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Introduction
Cisplatin is a highly potent and effective chemotherapy that has been extensively used for treating various can-
cers (1, 2). Notwithstanding the potent antineoplastic effectiveness of cisplatin, its clinical utilization is restricted 
due to severe side effects and dose-dependent nephrotoxicity (1, 3). The key molecular mechanisms in cispla-
tin-induced acute kidney injury (AKI) involve the cellular uptake and accumulation of cisplatin in proximal 
tubule epithelial cells (4–6). These cells are surrounded by the peritubular capillary system, which provides the 
necessary oxygen and nutrients and maintains fluid and electrolyte balance (7). Despite its vital importance in 
preserving renal function as a major capillary network in the kidney, a comprehensive understanding of the 
microcirculation in cisplatin-induced AKI has not been fully elucidated (8, 9). Moreover, in addition to its direct 
cytotoxic effects, cisplatin triggers an inflammatory cascade that stimulates the production of inflammatory 
mediators by both renal parenchymal cells and resident or infiltrating leukocytes, thereby contributing to AKI 
(6, 10, 11). Given these findings, direct visualization and quantification of the peritubular microcirculation at the 
cellular level, including leukocytes, is warranted to understand the mechanisms of cisplatin-induced AKI (1, 12).

Intravital microscopy offers a distinctive opportunity to observe the dynamic behavior of  cells in their 
native environment in live subjects (13). While advances in intravital microscopy have provided comprehen-
sive insight into translational kidney research, investigations including the quantification of  microcirculation 
at the cellular level are somewhat limited (14). Using an intravital microscope with video-rate scanning speed 

Despite the accumulation of cisplatin in proximal tubules, direct visualization of the surrounding 
peritubular microcirculation, including its change in cisplatin-induced acute kidney injury (AKI), 
is lacking. Here, using fluorescence and cellular angiography through video-rate high-resolution 
intravital microscopy, progressive disturbance of peritubular microcirculation in cisplatin-induced 
AKI in mice was demonstrated. Fluorescence angiography revealed increasing perfusion defects, 
with a stepwise rise in time to peak (TTP), originating from capillaries surrounding S1 segments. 
Cellular angiography demonstrated a progressive decrease in the velocity and track length of 
individual erythrocytes during AKI progression, accompanied by a sequential decrease in the 
functional capillary ratio (FCR). Changes in the perfusion area, TTP, and FCR preceded significant 
changes in blood urea nitrogen and cystatin C, suggesting the potential for early diagnosis. 
Although neutrophil infiltration near proximal tubules increased throughout the progression, it 
did not cause obstruction of the peritubular microcirculation. Depletion of neutrophils increased 
mortality due to systemic side effects, whereas functional inactivation of neutrophils using an 
anti-CD11b antibody improved peritubular microcirculation in cisplatin-induced AKI. This approach 
enables direct visualization and quantification of peritubular microcirculation and immune cell 
dynamics, providing insights into renal pathophysiology and potential therapeutic strategies.
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and high resolution down to the cellular level may achieve direct visualization of  microcirculation, including 
quantifiable parameters comparable to each other (15). Given that cisplatin accumulation is known to induce 
injury in proximal tubular epithelial cells in cisplatin-induced AKI, it is an optimal approach to investigate the 
peritubular microcirculation with an additional focus on leukocytes.

Therefore, to evaluate the peritubular microcirculation in cisplatin-induced AKI, we adopted fluo-
rescence and cellular angiography using a video-rate laser scanning confocal microscope. Fluorescence 
angiography, inspired by the strategy of  using contrast agents in computed tomography angiography in 
clinical settings, enabled spatiotemporal analyses of  hemodynamic parameters and perfusion proportion 
in peritubular capillaries during cisplatin-induced AKI. Cellular angiography via the adoptive transfer 
of  fluorescently tagged erythrocytes allowed quantification of  the functional proportion of  peritubular 
capillaries and longitudinal measurement of  microcirculation irrespective of  the time of  fluorescence 
injection. Here, by using an in vivo kidney imaging platform, we directly visualized how microcircula-
tion is disrupted in the peritubular capillary system in cisplatin-induced AKI and proposed quantitative 
parameters representing the degree of  microcirculation.

