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Abstract: Chronic kidney disease (CKD) is one of the most common renal diseases manifested
by gradual loss of kidney function with no symptoms in the early stage. The underlying
mechanism in the pathogenesis of CKD with various causes such as high blood pressure, diabetes,
high cholesterol, and kidney infection is not well understood. In vivo longitudinal repetitive
cellular-level observation of the kidney of the CKD animal model can provide novel insights
to diagnose and treat the CKD by visualizing the dynamically changing pathophysiology of
CKD with its progression over time. In this study, using two-photon intravital microscopy with
a single 920 nm fixed-wavelength fs-pulsed laser, we longitudinally and repetitively observed
the kidney of an adenine diet-induced CKD mouse model for 30 days. Interestingly, we
could successfully visualize the 2,8-dihydroxyadenine (2,8-DHA) crystal formation with a
second-harmonics generation (SHG) signal and the morphological deterioration of renal tubules
with autofluorescence using a single 920 nm two-photon excitation. The longitudinal in vivo
two-photon imaging results of increasing 2,8-DHA crystals and decreasing tubular area ratio
visualized by SHG and autofluorescence signal, respectively, were highly correlated with the
CKD progression monitored by a blood test showing increased cystatin C and blood urea nitrogen
(BUN) levels over time. This result suggests the potential of label-free second-harmonics
generation crystal imaging as a novel optical technique for in vivo CKD progression monitoring.
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1. Introduction

Chronic kidney disease (CKD) is a long-term disorder characterized by progressive kidney
dysfunction in blood pressure, homeostasis, and waste excretion [1]. CKD patient is continuously
increasing in the aging population with various risk factors of hypertension, cardiovascular
diseases, diabetes, high cholesterol, and genetic alternations [2–4]. The initial nephron damage
causes a reduction of renal function that induces additional damage to neighboring nephrons,
then can proceed to irreversible renal dysfunction with no noticeable symptoms until the late
stage [5]. This vicious cycle emphasizes the significance of early diagnosis and prompt treatment
of CKD, suggested by multiple reports on CKD pathophysiology [3,6–10]. However, due to the
complexity of etiology, current understanding of the disease mechanism of CKD is quite limited.
To obtain a novel clue to diagnose the CKD in early stage and treat the CKD more effectively, a
detailed cellular-level analysis of the underlying mechanism of CKD using preclinical animal
models is imperative. Toward this end, a direct in vivo longitudinal cellular-level observation of
the kidney during the development of CKD in a live animal model is highly desired.

There are various methods to induce CKD in the animal model such as cisplatin nephrotoxicity,
adenine supplement, aristolochic acid nephropathy, and 5/6 nephrectomy [11,12]. Among them,
an adenine diet-induced CKD mouse model exhibits distinct characteristics of human CKD
patients with renal filtration failure accompanied by cardiovascular symptoms [13]. Moreover,
the formation of 2,8-dihydroxyadenine (2,8-DHA) crystals in the kidney was found in both the
adenine-induced CKD mouse model and human patients with adenine phosphoribosyl transferase
deficiency, which is a genetically inherited autosomal recessive disorder [11,12,14]. Until now
the adenine-induced CKD model has only been imaged ex vivo, and little is known about the in
vivo pathogenesis of the CKD by excessive adenine and 2,8-DHA crystal accumulation [12].

Herein, we successfully performed a longitudinal repeated intravital two-photon kidney imaging
in the mouse model of CKD induced by the adenine diet for 30 days. Notably, a fixed-wavelength
920 nm fs-pulsed laser generated a second harmonics generation (SHG) signal from the 2,8-DHA
crystal and autofluorescence signal from renal tubules in vivo. Thereby it enabled a direct
label-free in vivo visualization of the 2,8-DHA crystal formation and morphological change
of renal tubules with CKD progression. Pathological kidney changes with increased 2,8-DHA
crystal deposition and tubular fragmentation were longitudinally visualized and quantified by
repetitive two-photon z-stack imaging of the kidney of the adenine -induced CKD model over
time. Furthermore, the imaging results show a high correlation with the deteriorating renal
function assessed by a standard clinical blood test of cystatin C and blood urea nitrogen (BUN)
levels [11]. Collectively, the CKD progression correlated with the accumulation of the 2,8-DHA
crystals could be successfully visualized and monitored by the SHG signal with the longitudinal
two-photon intravital kidney imaging.

