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Abstract
Hypertension is one of the most prevalent diseases worldwide and a major risk factor for renal failure and
cardiovascular disease. The role of albuminuria, a common feature of hypertension and robust predictor of
cardiorenal disorders, remains incompletely understood. The goal of this study was to investigate the
mechanisms leading to albuminuria in the kidney of a rat model of hypertension, the Dahl salt-sensitive (SS)
rat. To determine the relative contributions of the glomerulus and proximal tubule (PT) to albuminuria, we
applied intravital two-photon-based imaging to investigate the complex renal physiological changes that
occur during salt-induced hypertension. Following a high-salt diet, SS rats exhibited elevated blood
pressure, increased glomerular sieving of albumin (GSC  = 0.0686), relative permeability to albumin
(+Δ16%), and impaired volume hemodynamics (−Δ14%). Serum albumin but not serum globulins or
creatinine concentration was decreased (−0.54 g/dl), which was concomitant with increased filtration of
albumin (3.7 vs. 0.8 g/day normal diet). Pathologically, hypertensive animals had significant tubular
damage, as indicated by increased prevalence of granular casts, expansion and necrosis of PT epithelial cells
(+Δ2.20 score/image), progressive augmentation of red blood cell velocity (+Δ269 µm/s) and micro vessel
diameter (+Δ4.3 µm), and increased vascular injury (+Δ0.61 leakage/image). Therefore, development of
salt-induced hypertension can be triggered by fast and progressive pathogenic remodeling of PT epithelia,
which can be associated with changes in albumin handling. Collectively, these results indicate that both the
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glomerulus and the PT contribute to albuminuria, and dual treatment of glomerular filtration and albumin
reabsorption may represent an effective treatment of salt-sensitive hypertension.

Keywords: albuminuria, glomerulus, proximal tubule, chronic kidney disease

chronic kidney disease (CKD) is characterized by a progressive loss in kidney function, occurring over the
course of months or years, and is estimated to affect more than 25 million adults in the US alone (1, 24, 51).
The two major causes of CKD are uncontrolled diabetic nephropathy and hypertension, which together
contribute to two-thirds of all cases (41). CKD also predisposes affected individuals to other cardiovascular
traits, including dyslipidemia, atherosclerosis, and left ventricular hypertrophy. Canonically, glomerular
filtration rate (GFR), which is approximated clinically by measuring serum creatinine levels, is used to
define CKD. However, a significant proportion of CKD patients do not exhibit reduced GFR but do exhibit
overt albuminuria (15, 26, 63, 67). Similarly, acute kidney injury patients were shown to exhibit increases in
urine albumin before and sometimes in the absence of changes in serum creatinine, suggesting that albumin
may serve as a more sensitive biomarker for early diagnosis of renal damage (6, 61). Collectively, these
studies suggest that albuminuria represents a more robust predictor of kidney disease and associated
cardiorenal pathologies than GFR and raises an interesting question regarding the role of albumin in disease
initiation and progression.

The Dahl salt-sensitive (SS) rat is an extensively used and well-established model of salt-induced
hypertension and kidney disease that recapitulates many of the clinical features observed in humans with
essential hypertension. Upon being fed a high-salt (HS) diet, the SS rat exhibits a rapid and marked increase
in mean arterial blood pressure (MAP) and albuminuria (33, 34). Consistent with the human studies
described above, albuminuria occurs before any reduction in GFR in SS rats fed a HS diet (14). The goal of
this study was to examine the combined contribution of three renal physiological components, the
vasculature, glomeruli, and proximal tubules (PT), to the progression of albuminuria in the SS hypertensive
rat. To this end, we applied an intravital two-photon microscopy (ITPM)-based imaging approach (37) to
capture the dynamic nature of renal physiology and investigate changes in renal function that occur during
the development of salt-sensitive hypertension. ITPM is able to reveal the complex physiological and
pathological changes that occur in the kidney in real-time (53). This method also allows fluorescent albumin
and other molecular markers to be monitored in vivo in the kidney cortex, resulting in the measurement of
filtration from the microvasculature and reabsorption at the PT.

Following consumption of a HS diet, SS rats exhibited significant hypertension and albuminuria. Over time,
the hypertensive rats began to filter more albumin at the glomerulus. The increased filtration resulted in
increased levels of albumin reaching the PT, which normally is reabsorbed and trancytosed back into
circulation (50). In hypertensive rats, we observed a significant reduction in serum albumin as well as
changes in albumin reabsorption, which is rapidly increased in response to albumin load and further decay
and promotes fast progression of albuminuria primarily because of significant pathological damage that had
occurred over time. Concomitantly, changes in the regulation of microvascular blood flow and damage of
perivascular capillary bed that can be triggered by PT damage (11, 31) had also occurred after ingestion of a
HS diet. Collectively, our data suggest that both the glomerulus and PT cells contribute to albuminuria in
the SS hypertensive rats. Furthermore, our results suggest that treatment of salt-sensitive hypertension as
well as other forms of CKD would benefit from therapeutic interventions, which preserve, repair, and
regenerate the PT.
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Animals.