Results
Fluorescence angiography in cisplatin-induced AKI. Fluorescence angiography with FITC-dextran (2,000 kDa) 
was performed to investigate the peritubular microcirculation in a cisplatin-induced AKI model (Fig-
ure 1A and Supplemental Video 1; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.178689DS1). To measure the flow dynamics in the peritubular microcirculation, 
simultaneous recording at the beginning time of  intravenous fluorescence injection was conducted. Com-
pared with the control group (PBS), the increase in fluorescence intensity was sequentially delayed, and 
perfusing areas gradually decreased in the cisplatin-induced AKI model (Figure 1, B and C). The time 
to peak (TTP) was significantly increased (Figure 1D), and the perfusion area at 30 seconds decreased 
in a progressive manner (Figure 1E). Interestingly, 48 hours after cisplatin induction, tubules exhibited 2 
distinct phenotypes, one characterized by a high autofluorescence signal. Based on previously established 
methods (16–18), a time-series test with low molecular weight tetramethylrhodamine-conjugated dextran 
(TMR-dextran, 4 kDa) was conducted to identify tubular segments exhibiting prominent autofluorescence 
signal (Supplemental Figure 1 and Supplemental Video 2). The results revealed that the S2 segments of  
the proximal tubule exhibited the high autofluorescence signal. The peritubular microcirculation near 
these S2 segments was preserved, while the peritubular microcirculation near the S1 segments was not 
maintained (Supplemental Figure 2A). Immunostaining with an anti-OAT1 antibody, a selective marker 
for S2 segments (19, 20), further confirmed that peritubular microcirculation near S1 tubules was com-
promised (Supplemental Figure 2B and Supplemental Video 3). To determine whether impaired capil-
lary flow resulted from capillary compression due to tubular cell swelling, we analyzed the tubular area. 
However, instead of  an increase, we observed a progressive decrease in tubular area following cisplatin 
administration, suggesting that factors other than swelling may contribute to the observed flow impair-
ment (Supplemental Figure 3). While blood urea nitrogen (BUN) (Figure 1F) and cystatin C (Figure 1G) 
showed significant differences from 96 hours after cisplatin, perfusion and TTP exhibited earlier changes 
in the peritubular microcirculation, beginning at 72 hours.

Cellular angiography in cisplatin-induced AKI. The use of  fluorescence angiography is limited by the 
fact that it can be utilized only during the injection period, and further imaging is unfeasible until fluo-
rescent agents are completely washed out from the kidney, similar to the features of  computed tomog-
raphy angiography. To address this technical challenge, we next utilized cellular angiography by using 
adoptive transfer of  erythrocytes (5.0 × 107 cells) labeled with a fluorescent probe (DiD) into recipient 
mice, as previously described (15) (Figure 2A). Rapidly flowing erythrocytes were clearly visible in 
real time inside the peritubular capillaries previously labeled with FITC-dextran (Supplemental Video 
4). Fluorescently labeled erythrocytes were utilized to acquire spatiotemporal information regarding 
the trajectories and velocities of  individual erythrocytes, enabling in vivo simultaneous tracking of  
multiple erythrocytes (Figure 2B). Compared with the control group (PBS), both the velocity (Figure 
2C) and track length (Figure 2D) progressively decreased, while capillary transit time (Figure 2E) of  
erythrocytes increased, with a transient elevation observed at 24 hours. Collectively, these observations 
suggest that the diminished flow of  microcirculation led to an extended indwelling time of  circulating 
erythrocytes within the peritubular capillary. To delineate whether this microcirculatory disturbance 
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Figure 1. Fluorescence angiography using intravital microscopy in the cisplatin-induced AKI model. (A) Representative fluorescence angiography 
sequential imaging in the PBS, 24-hour, 48-hour, 72-hour, and 96-hour post-cisplatin groups. See also Supplemental Video 1. Scale bar: 100 μm. (B 
and C) Time-intensity curve of fluorescence intensity and perfusion area in each group (n = 6–7). Data are expressed as the mean ± SD. (D and E) 
Comparisons of time-to-peak (TTP) and perfusion area at 30 seconds between groups. (F and G) Comparisons of biomarkers (BUN and cystatin C) 
in the cisplatin-induced AKI model. The middle line represents the median value, and statistical significance was assessed using the Kruskal-Wallis 
test, followed by Dunn’s multiple-comparison test against the PBS group (D–G). **P < 0.01, ***P < 0.001, ****P < 0.0001.
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was derived from consequences of  a decline in systemic perfusion, additional imaging of  erythrocyte 
velocity was performed in proximal vessels of  the ear (Supplemental Figure 4). Perfusion in the ear ves-
sels, serving as an indicator of  systemic perfusion, showed no decrease after cisplatin administration.