2. Methods

2.1. Animal model

All animal experiments were performed in accordance with the standard guidelines for the care
and use of laboratory animals and were approved by the Korea Advanced Institute of Science
and Technology Institutional Animal Care and Use Committee (KAIST IACUC, approval no.
KA-2021-058). All surgical procedures were done under anesthesia, and all efforts were made to
minimize the suffering of animals. C57BL/6N mice were purchased from OrientBio (Suwon,
Korea). NG2-DsRed (Jackson Laboratory, Stock No. 008241) [15], CSF1R-GFP (Jackson
Laboratory, Stock No. 018549) [16], and CX3CR1-GFP (Jackson Laboratory, Stock No. 005582)
[17] mice were purchased from the Jackson Laboratory (Bar Harbor, USA). Aldh1l1-GFP mice
(Jackson Laboratory, Stock No. 026033) [18] were generously provided by Dr. Chung at KAIST.
All mice were housed and bred in an institutional animal facility in KAIST. They were maintained
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in independently ventilated, temperature & humidity-controlled cages (22.5 °C, 52.5%) under
12/12 hours light/dark cycle and provided with a standard diet and water ad libitum. CKD was
induced in 7 weeks old C57BL/6N male mice by a 0.2% adenine diet (Envigo, Indianapolis,
Indiana, USA) for 30 days [12]. The control group of mice received a regular diet for the same
period.

2.2. Kidney histopathology

The kidney tissues were fixed using a 4% paraformaldehyde solution. After fixation, the tissues
were embedded in paraffin and sectioned to a thickness of 3 µm for Periodic acid-Schiff (PAS)
staining. In addition, 10 µm thickness cryo-sectioned slices were prepared to preserve 2,8-DHA
crystal for histological observation. Histological images were obtained under a Leica DMi8
microscope (Leica, Wetzlar, Germany).

2.3. Evaluation of Cystatin C and BUN

Kidney function was monitored by the Cystatin C and blood urea nitrogen (BUN) level. Blood
was sampled using capillary on retro-orbital plexus on days 0, 10, 20, and 30 [19]. Cystatin C level
was analyzed with a mouse Cystatin C ELISA kit (Biovendor R&D, Brno, Czech Republic). BUN
level was assessed with NCal International Standard Kit (Arbor Assays, Ann Arbor, Michigan,
USA).

2.4. Intravital imaging system

Commercial intravital two-photon microscope (IVM-MS, IVIM Technology Inc., Daejeon,
Korea) was used to visualize the kidney in vivo. It integrated a 920 nm fixed-wavelength fs-pulsed
laser (Axon-920; Coherent, Santa Clara, CA, USA) with >100:1 linear polarization into a
single box, which was used as a two-photon excitation light source for simultaneous SHG and
fluorescence imaging. A high numerical aperture (NA) water-immersion objective lens (CFI75
Apochromat 25XC W, NA1.1, Nikon, Tokyo, Japan) was used, which provided an imaging
field of view of 447× 447 µm2. The average laser power on the kidney surface was adjusted
in the range of 30 mW to 80 mW. Higher power was used at the later time point due to the
thickening of kidney capsule and fibrosis with CKD progression. Images were acquired at
frame rate of 15 Hz with 1024× 1024 pixels (0.437 µm/pixel). Autofluorescence was detected
by two NDD detectors equipped with bandpass filters with transmission at 502.5-537.5 nm and
574.0-626.0 nm, respectively. Second harmonics generation (SHG) signal from 2,8-DHA crystal
was simultaneously detected by an additional NDD detector equipped with a bandpass filter with
transmission at 458.0-463.5 nm.

