated with a polyethylene catheter (PESO0 for rats, PE10
for mice, 2Biological Instruments).

The catheter in the jugular vein of rats was Y shaped in
order to ensure a simultaneous injection of drugs and the
fluorescent markers. Finally, the left kidney was exterior-
ized through a 10-15-mm flank incision. The animals were
placed on the stage of an inverted microscope with the exte-
riorized kidney placed in a coverslip-bottomed cell culture
dish rinsed in warm 0.9% saline solution (Fig S1).

All the procedures were performed on a thermic pad
(Kent Scientific) in order to keep the body temperature con-
stant at 37 °C.

During the in vivo imaging, arterial blood pressure and
heart rate were continuously monitored by mean of a pres-
sure transducer (BP-1, 2Biological Instruments), connected
to a power lab system (ADinstruments, 2Biological Instru-
ments), as shown previously [14]. Blood gas analysis was
evaluated by Epoc blood system analysis (Siemens) during
the experiment, as previously done [34].

Ischemia-reperfusion injury

For the induction of ischemia—reperfusion injury (IRI), after
kidney externalization, the renal pedicle was clamped for
30 min, then the clamp was released to allow blood to rep-
erfuse the kidney. SNGFR was measured during the 120-min
reperfusion period. For IRI experiments, 3 female MWF rats
(185-205 g) were used.
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Dopamine infusion

Dopamine hydrochloride (S.A.L.F. Spa) was diluted in nor-
mal 0.9% saline and given IV at low dosage of 3 pg/kg/min
in continuous infusion (20 pl/min). The infusion of dopa-
mine started 2 min after the beginning of the imaging and
lasted until the end of the experiment. For control animals,
a continuous IV infusion (20 pl/min) of normal 0.9% saline
was administered during the experiments. The injection
of fluorescent probes, and drug was carried out using an
automatic infusion pump (KD Scientific, 2Biological Instru-
ments). For dopamine infusion experiments, 3 female MWF
rats (176-197 g) were used.

Fluorescent probes and drugs

The 500-kDa tetramethylrhodamine isothiocyanate—dextran
(TRITC, 52194-1G, sigma) was used to label peritubular
and glomerular capillaries (150 pl for rats, 50 pl for mice
of a 10-mg/ml stock IV bolus). The freely filtered 3—5-kDa
fluorescein isothiocyanate—dextran (FITC, FD4-1G, sigma)
was used as a tracer molecule to measure the filtration rate
(30 pl for rats, 10 pl for mice of a 10-mg/ml stock IV bolus).

Statistical analysis

Figures and data analysis were performed using Fiji and
Graph Pad Prism 7 software. The values are expressed as
mean + SEM. Statistical analysis was performed by one-way
ANOVA followed by the Tukey’s multiple comparison test
or by t-test for SNGFR measurements considering single
values of SNGFR for each group. P values <0.05 were con-
sidered statistically significant.

Results

Linescan-used method allows SNGFR evaluation
at low full-frame acquisition

For measurements of SNGFR, glomeruli connected to S1
proximal tubules extending for at least 100 pm from the
exit of the Bowman’s space were identified. A linescan path
starting from the urinary pole and crossing several times
the tubular lumen in an orthogonal manner was hand drawn
(Fig. 1a, b). In the setting of the linescan-acquisition param-
eters, an average of 7000 scan per line were usually set up
with an average linescan period of 2.23 ms (448 Hz) result-
ing in a total scan time of about 15 s. These parameters are
usually enough to efficiently trace the filtration of 30-pl IV
bolus of FITC-dextran 3—5 kDa through the glomerulus. The
linescan was acquired soon after the IV bolus of FITC 3-5-
kDa conjugated marker was injected.

After the acquisition, the single pictures of each lines-
cans were combined together in a single x—¢ (space vs time)
image from Prairie View software. The x axis of this path
corresponds to the length of the drawn line (Ax), while the
y axis to the scan time (Af) (Fig. 1c). In the merged picture,
the crosses of the fluorescent dye with the linescan path are
represented by fluorescent vertical lines with a segment of
higher intensity that is progressively shifting down along the
y axis. On the other hand, the linescan path between tubular
lumen crossing is not showing any fluorescence (black color)
(Fig. 1c).