The FCR in cisplatin-induced AKI. After individual dynamic analysis, further investigation was performed on 
erythrocyte dynamics to determine the distribution of functional capillaries in the peritubular microcirculation 
(Figure 3A and Supplemental Video 5). The functional capillary ratio (FCR) was evaluated based on a previous 
study (15) and was found to progressively decrease in cisplatin-induced AKI (Figure 3, B and C). Notably, FCR 
exhibited a significant decrease beginning at 24 hours, while the previously evaluated AKI biomarkers increased 
significantly from 96 hours after inducing the AKI model with cisplatin. This FCR imaging also confirmed the 
disproportionate concentration of microcirculation near the S1 segments in proximal tubules with a low auto-
fluorescence signal, coinciding with previous observations in fluorescence angiography (Cis 96 in Figure 3A). In 
addition, TTP in the fluorescence angiography exhibited strong correlations with FCR (Figure 3D).

Role of  neutrophils in cisplatin-induced AKI. Next, we investigated the role of  neutrophils in cispla-
tin-induced AKI, as neutrophil infiltration is a known key element in the disease (10, 21). As expected, 
after cisplatin induction, the count of  LysMgfp/+ cells and Ly6G+ proportion in LysMgfp/+ cells significantly 
increased, which suggests an increase in neutrophils (Figure 4, A–C). Interestingly, 48 hours after cis-
platin induction, LysMgfp/+ cell infiltration was initiated in the S2 segments in the proximal tubule, where 
cisplatin accumulation is known to occur (22–25) (Figure 4A). Although LysMgfp/+ cell infiltration was 
observed near the S2 segments in proximal tubules, neutrophil infiltration did not affect the peritubular 
microcirculation, as observed using fluorescence and cellular angiography (Figure 4D and Supplemental 
Video 6). While neutrophil blockade of  capillaries was not evident, neutrophil depletion with an anti-
Ly6G antibody injection was performed to further confirm the role of  neutrophils in the cisplatin-in-
duced AKI model. Unexpectedly, the Ly6G+ cell depletion model was significantly vulnerable to death, 
suggesting that systemic depletion of  neutrophils may adversely affect the survival of  the cisplatin-in-
duced AKI model (23, 26, 27) (Figure 4E). The increased vulnerability was likely due to a reduction in 
white blood cell count, potentially leading to heightened susceptibility to infection (Supplemental Figure 
5). To further investigate the role of  neutrophils during proximal infiltration, we quantified multiple 
dynamic parameters (Figure 4F and Supplemental Video 7). Compared with the control (PBS) group, the 
transit time, representing the residence time of  neutrophils within the field of  view, was significantly pro-
longed in the cisplatin-induced AKI groups (Figure 4G). Similarly, track length and velocity were signifi-
cantly increased in these groups (Figure 4, H and I). In contrast, the straightness index was significantly 
decreased, likely due to the increased presence of  neutrophils with reduced motility near the tubule site 
(Figure 4J). Taken together, these findings indicate that neutrophils exhibited crawling dynamics rather 
than causing direct obstruction in the cisplatin-induced AKI.