2.5. Intravital imaging of kidney

Mice were anesthetized using an intramuscular injection of a mixture of Zoletil (20 mg/kg) and
Xylazine (11 mg/kg). The abdominal hair of the left-back area was removed using a clipper and a
hair removal cream. A 15 mm incision was performed on both the skin and the retroperitoneum
and then the kidney was gently exteriorized with round forceps as shown in Fig. 1(a) following the
surgical procedure previously described [20]. As shown in Fig. 1(b), wet gauze soaked in warm
saline was placed between the kidney and the underlying tissue to reduce motion artifact [21–23].
Warm saline was continuously applied to the gauze during the imaging to avoid dehydration of
the exposed visceral surface. During the intravital imaging, the anesthesia level was regularly
checked by pinching the mouse’s toe. When any response to the pinching was observed, a half of
the initial dose of Zoletil and Xylazine mixture was given intraperitoneally. Thirty sequential
Z-stack images with 3 µm interval were obtained in the outer renal cortex at more than five
randomly selected locations in the kidney to quantify the 2,8-DHA crystal accumulation and
tubular structural changes by SHG signal and autofluorescence, respectively. Each Z-stack image
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was generated by averaging 30 frames recorded for 2 seconds. The overall image acquisition
process took approximately 15 minutes to complete at each time point. In addition, vascular
endothelial cells were fluorescently labeled in vivo by intravenous injection of Lectin DyLight
488 (DL-1174, Vector Laboratories, CA, USA) at 10 minutes before the intravital imaging.
Sodium hyaluronate-carboxymethylcellulose (Guardix, Hanmi, Seoul, Korea) was applied after
the imaging as an anti-adhesion agent to prevent excessive adhesion between the kidney and
surrounding tissue. The surgical site was closed by in silk suture and an anti-bacterial ointment
(Effexin, Ildong, Seoul, Korea) was applied to prevent infection. To reduce inflammation, a
nonsteroidal anti-inflammatory drug (Rimadyl, Zoetis, NJ, USA) was injected intraperitoneally.
The intravital imaging of kidney was repeatedly performed six times on days 0, 2, 5, 10, 20, and
30 in each CKD mouse model.

Fig. 1. Intravital two-photon microscopy (TPM) imaging of the kidney of various
transgenic reporter mice. (a) Photograph of the preparation of the anesthetized mouse
for the intravital kidney imaging. The placement of the exposed kidney is shown in the
magnified red dotted box. (b) Cross-sectional diagram of the kidney placement for the
intravital kidney imaging. (c) Representative TPM images of the kidney of various transgenic
reporter mice, NG2-DsRed, Aldh1l1-GFP, CSF1R-GFP and CX3CR1-GFP mouse. SHG
signal (white) from the kidney capsule was visualized. In the NG2-DsRed mouse, blood
vessels (green, tomato-lectin) and pericyte (arrow, red, DsRed) were simultaneously imaged.
In the Aldh1l1-GFP mouse, tubular epithelial cells (green) in the renal tubules (asterisk)
were imaged. In the CSF1R-GFP mouse, myeloid-lineage cells (green) were imaged. In
the CX3CR1-GFP mouse, mononuclear phagocytic cells (green) were imaged. Scale bars,
50 µm.
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2.6. Imaging analysis and statistical analysis

Image J (National Institutes of Health, Bethesda, MD, USA) was used to automatically identify
luminal space tubule area and quantify the intensity of SHG signal [24]. Luminal space area
was calculated by measuring the size of empty space over the entire region [25]. At least 18
randomly chosen fields per group were quantified using ImageJ. Tubule abnormal morphology was
measured by identifying the change of tubule area of total imaging area over time. Commercial
image analysis software, IMARIS (Oxford Instruments, Abingdon, UK), was used to generate
three-dimensional volumetric images for quantitative analysis of 2,8-DHA crystal formation.
Individual 2,8-DHA crystal was automatically identified and the volume of each crystal was
measured using the ‘Surface’ function of IMARIS. The volumetric ratio of 2,8-DHA crystal in the
kidney tissue was calculated by dividing the total volume of 2,8-DHA crystals by the total imaging
volume. Origin was used for statistical analysis (OriginLab, Northampton, Massachusetts, USA).
For each experimental group (mouse n ≥ 3), more than five randomly chosen areas were imaged
and analyzed. The statistical significance was determined by p-value less than 0.05 with two-tailed
unpaired Student’s t-test. Pearson correlation coefficients was calculated with Prism (GraphPad,
CA, USA).

3. Results

To validate the capability of the in vivo cellular-level visualization in the kidney with the
procedure described in the Methods section and Fig. 1(a-b), we performed intravital imaging of
kidney in various transgenic reporter mice such as NG2-DsRed, Aldh1l1-GFP, CSF1R-GFP and
CX3CR1-GFP mice as shown in Fig. 1(c). Second-harmonics generation (SHG) signal based on
a nonlinear optical process was observed from the fibrous capsule of the kidney, which was shown
at the periphery of the wide area images in Fig. 1(c). In the kidney of NG2-DsRed mouse, blood
vessels labeled by intravenously injected tomato lectin and the NG2+ pericytes surrounding the
blood vessels (arrows) were simultaneously imaged with green and red fluorescence, respectively
[26]. In the kidney of Aldh1l1-GFP mouse, the Aldh1l1+ tubular epithelial cells in the renal
tubules (asterisk) were imaged with green fluorescence [27]. In the kidney of CSF1R-GFP mouse,
myeloid-lineage cells including monocytes and macrophages expressing green fluorescence were
imaged [28]. Similarly, Mononuclear phagocytes such as dendritic cells and macrophages were
imaged in the kidney of CX3CR1-GFP mouse [29]. Those imaging results validates the capability
of the imaging system for the cellular-level visualization of the kidney of live mouse model.