Surgical procedures, two-photon microscopy, and image analysis.

Quantitation of GSC and PT cell albumin uptake.

Quantitation of vascular extravasation in the kidney cortex.

METHODS
SS (SS/JrHsdMcwi) rats were maintained initially at the Medical College of Wisconsin. After

being weaned, designated rats were sent to the Indiana University School of Medicine, where they were
housed until the experiments were performed. Experiments were approved by corresponding Institutional
Animal Care and Use Committee. All rats were initially fed a 0.4% sodium chloride AIN-76A diet (Low
salt/LS, no. 113755; Dyets). For the experiments, 8- to 10-wk-old male SS rats were either continued to be
maintained on a LS diet or switched to a high-salt (HS; 8% NaCl, AIN-76A, no. 100078; Dyets) diet for ≤3
wk. Rats were given water and food ad libitum throughout the study. Serum albumin and globulin collected
from anesthetized rats (the whole blood samples were centrifuged at 6,000 rpm/5 min), urine albumin, and
creatinine (24 h collection in metabolic cages) were quantified at Marshfield Laboratories (a division of the
Marshfield Clinic, Milwaukee, WI). Blood pressure studies were performed using implanted telemetry
devices (DSI).

In vivo phenotypic characterization of
the experimental SS rats using multiphoton microscopy was performed at the Indiana University School of
Medicine. All surgical, imaging, and image analysis procedures were performed as described previously
(48, 50). Imaging was conducted using an Olympus FV1000 microscope adapted for ITPM with high-
sensitivity gallium arsenide nondescanned 12-bit detectors with animal preparations, as described previously
(44). Animals were anesthetized with pentobarbital sodium (50 mg/ml). A jugular venous line was used to
introduce fluorescent albumin and high-molecular weight dextran. Animal body temperature and heart rate
and blood pressure (90 mmHg average) were measured using LabChart 6 (AD Instruments, Colorado
Springs, CO).

Glomerular sieving coefficients for albumin (GSCs) were
determined using our previously published method (50). Briefly, z-stack images of the glomerulus before
TR-albumin infusion were collected to quantify the background fluorescent levels of the Bowman’s space
and glomerular capillaries. These values were subtracted from the same region after fluorescent albumin
infusion. PT reabsorption was calculated using three-dimensional reconstruction of intravital images of PT
segments taken between 10 and 30 min postinfusion of TR-albumin. To calculate the absorption of albumin,
fluorescent intensity was measured in individual PT using color deconvolution filter with manual selection
of the region of interest. Obtained values were denoted as arbitrary fluorescence units (AU). Data
distribution was fitted in a Nonlinear Curve Fit module (Origin Pro 9.0; OriginLab, Northampton, MA)
using exponential linear function with Levenberg-Marquardt iteration algorithm. Quantification of intensity
values was performed using Metamorph (Molecular Devices) or Fiji (ImageJ 1.47v; National Institutes of
Health). Using the data generated from our studies, filtered albumin was calculated by using serum albumin
and GSC for albumin and mean values for GFR reported previously (14) by the following equation: GFR ×
1,440 min × serum albumin (mg/ml) × GSC (65).

Vascular extravasation was observed using
intravital microscopy after intravenous injection of high-molecular weight, 150-kDa FITC-labeled dextran.
After 5 min postinjection, at least eight to 10 microphotographs from randomly selected areas were
collected for each experimental animal. Indexed color images [LUT: Rainbow RGB (Fiji)] were scored on a
scale from 0 to 3, where 0 was no leakage of 150-kDa FITC-Dextran into the interstitial space, 1 was some
leakage into a portion of the image (<50%), 2 was all of the interstitial space that had 150-kDa Dextran
leaking into it throughout the field, and 3 was the permeability being so high that the intensity within the
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In vitro glomerular albumin permeability.

Renal damage scoring.

Histochemistry.

Statistical analysis.

Development of albuminuria in SS rats.

interstitial space closely matched the plasma intensity.