In order to evaluate the speed by which the fluorescent
signal moves, two lines of interest (called cross1 and cross2
in Fig. 1a), were chosen among the several crossing of the
linescan. One was always selected as the closest to the uri-
nary pole, while the other one was generally chosen at the
end of the linescan path (at least 100 pm downstream along
the S1 segment of the proximal tubule).

The fluorescence analysis at the two crosses of interest
was then derived by selecting the area containing the two
lines (red rectangles) and plotting the fluorescence inten-
sity profile over time in Fiji [31], as showed in Fig. 1d.
The resulting curves were fitted by using the gamma vari-
ate function in Fiji, in order to ensure a clearer fluorescent
intensity signal. The difference in the time required by
the same dye to reach the two selected crosses of interest
(AT) was calculated as the time difference between the two
peaks of fluorescence intensity (Fig. 1d). Finally, SNGFR
was calculated from the data measured as the fluid volume
that moves between the two crosses in the time frame AT
(tubular length x (diameter/2)? x x AT). The tubular length
within the crosses of interest and the average tubular diam-
eter were properly measured in Fiji (Fig. S2).

Due to the multiple tubular crossing drawn with linescan
tool, this method allows to obtain several SNGFR meas-
urements of the same tubule and to test the consistency of
the analysis by investigating changes in flow rate along the
tubule due to fluid reabsorption. This is accomplished by
changing the cross2 every time the analysis is performed. As
showed in Fig. le, the SNGFR values remained consistent
in respect to the distance between the 2 crosses, suggest-
ing that tubular reabsorption of the fluorescent dextran or
water along the proximal tubule is negligible in this set-
ting. In order to exclude a possible tubular reabsorption, we
measured the fluorescence intensity over time in 7 regions
of interest (ROIs) of the cellular compartment of S1 proxi-
mal tubule during the bolus injection of FITC 3-5 kDa
(Fig. S3a). As shown in Fig. S3b, the curves remain stable
over time during the FITC 3-5-kDa bolus. This indicates
that no acquisition of the intracellular fluorescent signal over
the time.

Furthermore, this experimental approach allows to inject
a second bolus of the fluorescent dye in the same tubule after
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Fig. 1 Linescan method for
in vivo SNGFR measure-
ments. Panels a and b show
the glomerular filtration of
low-molecular weight FITC-
dextran (3—5 kDa) during the
linescan acquisition. Multiple
crossings are hand-drawn

perpendicularly to the tubular G
lumen and acquired while the i
fluorescent dextran is injected. ! Osi‘

FITC 3-5 kDa (green) is freely 3
filtered through the glomeru-
lus (G) and streams along the
tubular lumen of early proximal
tubule (S1). ¢ represents the
time in seconds after bolus
injection. Scale bar is 50 pm.
In panel c, each fluorescent

line corresponds to a tubular
crossing. Red selected areas
indicate the two tubular crosses
used for the analysis. In panel
d, FITC 3-5-kDa fluorescence
intensity as arbitrary unit (AU)
acquired at red selected areas

is plotted over time. The blue
curves represent the original
intensity plots, while the fitted
curves are shown in red. Panel
e shows SNGFR as calculated
in the same tubules (individual
colors) at different distances
between the two crosses (45
measurements from 12 different
tubules)
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wash-out of the first FITC 3-5-kDa bolus. In this way, intra-
nephron variability over time can be evaluated. As showed
in Fig. S4, SNGFR values of the same tubule obtained after
two consecutive bolus injections are consistent, showing no
significant difference between the two measurements.

SNGFR evaluation in context of low and high
glomerular filtration

We first aimed to assess the SNGFR in control MWF rats to
test the feasibility of the linescan approach. SNGFR aver-
aged 19.43 +2.36 and 32.21 +2.38 nl/min in female and
male rats, respectively (Fig. 2a). We used younger females
compared with the ones reported in [23] (Tab-S1), this likely
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Distance from first cross (um)

accounts for the significant lower SNGFR detected by the
linescan method. Data from male rats were more consistent
with data from the literature evaluated both with micropunc-
ture [32] and MPM [15]. This method can be applied also
to proximal tubules from mice with values similar to micro-
puncture [19] (7.45+0.65 vs 9.9 £ 0.6 nl/min) (Fig. 2a).