Figure 2(a) shows the histological observation of the Periodic acid-Schiff (PAS) stained kidney
tissue of control mouse fed a normal diet and adenine diet-induced CKD mouse fed a 0.2%
adenine diet for 30 days. The healthy brush-shaped border of epithelial cell has well observed in
the renal tubule of the control normal diet mouse. In contrast, the typical tubular morphological
changes in CKD such as the epithelium attenuation and the tubular dilatation were observed in the
adenine-induced CKD mouse. Hypertrophy of tubule (star) and atrophy of basement membrane
(triangle) was observed. Further, the degree of tubular dilation was quantified by measuring
the change in the luminal space from day 0 to day 30 as shown in Fig. 2(b). The difference of
lumen space in the normal diet model was 11.10± 0.95, whereas the adenine diet model had
21.11± 1.48 on day 30. The value in the adenine diet model was considerably high with statistical
significance (p< 0.001). These observations confirmed the successful induction of CKD in the
adenine diet fed mouse for 30 days. Interestingly, as shown in Fig. 2(c-d), the 920 nm fs-pulsed
laser generated a strong SHG signal from 2,8-dihydroxyadenine (2,8-DHA) crystals identified
by light microscopy in the cryo-sectioned kidney slices from the adenine-induced CKD mouse.
To note, the 2,8-DHA crystals were reported to be formed in the kidney of the adenine-induced
CKD mouse [30,31]. Then, in vivo label-free two-photon 3D Z-stack imaging of the kidney
of the control normal diet mouse and adenine-induced CKD mouse were performed using the
fixed-wavelength 920 nm fs-pulsed laser. SHG signal in 458–463.5 nm, green autofluorescence
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at 502-537.5 nm, and red autofluorescence at 574-626 nm were simultaneously imaged in vivo.
Similar to the imaging results with the cryo-sectioned slices, strong SHG signals from 2,8-DHA
crystals were observed in the kidney of adenine-induced CKD mouse in vivo as shown in Fig. 2(e).
In contrast, no SHG signal was detected from the kidney of the control normal diet mouse
while autofluorescence signal was smoothly and uniformly distributed in renal tubules. In the
adenine-induced CKD mouse, autofluorescence signal from renal tubules was highly fragmented,
which was due to the increased inflammatory lysosome and impaired mitochondrial metabolism
[32,33]. To further validate whether the observed optical signal in 458–463.5 nm was mainly
generated by two-photon SHG process by 920 nm fs-pulsed laser, the signal intensity from two
2,8-DHA crystals was measured while increasing the average power of the 920 nm fs-pulsed
laser on the kidney surface as shown in Fig. 2(d-e). The intensity of the pixels in two 2,8-DHA
crystals were quantified using the ImageJ showed a clear linear dependency to squared laser
power (R2 = 0.974, square; R2 = 0.973, triangle) as shown in Fig. 2(d), suggesting that they were
indeed generated by SHG process [34].

To correlate the in vivo longitudinal TPM imaging and CKD progression, we performed a
repeated blood test for renal function monitoring and intravital imaging in the same mouse for 30
days (n ≥ 3, each time point) in two cohorts of control normal diet mouse group and adenine
diet-induced CKD mouse group following the experimental scheme shown in Fig. 3(a). blood
test for renal function monitoring was performed at 0, 10, 20, and 30 days. Cystatin C and
blood urea nitrogen (BUN) levels was measured by using a small amount of blood drawn from
the retroorbital cavity with capillary tubes for microhematocrit. After 30 days of adenine diet
feeding, the appearance of the kidney changed significantly as shown in Fig. 3(b). The kidneys of
adenine-induced CKD mice were smaller and has rough surface in comparison with the kidneys
of control normal diet mice, suggesting renal failure and kidney fibrosis. Figure 3(c) shows the
difference in the body weight between the control normal diet mice and the adenine-induced CKD
mice over time. The mice fed the normal diet gained weight gradually while the adenine diet fed
mice exhibited the loss of body weight with statistical significance from day 2 to 30. In normal
diet fed mice, both of the cystatin C and BUN levels were stably maintained within a normal range
with little changes for 30 days. In contrast, in the adenine-induced CKD mice, both of the cystatin
C and BUN levels exhibited a continuous and significant increase until day 20 and then remained
at a similar level until day 30 as shown in Fig. 3(d, e). The average cystatin C levels increased by
more than two times from 848.76± 556.02 ng/ml to 1926.93± 399.61 ng/ml. The average BUN
increased by approximately 8-fold, from 27.14± 5.31 mg/dl to 221.47± 15.94 mg/dl, confirming
the presence of clinical-level CKD development.