Role of  CD11b in cisplatin-induced AKI. As an alternative strategy to neutrophil depletion, we next 
investigated the role of  an anti-CD11b antibody in cisplatin-induced AKI, which is known to function-
ally deactivate neutrophils (28, 29). Using fluorescence angiography, anti-CD11b antibody treatment 
led to improvement of  peritubular microcirculation, as revealed by decreased TTP (Figure 5, A–C, and 
Supplemental Video 8) and increased perfusion area (Figure 5D). Additionally, in cellular angiography, 
anti-CD11b antibody ameliorated disturbances in peritubular microcirculation, as indicated by both an 
increase in the FCR (Figure 5, E–G, and Supplemental Video 9) and the velocity of  multiple erythrocytes 
(Figure 5, E and H). These findings were further validated by the plasma concentrations of  BUN (Fig-
ure 5I) and cystatin C (Figure 5J). Notably, anti-CD11b antibody treatment did not reduce neutrophil 
accumulation (Supplemental Figure 6). Taken together, the evidence showed that anti-CD11b antibody 
treatment effectively improved the peritubular microcirculation in a cisplatin-induced AKI model.

Discussion
In this study, we were able to visualize and quantify the peritubular microcirculation at the cellular 
level in a cisplatin-induced AKI model. Using 2 methods of  angiography (fluorescence and cellular), 
we described how microcirculation is disturbed in a cisplatin-induced AKI model and derived vari-
ables representing the level of  microcirculation. We found that the increase in TTP and the decrease in 
perfusion area in fluorescence angiography and the decrease in FCR in cellular angiography could be 
clearly identified before 72 hours, while the increase in current biomarkers in AKI (BUN and cystatin 
C) were not prominent until 96 hours after cisplatin induction. Furthermore, in the correlation graph, 
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biomarkers were not discriminative in the early period, particularly at low concentrations. In contrast, 
the parameters related to the microcirculation (TTP, perfusion area, and FCR) were more sensitively 
distinguishable and reliable indicators of  the progression toward renal failure in earlier stages. Overall, 
our study provides insight into the use of  microcirculation variables as an early diagnostic tool for 
preclinical cisplatin-induced AKI models.

Figure 2. Cellular angiography using adoptive transfer of erythrocytes in intravital microscopy in the cisplatin-induced AKI model. (A) Schematics of the adop-
tive transfer of DiD-labeled erythrocytes into recipient mice, followed by intravital kidney imaging. Created with BioRender.com. (B) Representative erythrocyte 
trajectories in the PBS, 24-hour, 48-hour, 72-hour, and 96-hour post-cisplatin groups. See also Supplemental Video 4. Scale bar: 100 μm. (C–E) Comparisons of 
velocity, track length, and transit time between groups. The middle line represents the median value, and statistical significance was assessed using the Krus-
kal-Wallis test, followed by Dunn’s multiple-comparison test against the PBS group (C–E). *P < 0.05, **P < 0.01, ***P < 0.001.
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In our study, with fluorescence angiography, TTP was evaluated utilizing the temporal change in 
fluorescence intensity. The parameter was differentiated between the control and each period of  the cis-
platin-induced AKI group, indicating its potential as an imaging biomarker. Nevertheless, fluorescence 
angiography had limitations, as only a single opportunity was available during the contrast agent injection 
period, and additional measurements were unfeasible until washout, especially in the kidney, which works 