Compared to micropuncture the linescan approach allows
the measurement of a larger number of glomeruli per rat, as
indicated in Fig. 2b.

In order to investigate whether the linescan method is
reliable to detect variation of SNGFR from normal values,
we studied the model of IRI to recapitulate AKI [2] and
low-dose dopamine to mimic known condition of hyperfil-
tration (increased SNGFR) [22]. In female rats with IRI,
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Fig.2 SNGFR measurement with linescan method. In panel a,
SNGFR values evaluated by linescan method (black square) were
compared with data obtained by full-frame MPM (gray square) [15]
and micropuncture studies [23, 32] (white square). SNGFR measure-
ments in mice were compared with micropuncture data [19]. *** is
for p-value <0.001 (unpaired -test). For male rats one-way ANOVA
followed by Tukey’s multiple comparison test was used. In panel
b, the average number of glomeruli-S1 complex per rat acquired
with linescan or micropuncture ([4, 11, 24, 27, 28, 35]) is reported
(15+0.6 from 10 rats versus 4.7 +0.72 from 6 different experimental

the SNGFR was significantly reduced compared to the
controls (13.17 +£1.06 vs 19.43 +2.36 nl/min. (Fig. 2c, d).
On the same line, we were able to distinguish a significant
increase in SNGFR after injection of low-dose dopamine
(25.48 +£2 nl/min vs 19.43 +2.36 nl/min. (Fig. 2c, d).
The variability of the SNGFR within the single animal is
reported in Fig. 5S. Lower SNGFR after IRI was associated
with severe morphological alteration as tubular necrosis,
intraluminal cast and debris formation, and vascular con-
gestion (Fig. 3) as consistent with previous data [1].

Discussion

Micropuncture has been the only method to evaluate
SNGFR for decades. This approach provided reliable and
accurate measurements of SNGFR, although it is a very
laborious technique [21]. The advances of in vivo micros-
copy provide real-time high-resolution images of deep kid-
ney structures and 3D movies of complex renal processes
in health and disease [8, 30] as well as morphological
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studies). **** is for p-value <(0.0001 (unpaired ¢ test). In panel ¢, the
distribution of the SNGFR values per single glomerulus evaluated by
linescan tool is measured at control, low dose dopamine infusion and
after IRI. * is for p-value <0.05 and ** is for p-value <0.01 versus
the control group (one-way ANOVA, followed by Tukey’s multiple
comparison test). In panel d, the mean SNGFR values evaluated at
control, low-dose dopamine infusion and IRI with linescan method
or micropuncture were compared. * is for p-value <0.05 (unpaired ¢
test). All the data are expressed as mean + standard error

label-free evaluations of kidney sections [26]. Among
the several applications, the assessment of SNGFR by
MPM was established by Kang et al. [15], then recently
expanded by Kessel and collaborators [16], who obtained
reliable values by exploiting the multiphoton full-frame
acquisition during the filtration process. This fast imaging
modality relied on the usage of resonant scanners, which
represents an optional equipment able to reach very high
acquisition speed in comparison to usual MPM. Indeed,
the dynamic cellular processes, especially when investi-
gated in living tissues, require high performance in terms
of acquisition speed to avoid loss of information. The
resonant scanners exploit a single-turn coil in the scan-
ning system that moves allowing it to vibrate at very high
frequency [5]. The resulting acquisition speed is increased
in comparison to conventional MPM, and it allows to study
very dynamic events such as metastatic cell movement
within brain vessels and cell flow in lymphatic circula-
tion [17]. Nevertheless, as Dunn and colleagues stated, the
advantage shown by resonant scanners not necessarily is
helpful to study in vivo kidney function. In fact, traditional
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Fig.3 Visualization of healthy
and ischemic rat kidney.
Representative images from
control MWF rats (panels a and
b) and IRI-treated rats (panels
c and d). Renal vasculature is
labeled with TRITC-dextran
500 kDa (red), while kidney
autofluorescence appears in
blue. Tubular damage occurs
after 30 min from IRI. Altered
tubular morphology (asterisks)
and intraluminal debris (arrows)
appear during the reperfusion
phase. Panels b and d include
the vasculature. Scale bar is

50 pm

galvanometric scanners are usually fast enough to image
most renal processes [9].