As described before, following the experimental scheme shown in Fig. 3(a), we performed
a repeated intravital imaging of kidney and blood test in the same mouse for 30 days (n ≥ 3,
each time point) in two cohorts of control normal diet mouse group and adenine diet-induced
CKD mouse group. In each mouse, the intravital TPM imaging was repeatedly performed at
0, 2, 5, 10, 20 and 30 days. Correlated with the longitudinal blood test of stable maintenance
of the cystatin C and BUN level within normal range, no significant changes were observed in
the kidney of control normal diet mouse by the in vivo longitudinal TPM imaging for 30 days.
In contrast, in the kidney of adenine-induced CKD mouse, increasing SHG signal by 2,8-DHA
crystal formation and gradual deterioration of renal tubules visualized by autofluorescence were
clearly imaged as shown in Fig. 4(a). For the volumetric quantification, 3D Z-stack images were
obtained at more than 5 randomly selected spot in the kidney of each mouse. Figure 4(b) shows a
representative 3D reconstructed SHG image showing the formation of 2,8-DHA crystals with
various sizes in the kidney of adenine-induced CKD mouse at day 30. Figure 4(c-d) shows the
longitudinal quantification of 2,8-DHA crystal volume ratio and tubular area ratio in the kidney
of adenine diet-induced CKD for 30 days. As shown in Fig. 4(a, c), only after 2 days of adenine
diet feeding, we could observe an appearance of SHG signal from small 2,8-DHA crystals. The
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Fig. 2. Histological and intravital TPM images of the kidney of control normal diet
mouse and adenine diet-induced CKD mouse. (a) Representative ex vivo histological
images of PAS-stained kidney slice of control normal diet mouse and adenine diet-induced
CKD mouse. (b) Quantification of the luminal space differences from day 0 to day 30 (≥ 18
spots per group). All data are presented as mean±SE of mean, n ≥ 3. (c-d) Comparison
images of cryo-sectioned kidney slices from adenine diet-induced CKD mouse (c) before or
(d) after Eosin staining of stroma. The 2,8-DHA crystals observed by light microscopy or two-
photon microscopy for SHG signal detection were marked by red circles. (e) Representative
3D reconstructed intravital TPM images of control normal diet mouse and adenine diet-
induced CKD mouse showing 2,8-DHA crystals (SHG, white) and autofluorescence of
tubules (green, red). (f) SHG images showing 2,8-DHA crystals while changing the 920 nm
fs-pulsed laser powers on kidney surface. (g) Signal intensity of two 2,8-DHA crystals to
squared fs-pulsed laser power, showing linear dependency. Scale bars, 100 µm.



Research Article Vol. 14, No. 4 / 1 Apr 2023 / Biomedical Optics Express 1654

Fig. 3. Longitudinal monitoring of the control normal diet mouse and the adenine
diet-induced CKD mouse for 30 days. (a) Experimental scheme of the longitudinal
intravital TPM imaging and blood test for 30 days. (b) Representative photograph of the
harvested kidneys from the control normal diet mouse and adenine diet-induced CKD mouse
at 30 days. (c-e) Quantitative analysis of body weight, cystatin C, and BUN level on day 0,
10, 20, and 30 (n ≥ 3). Data are presented as mean±SE of mean. Statistical significance
was set at p-value less than 0.05.