Figure 3. Functional capillary ratio (FCR) using cellular angiography in the cisplatin-induced AKI model. (A) Represen-
tative functional capillary imaging in the PBS, 24-hour, 48-hour, 72-hour, and 96-hour post-cisplatin groups. See also Sup-
plemental Video 5. Scale bar: 100 μm. (B) Time-intensity curves of FCR in each group (n = 22 for PBS, n = 21 for Cis24, n = 16 
for Cis48, n = 11 for Cis72, n = 22 for Cis96). Data are expressed as the mean ± SD. (C) Comparison of FCR at 30 seconds in 
each group. The middle line represents the median value, and statistical significance was assessed using the Kruskal-Wal-
lis test, followed by Dunn’s multiple-comparison test against the PBS group. **P < 0.01, ****P < 0.0001. (D) Correlation 
between time-to-peak (TTP) and FCR, with Pearson’s correlation coefficient (r) and significance level indicated.
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Figure 4. Role of neutrophils in the cisplatin-induced AKI model. (A) Representative imaging of LysMGFP/+ mice in the PBS, 48-hour, 72-hour, and 
96-hour post-cisplatin groups. Scale bars: 1 mm (wide) and 100 μm (magnified). (B and C) Comparisons of LysM+ cell count and proportion of Ly6G+ 
cells within the LysM+ population. The middle line represents the median value, and statistical significance was assessed using the Kruskal-Wallis 
test, followed by Dunn’s multiple-comparison test against the PBS group. *P < 0.05, ****P < 0.0001. (D) Representative angiography images in 
LysMgfp/+ mice, showing that neutrophil infiltration in tubules does not block nearby microcirculation. Scale bar: 100 μm. See also Supplemental 
Video 6. (E) Survival curve of the Ly6G+ cell depletion model in cisplatin-induced AKI (n = 10 for each group). P value indicates the result of the log-
rank test. (F) Representative images of neutrophil dynamics in the PBS, 48-hour, and 72-hour post-cisplatin groups. Scale bar: 100 μm. See also 
Supplemental Video 7. (G–J) Comparisons of neutrophil dynamic parameters, including transit time, track length, velocity, and straightness across 
groups. The middle line represents the median value, and statistical significance was assessed using the Kruskal-Wallis test, followed by Dunn’s 
multiple-comparison test against the PBS group. *P < 0.05.
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Figure 5. Role of anti-CD11b treatment in the cisplatin-induced AKI model. (A) Representative fluorescence angiography imaging in the PBS+IgG, Cis+IgG, 
and Cis+CD11b groups. See also Supplemental Video 8. Scale bar: 100 μm. (B) Time-intensity curve of fluorescence intensity in each group (n = 3 for each 
group). (C and D) Comparisons of time-to-peak (TTP) and perfusion area at 30 seconds between groups. (E) Representative cellular angiography imaging 
in the PBS+IgG, Cis+IgG, and Cis+CD11b groups. See also Supplemental Video 9. Scale bar: 100 μm. (F) Time-intensity curve of the functional capillary ratio 
(FCR) in each group (n = 5 for PBS, n = 10 for Cis 48, n = 15 for Cis 72). (G and H) Comparisons of FCR at 30 seconds and velocity between groups. (I and J) 
Comparisons of biomarkers (BUN and cystatin C) between groups. The middle line represents the median value, and statistical significance was assessed via 
the Mann-Whitney test (C, D, and G–J). *P < 0.05, **P < 0.01, ****P < 0.0001.
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as an excretory organ. Additionally, longitudinal imaging of  peritubular microcirculation in the same 
animal up to 96 hours was also technically unattainable due to the residual fluorescence in the tubule, par-
ticularly in models with reduced excretory function due to AKI. To address these limitations, we utilized 
cellular angiography, in which erythrocytes were fluorescently labeled, providing an opportunity to mea-
sure microcirculation without temporal limitations. The correlation of  TTP with FCR was strong, sug-
gesting that cellular angiography may be a substitute for fluorescence angiography. Furthermore, cellular 
angiography was able to capture the dynamics of  thousands of  individual erythrocytes, thereby providing 
detailed information on the pattern of  microcirculation in a cisplatin-induced AKI model.

While it is generally recognized that peritubular capillaries branch from efferent arterioles derived from 
glomeruli and form a network near tubules, the distinction between segments of peritubular capillaries has not 
been extensively explored previously. In our study, where the role of the dynamics of fluorescence and cellular 
angiography were highlighted, we found that S1 segments of proximal peritubular capillaries were specifically 
vulnerable to cisplatin-induced AKI. Previous in vitro studies have shown that S1 cells are the most sensitive to 
cisplatin-induced cytotoxicity, whereas S3 cells accumulate cisplatin at the highest rate (30). The finding aligns 
with our observations, suggesting that the selective vulnerability of S1 peritubular capillaries may be linked to 
segment-specific cisplatin cytotoxicity. Furthermore, cisplatin is directly toxic to endothelial cells, and renal 
vasoconstriction caused by endothelial dysfunction and impaired vascular autoregulation is also a contributing 
factor in cisplatin-induced AKI (23). However, these mechanisms do not fully explain the specific vulnerability 
of the S1 segment. Initially, our hypothesis postulated that neutrophil infiltration in proximal tubules could 
potentially obstruct the proximal capillaries, thereby leading to interference with the peritubular microcircu-
lation. However, our subsequent findings revealed that this hypothesis was incorrect. A possible hypothesis 
could be secretion of tubule-specific vasoactive factors that act on capillary pericytes and cause preferential 
capillary contractions (31). In addition, capillary obstruction may have been missed, or neutrophil-induced 
endothelial damages may have occurred at earlier time points, as suggested in other AKI models, such as tumor 
lysis syndrome–induced AKI (32) or ischemia-reperfusion injury (33). An alternative explanation is that there 
may exist an intermediate functional structure between the peritubular capillary in S1 and S2 segments of prox-
imal tubules, which could potentially regulate blood flow and be affected by cisplatin. Further investigation is 
necessary to determine the precise factors and mechanisms contributing to the vulnerability of S1 segments of  
peritubular capillaries in cisplatin-induced AKI.