Rats were infused with FITC-labeled albumin, and kidneys were
harvested and glomeruli isolated by gradual sieving, as described previously (23). Glomeruli were placed in
5% BSA/RPMI solution with high-molecular (150 kDa) TRITC-labeled dextran (TdB Consultancy,
Uppsala, Sweden). Fluorescence intensities, detected with the FITC and TRITC filters, were monitored by
the confocal laser-scanning microscope system Leica TCS SP8 (Leica Microsystems, Buffalo Grove, IL)
and represent inner and outer glomerular space, respectively. Z-stacks of 26 consecutive focal planes (73.83
µm) were collected every 2 min, which allowed reconstructing of fluorescence within glomerular capillaries
(FITC) and glomeruli volume (TRITC) using the Fiji image-processing package (ImageJ 1.47v) and
OriginPro 9.0 (OriginLab). Water dilution of inner glomerular fluorescence and volume changes created by
the oncotic pressure were induced by switching the surrounding medium from 5 to 1% BSA, which was
monitored by 3D imaging throughout the experiment. For glomerular volume reconstitution, the TRITC
signal was inverted and each focal plane processed by the Analyze Particles module (Fiji). Final glomerular
volume was calculated by integration of obtained focal plane areas using OriginPro software. Total
glomerular FITC fluorescence within a z-stack was calculated as a sum of the slices’ intensities (22). The
volume and fluorescence changes represent the alterations in the glomeruli permeability to protein in vivo.
Corresponding changes in albumin reflection coefficients (σ ) were determined by calculating the ratio of
observed changes in glomeruli volume (TRITC signal) or percent change in fluorescence (FITC signal) to
expected changes in volume or fluorescence, respectively, that are equal to the percent change in the
albumin concentration in the bath. Changes in relative albumin permeability, P , were calculated as
Δ(1-σ ), similar to protocols described earlier (20, 47, 52).

Three-dimensional ×20 images were taken using the two-photon microscope after
infusion of Hoechst, TR-albumin, and 150-kDa FITC dextran. Damage severity was scored on a scale of 0–
3, where 0 meant there was no damage present and 3 meant there were multiple apoptotic and sclerotic
lesions present and significant tubular dilation due to the presence of cast material. All images were scored
by two blinded subjects, and the results were averaged.

For kidney damage analysis, the tissue was stained with Masson’s trichrome. Briefly,
formalin-fixed kidney sections were cut into 4-μm slices, dried, and deparaffinized for subsequent
streptavidin-biotin immunohistochemistry. After deparaffinization, the slides were treated with a citrate
buffer (pH 6) for a total of 35 min. The slides were blocked with a peroxidase block (DAKO, Carpinteria,
CA), Avidin Block (Vector Laboratories, Burlingame, CA), Biotin Block (Vector), and serum-free Protein
Block (DAKO).

Statistical analysis was performed using OriginPro 9.0 (OriginLab). Data were
expressed as means ± SE and assessed for significance using a one-way ANOVA with a Bonferroni post
hoc test or another appropriate statistical test as indicated in the text. A probability value of P < 0.05 was
considered significant.

RESULTS
The effects of HS diet consumption on blood pressure and urinary

albumin excretion in SS rats have been demonstrated previously (14, 34). Consistent with these studies, the
change from a low-salt (LS) diet (0.4%) to a high-salt (HS) diet (8%) for 21 days (21D) was coincident with
a progressive elevation in MAP (113 ± 2 vs. 112 ± 2, 114 ± 4 vs. 122 ± 1, 116 ± 4 vs. 128 ± 1, 119 ± 4 vs.
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High-salt diet increases glomerular permeability to albumin.

146 ± 3, and 122 ± 4 vs. 172 ± 5 mmHg; LS vs. HS on days 0, 3, 7, 14, and 21 after a change of diet, P <
0.05) (Fig. 1A) and albuminuria (1.31 ± 0.1 vs. 3.47 ± 0.33, 6.75 ± 1.27, 13.28 ± 2.14, and 17.04 ± 2.68
Alb/Cre ratio for LS vs. 3, 7, 14, and 21 days of HS, respectively, P < 0.05) (Fig. 1B). Interestingly, serum
albumin levels were significantly reduced after 7 days HS and declined further thereafter (2.57 ± 0.07, 2.46
± 0.08, and 2.44 ± 0.07 g/dl at 7D, 14D, and 21D of HS, respectively, vs. 2.98 ± 0.07 g/dl at LS, P < 0.05) (
Fig. 1C). In contrast, serum concentration of globulins, blood proteins with significantly higher molecular
weight and correspondingly lower permeability for glomeruli filtration barrier (3.16 ± 0.03 at LS vs. 2.76 ±
0.12, 3.07 ± 0.15, 3.3 ± 0.08, and 3.38 ± 0.12 g/dl at 7D, 14D, and 21D of HS) and creatinine (0.36 ± 0.03 at
LS vs. 0.36 ± 0.04, 0.32 ± 0.03, 0.34 ± 0.03, and 0.38 ± 0.04 mg/dl at 7D, 14D, and 21D on HS
correspondingly) was stable during the development of hypertension (Fig. 1, D and E). These data
demonstrate the marked and progressive changes in albumin handling and serum albumin/globulin ratio,
which might indicate pathological remodeling in kidney function during the development of hypertension.