crystal volume ratio gradually and significantly increased from 0% at day 0 to 1.26± 0.18% at
day 30. As shown in Fig. 4(a, d), the repetitive autofluorescence imaging successfully captured
the morphological tubular deterioration, the increasing fragmentation in the renal tubules and
significant decreases in the tubular area ratio from 14.73± 0.75% at day 0 to only 3.52± 0.46%
at 30. Finally, the correlations between the longitudinal imaging results of 2,8-DHA crystal
volume ratio and tubular area ratio and the blood test results of cystatin C and BUN level were
analyzed by the Pearson correlation coefficient (Fig. 4(e, f)). The Pearson coefficients of 2,8-DHA
crystal volume ratio was 0.95 for cystatin C level and 0.76 for BUN levels, respectively. And
Pearson coefficients of tubular area ratio was -0.92 for cystatin C level and -0.73 for BUN levels,
respectively. Both of the 2,8-DHA crystal volume ratio measured by SHG image and the tubular
area ratio measured by autofluorescence image demonstrated a strong correlation with the blood
tests, particularly with the cystatin C level.
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Fig. 4. Longitudinal intravital TPM imaging of the control normal diet mouse and
the adenine diet-induced CKD mouse for 30 days. (a) Representative 3D reconstructed
TPM images of adenine diet-induced CKD mouse. Tubules were imaged by autofluorescence
(green, red) and 2,8-DHA crystals were imaged by SHG signal (white). (b) Representative
3D reconstructed volumetric images of accumulated 2,8-DHA crystals at day 30. (c-d)
Quantitative analysis of 2,8-DHA crystal volume ratio and tubular area ratio from day 0 to day
30 (mouse n ≥ 3, imaging spots ≥ 5). (e-f) Pearson correlation coefficient of 2,8-DHA crystal
volume ratio and tubular area ratio comparing with cystatin C, blood urea nitrogen (BUN),
tubular area ratio, and 2,8-DHA crystal volume ratio. Data are presented as mean±SE of
mean. Statistical significance was set at p-value less than 0.05. Scale bars, 100 µm.
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4. Discussion

Chronic kidney disease (CKD) is one of the most common kidney disorders in the world. Various
optical imaging modalities including photoacoustic imaging, optical coherent tomographic
(OCT), confocal laser-scanning microscopy (CLSM), and narrow band imaging (NBI) have been
suggested as potential tools for optical biopsy of renal diseases [35]. However, the application of
these methods to visualize dynamic process in living renal tissue at the cellular-level resolution
has been technically challenging due to low resolution or limited penetrating depth in live renal
tissue. Recently, there have been increasing efforts to utilize two-photon microscopy (TPM) to
observe renal morphological and functional changes in live preclinical animal models [36–38].
Notably, renal metabolic functions [32,39] and renal fibrosis [40,41] have been imaged and
analyzed by label-free TPM with autofluorescence and SHG signal, respectively. In addition,
by utilizing fluorescent tracers, single-nephron glomerular filtration rate [42,43] and organic
cations transport [44,45] have been assessed by TPM. Clearly, two-photon in vivo longitudinal
cellular-level observation to monitor changes in specific type of cells in various renal diseases
model of wide range of transgenic mice can deepen our understanding of the pathophysiology of
renal diseases.

In this study, for the first time to the best of our knowledge, we demonstrated that intravital
TPM could also successfully monitor the 2,8-DHA crystal formation in the CKD mouse model
in vivo. A fixed-wavelength 920 nm fs-pulsed laser efficiently generated the second harmonics
generation (SHG) signal from the 2,8-DHA crystal in the kidney tissue of a live anesthetized
CKD mouse model in vivo. Reportedly, it has been demonstrated that protein crystals such as
tetragonal lysozyme crystals in a petri dish after crystallization can be imaged by TPM with
SHG signal [46,47]. Additionally, we could simultaneously detect autofluorescence signal from
renal tubules with mitochondrial lipoamide dehydrogenase and mitochondrial flavin adenine
dinucleotide [32]. Repeated intravital two-photon cellular-level imaging of the kidney in the
adenine-induced CKD mouse model was successfully performed for up to 30 days. The degree of
crystal growth and tubular metabolism dysfunction could be quantified with 3D rendered Z-stack
two-photon images, which showed a high correlation with the degree of the disease progression
monitored by standard clinical blood tests of renal function. Together these results demonstrated
that the single-wavelength 920 nm two-photon excited label-free SHG and autofluorescence
imaging could be utilized to monitor CKD progression with 2,8-DHA crystal accumulation in the
kidney over time in vivo. Combined with previously reported various optical imaging techniques,
this label-free two-photon imaging method can be a useful tool to improve our understanding of
the pathophysiology of CKD, which can ultimately lead to CKD diagnosis and treatment.
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