Consistent with previous studies, our study also indicates that neutrophil infiltration in the proxi-
mal tubule is increased during cisplatin-induced AKI. However, neutrophil depletion following cispla-
tin injection increased susceptibility to death, thereby limiting the opportunities for intravital imaging. 
One possible explanation may be that as cisplatin is a well-known suppressor of  bone marrow, sys-
temic side effects such as infection might have occurred during neutrophil depletion (23). In addition, 
neither neutrophil depletion using an anti–Gr-1 (RB6-8C5) antibody nor anti-Ly6G antibody exhibited 
beneficial effects in a cisplatin-induced AKI model (26, 34, 35). CD11b constitutes the Mac-1 com-
plex with CD18, a key integrin that regulates neutrophil adhesion and migration in inflamed tissues, 
particularly in pulmonary capillaries (15, 29). While the anti-CD11b antibody has been previously 
recognized for its impact on neutrophil-mediated effects in various diseases, this study provides a 
perspective on the potential role of  the anti-CD11b antibody in improving microcirculation in cispla-
tin-induced AKI (28, 36). Further studies are warranted to elucidate the underlying pathophysiological 
mechanisms regarding the role of  anti-CD11b antibodies in cisplatin-induced AKI.

Previous studies have demonstrated visualization of  peritubular microcirculation; however, they lacked 
comprehensive and extensive quantification (8). Furthermore, with recent technical advances in optics, 
biological sensors, and imaging windows, intravital imaging has been primarily focused on molecular and 
biological components, with less emphasis on microcirculation (14, 37). However, renal microcirculation is 
an integrative physiological component where complex cellular mechanisms, including inflammatory, oxi-
dative, and nitrosative factors, contribute to the path leading to renal failure (38). Using fluorescence imag-
ing and cellular angiography, we were able to demonstrate that peritubular microcirculation disturbance in 
cisplatin-induced AKI is initiated from the peritubular capillary of  S1 segments, and neutrophil infiltration 
in the proximal tubule is not mechanically responsible for capillary obstruction.

In earlier studies, ultrasound or computed tomography imaging was utilized to identify microvascular 
structures with a resolution down to 30–40 micrometers (39–41). In this study, our imaging technique offered 
high-resolution capabilities of  a few micrometers, allowing for the detection of  individual erythrocytes and 
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leukocytes, including their dynamics, which is not achievable with ultrasound or computed tomography. 
While the penetration depth and invasiveness are inherent technical challenges, ongoing advancements in 
endoscopic devices (42) and laser sources (43) can help to address these limitations.

In conclusion, using intravital microscopy, we achieved direct visualization of  the peritubular 
microcirculation in cisplatin-induced AKI. With fluorescence and cellular angiography, multifaceted 
quantification with distinguishing the status of  microcirculation in each stage was feasible. Our find-
ings highlight that functional inactivation of  neutrophils using the anti-CD11b antibody may serve as 
a potential therapeutic strategy for restoring peritubular microcirculation in cisplatin-induced AKI. 
Moreover, integrating microcirculation analysis with functional imaging of  nearby individual cells 
may assist in understanding their role and further provide insights into the pathophysiology of  various 
renal diseases. This imaging system has the potential to become a useful tool for investigating renal 
diseases that affect peritubular microcirculation and for evaluating potential therapeutic candidates for 
various renal diseases in a preclinical setting.