However, not all the microscopes are equipped with res-
onance scanners, and their implementation would lead to
an additional cost. Furthermore, the achievement of such
a speed may considerably reduce the signal to background
ratio, making the imaging noisier, especially when single
cells are tracked. This, in turn, would force investigators
to use filters and imaging software to improve the image
quality [17].

In order to overcome this limitation, to measure SNGFR,
we set up a method based on linescan imaging acquisition,
which allows to acquire repetitive scans with very high tem-
poral resolution within ROI. The linescan approach has been
previously used on kidneys to evaluate in vivo red blood cell
velocity in capillaries [10, 15, 30].

Linescan tool does not require additional microscope
equipment, and it permits to considerably increase the frame
rate compared to resonant scanners. In fact, the acquisition
by laser beam is only focused along the traced lines instead
of the entire field of view. The fast acquisition offered by
linescan method allows to measure in the same animal more
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tubules over time compared to full-frame technique. Addi-
tionally, with linescan method more data points along each
tubule can be obtained. This gives better signal/noise ratio
for changes in fluorescence signal along the tubule, which in
turn provides a better possibility to evaluate water or dextran
tubular reabsorption more precisely. Moreover, the output of
the linescan is an image rather than a movie, and this reduces
the size of data storage compared to full-frame acquisition,
since the structures not included in the drawn lines are not
acquired.

The linescan tool used for SNGFR evaluation ensures the
precision of the measurement at different distances from the
glomerulus at the same extent as shown by Kang et al. [15],
and it provides comparable values of SNGFR as obtained
by previous micropuncture experiments in gender/aged-
matched rats [23, 32] and in mice [19]. The small variance
found in SNGFR value between the two approaches could
be due to the slight difference in rats’ age [13]. The results
we obtained by linescan were also very similar to previously
reported data from MPM [15] (Fig. 2a).

We validated this method also in the experimental set-
ting of hyperfiltration as by low-dose dopamine infusion.
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Dopamine at lower dosage (<5 pg/kg/min) raises SNGFR
by specifically vasodilating the renal artery as described
before [6, 32]. In fact, the SNGFR measurements we
achieved with the linescan method in dopamine-treated
rats were significantly increased compared to controls,
and these values were comparable to those measured by
micropuncture [29] (Fig. 2d).

On the same line, we tested the linescan method after
IRI, in order to detect a reduction in SNGFR. The approach
we used to induce ischemic condition provides a good
option to mimic the human acute renal injury in rodents
[12]. In agreement with previous studies [1], we observed
during the reperfusion phase variable tubular necrosis
characterized by loss of the proximal tubule morphology,
and intraluminal cast and cellular debris formation due to
shedding of the cellular components in the tubular lumen.
In addition, the renal blood vessels appeared variably con-
stricted and the resulting renal blood flow was reduced
as consequences of vascular endothelium damages. After
30 min of ischemia, the rats showed a significant reduc-
tion of SNGFR, consistently with previous micropuncture
experiments [1] (Fig. 2d).

Therefore, the imaging method we developed could be
used as fast screening tool to evaluate the effects of single
molecules and specific physiological conditions (includ-
ing acid—base alteration and electrolyte imbalance) on the
SNGFR.

The comparison of the experimental setting used in our
linescan tool and in previous micropuncture experiments
is listed in Table S1.

MPM did not differ from a micropuncture-based approach
for the type of glomeruli to be accessible. Indeed, both tech-
niques can access only superficial glomeruli. For this rea-
son, for the experiments of dopamine infusion and IRI, we
used female MWF rats that present with a large number of
superficial glomeruli compared to males [28]. In addition,
male MWEF rats develop massive and progressive proteinuria
already at 7 weeks of age [28]. However, previous studies
using micropuncture have analyzed on average not more than
5 or 6 glomeruli per animal when SNGFR is investigated,
due to technical issues [4, 11, 24, 27, 28, 35]. In contrast,
MPM approach allows the evaluation of three times more
glomeruli, thus increasing the reliability of the analysis.

Taken together, this study shows that the linescan-based
MPM method is reliable and easy to apply to measure
SNGEFR in health and disease in rats and mice, represent-
ing a promising alternative to the more challenging micro-
puncture. Moreover, compared to previous MPM studies
that assess SNGFR using full-frame acquisition, the lines-
can-based method requires a cheaper microscopy set-up.
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