Methods
Sex as a biological variable. Due to the protective effects of  estrogen in females and the higher clearance 
rate of  cisplatin in males, there are known sex-specific differences in cisplatin-induced nephrotoxicity 
(44). To minimize variability, our study exclusively examined male mice. It is unknown whether the 
findings are relevant for female mice.

Study design. Mice were randomly assigned to either time after treatment with cisplatin or PBS (n = 3 
to 6 per group). For the allocation of  each group, randomization with online random number generators 
was performed before either antibody injection by the first investigator. A second investigator unaware of  
the allocation performed intravital imaging and measurement order was randomized with online random 
number generators.

Mice and animal models. Twelve-week-old male mice (C57BL/6N mice (OrientBio) and LysMgfp/+ 
(bred in the SNUBH animal facility) weighing 25–30 g were utilized in this study. To generate a cis-
platin-induced AKI model, a high dose of  cisplatin (20 mg/kg) (Dong-A ST Inc) was intraperitoneally 
administered (5). The median survival in this model was 146.5 hours. In the control group, the same 
volume of  PBS was injected into the peritoneum. For the neutrophil depletion model (Ly6G dep), 200 μg 
of  anti-Ly6G monoclonal antibody (clone 1A8, 551459, BD Biosciences) was intraperitoneally injected 
24 hours prior to modeling (15). In the CD11b depletion model (Cis-CD11b), 100 μg of  anti-CD11b 
monoclonal antibody (clone M1/70, 553307, BD Biosciences) was intraperitoneally injected 24 hours 
after cisplatin injection (15). The control antibody (IgG, 553985, BD Biosciences) was intraperitoneally 
injected into the other groups (PBS+IgG and Cis+IgG).

Fluorescent dye and antibody in intravital imaging. To visualize the vessel with a fluorescent dye, FITC-dex-
tran (2,000 kDa, FD2000S, Merck) or TMR-dextran (2,000 kDa, D7139, Thermo Fisher Scientific; 4 kDa, 
T1037, Merck) was injected via a vascular catheter during imaging (45, 46). Erythrocytes were obtained 
by cardiac puncture from anesthetized donor mice and then labeled with Vybrant DiD (V22887, Thermo 
Fisher Scientific) (15). Fifty million counts of  DiD-labeled erythrocytes were injected via a vascular cathe-
ter during imaging (47). To label the vessels, 25 μg of  anti-CD31 monoclonal antibody (clone 390, 553708, 
BD Bioscience) conjugated with the fluorophore Alexa Fluor 647 (A-20006, Thermo Fisher Scientific) 
was injected via the tail vein 2 hours before imaging (48). To label the S2 segments in proximal tubules, 25 
μg of  anti-OAT1 antibody (clone SCL22A6, PA5-102488, Thermo Fisher Scientific) conjugated with the 
fluorophore Alexa Fluor 647 was injected via the tail vein 24 hours before imaging. To specifically label 
neutrophils in vivo, 25 μg of  anti-Ly6G monoclonal antibody (clone 1A8, 551459, BD Bioscience) con-
jugated with the fluorophore Alexa Fluor 647 was injected via the tail vein 2 hours before imaging (15).

Intravital imaging system. To visualize peritubular microcirculation in the kidney, video-rate laser scanning 
confocal microscopy (IVIM-C, IVIM Technology) was utilized. Additional details of  the imaging system are 
provided elsewhere (15, 45). Briefly, the system utilized 3 continuous laser modules (wavelengths at 488, 561, 
640 nm) as excitation light sources, while 2 axes of  scanning were facilitated using a rotating polygonal mirror 
(x) and galvanometer scanning mirror (y). The system employed 4 objective lenses (UPLSAP0, 4×, NA 0.16, 
Nikon; UYplanSApo, 10×, NA 0.4, Nikon; PlanApoλ, 20×, NA 0.75, Nikon; and Olympus, LUCPLFLN, 
40×, NA 0.6), and the detector consisted of  photomultiplier tubes through bandpass filters with pass bands of  
500–550 nm, 582–618 nm, and 663–733 nm.
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Intravital kidney imaging. All experimental mice were anesthetized using a combination of zolazepam/
tiletamine (Zoletil, 20 mg/kg; Virbac) and xylazine (Rompun, 12 mg/kg; Bayer). Rectal temperature was 
monitored using a thermal probe connected to a feedback-regulated heating pad (RightTemp, Kent Scientific), 
which maintained the body temperature at 37.0°C. To enable intravenous injection of molecular dyes and cells, 
a vascular catheter was assembled using a 30-gauge needle (Omnican 50, B. Braun) and polyethylene tubing 
(PE10, 427401, BD Biosciences) and catheterized into the tail vein (49). Vascular patency was verified by saline 
injection. The mice were positioned in the right lateral decubitus position, and an incision was made in the left 
flank. After careful dissection of the skin, muscle, and peritoneum, the left kidney was exposed without direct 
contact by cautiously compressing the abdomen to minimize respiratory and other motion artifacts. Finally, 
a slide glass was attached with as little pressure as possible to the exposed kidney for intravital imaging (48).

Image processing. The imaging system was configured to capture images at a rate of 30 frames per second, 
with each frame consisting of 512 × 512 pixels. Real-time image frames were averaged over 30 frames to improve 
contrast and signal-to-noise ratio using a custom-made (MATLAB, Mathworks) code (15). Prior to averaging, 
each frame was processed with an image registration algorithm to minimize motion artifacts (15, 45).

The intensity of fluorescent dextran and perfusion area were evaluated using ImageJ (https://imagej.nih.
gov/ij/). TTP is the time to the apex of the time-intensity curve, which reflects the time it takes until the 
fluorescent dextran bolus reaches the tissue. Functional capillary imaging analysis was performed using a real-
time video of DiD-labeled erythrocytes flowing in capillaries (15). After splitting the colors of the video, the 
sequential images of the channel detecting DiD were processed using a median filter with a radius of 2 pixels 
to enhance the signal-to-noise ratio. A maximal intensity projection of 900 frames (30 seconds) was then con-
ducted to visualize the functional capillary perfused by erythrocytes. To eliminate noise from autofluorescence 
in the tubule, the image with maximal intensity projection was subtracted from the baseline averaged imaging. 
The FCR was determined by calculating the ratio of the functional capillary area (DiD-labeled RBCs) to the 
total capillary area (vessel area detected by dextran signaling). The calculation of FCR, including the image 
processing described above, was performed using ImageJ. Track analysis of erythrocytes and neutrophils and 
plotting tracks were performed using the autoregressive method in IMARIS 9.0 (15) (Oxford Instruments).

Biomarker measurement. To assess the severity of  AKI with current clinical biomarkers, blood samples of  
500 μL were collected by cardiac puncture under deep intraperitoneal anesthesia following intravital imaging. 
After isolation of  plasma by centrifugation, BUN levels were measured using a colorimetric assay (EIABUN, 
Thermo Fisher Scientific), and cystatin C levels were measured using an enzyme-linked immunosorbent assay 
(MSCTC0, R&D Systems). Animals were euthanized with a CO2 chamber immediately after blood sampling.

Statistics. Data are presented as the median to represent values of  the group. Statistical differences 
between medians were determined by Mann-Whitney test or Kruskal-Wallis test followed by Dunn’s 
multiple-comparison test, as appropriate. Samples were excluded from the analysis if  sampling failure 
occurred or if  early mortality prevented data collection. A P value of  less than 0.05 was consider signifi-
cant, and all analyses were performed using Prism 9.0 (GraphPad Software).

Study approval. All animal experiments were approved by the Institutional Animal Care and Use 
Committee (IACUC) of  SNUBH (protocol no. BA-1910-281-079), and animals were housed in a facility 
accredited by AAALAC International (no. 001847) in accordance with the NIH Guide for the Care and Use 
of  Laboratory Animals (National Academies Press, 2011).

Data availability. Supporting numerical data values presented in the graphs are provided as a Supporting 
Data Values file. Raw image files and videos generated by intravital microcopy are available upon request 
from the corresponding author.
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