To determine whether increased glomerular
permeability to albumin causes albuminuria in SS rats fed a HS diet, we first evaluated the use of intravital
two-photon microscopy (ITPM) as a means to investigate glomerular function in vivo. We found that the SS
rats possess a superficial glomerular network, suggesting that our ITPM-based imaging approach would be a
suitable means for examination. To monitor albumin handing in the kidney, superficial glomeruli were
optically sectioned before and after intravenous infusion of Texas Red-labeled albumin (TR-albumin)
following 2 wk of HS or LS diets (Supplemental Video S1; Supplemental Material for this article is
available on the AJP-Renal Physiology web site). By measuring TR-albumin fluorescence in the glomerular
capillaries and the Bowman’s space, we derived a glomerular sieving coefficient for albumin (GSC ), as
described previously (49). Previously reported values vary significantly, ranging from 0.08 × 10  to 0.07,
depending on pathophysiological status and method used (37). Representative images reveal elevated
albumin levels in the Bowman’s capsule (Fig. 2A) as well as surrounding fibrosis and turbulent flow in the
glomerular capillaries (Supplemental Video S2, A and B) after 14 days of HS diet. We found that the
GSC  for LS-fed SS rats was 0.0146 ± 0.0015, which is consistent with measurements from Munich-
Wistar rats (50). Using serum albumin and GFR values obtained for SS rats on the LS diet (14), GSC
corresponds to ~0.797 ± 0.084 g albumin/day filtered, as calculated similarly to previously described
equations for mass balance of albumin filtration (65). Following consumption of a HS diet for 14 days,
GSC  was increased 370%, correlating to ~3.689 ± 2.005 g albumin/day filtered (0.0146 ± 0.0015 vs.
0.0686 ± 0.0373, GSC  for LS vs. 14D on HS, respectively; n ≥ 5 for each group, P < 0.05) (Fig. 2B).

To determine whether a HS diet affects glomerular permeability, we calculated albumin reflection
coefficient (σ ), in ex vivo glomeruli using an assay based on changes in glomerular volume dynamics and
fluorescent dilution (see Fig. 2C and Supplemental Video S3, A and B). Following ITPM, glomeruli were
extracted and decapsulated, and permeability studies were performed by exposing isolated glomeruli to
oncotic gradients. The oncotic pressure created by reducing bovine serum albumin (BSA) concentration in
the recording chamber reestablished a transcapillary albumin gradient that was directly proportional to the
relative permeability to albumin (P ) in the absence of hydraulic forces in isolated glomeruli. Consistent
with results in vivo showing a significant elevation of GSC  in HS-fed rats, we found an impairment in the
glomerular volume dynamics in HS-fed animals (120 ± 5 vs. 109 ± 4, 102 ± 2, and 106 ± 4% of maximum
volume change; LS vs. 3, 7, and 14 days on HS, respectively; Fig. 2D). Additionally, the dilution of
fluorescence in the glomerular capillaries due to water influx in response to the oncotic gradient was
significantly reduced in the HS diet state (0.74 ± 0.02 vs. 0.79 ± 0.01, 0.86 ± 0.01, and 0.83 ± 0.01 FITC
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Proximal tubular reabsorption is a contributing factor to albuminuria.

Microvascular changes associated with hypertension and renal damage.

AU; LS vs. 3, 7, and 14 days on HS, respectively; Fig. 2E). Corresponding changes in P  are shown in 
Fig. 2F (volume measurements on days 3, 7, and 14 of the HS diet are 0.07 ± 0.01, 0.15 ± 0.02, and 0.11 ±
0.02, P < 0.05 compared with LS; fluorescent measurements are 0.13 ± 0.03, 0.18 ± 0.02, and 0.16 ± 0.02, P
< 0.05 compared with LS). Collectively, these data indicate that the integrity of the glomerular barrier in rats
fed a HS diet is severely compromised by the changes in both glomerular hydrodynamics and permeability
and may represent a causal mechanism for the ensuing rise in blood pressure.

It has been shown that both
glomerular permeability and PT reabsorption of albumin play significant and likely interactive roles in
determining albuminuria (17, 37). We next assessed by ITPM how PT responded to the increased filtered
load of albumin following HS consumption (Fig. 3A and Supplementary Video S4). To determine the extent
of albumin reabsorption in individual PTs, TR-albumin fluorescence was calculated at different time points
for the 30-min period after TR-albumin was infused into blood stream. As shown in Fig. 3B, LS-fed SS rats
reabsorbed a constant level of albumin (537 ± 32 vs. 532 ± 25 AU at 10- to 15- vs. 25- to 30-min intervals
after TR-albumin infusion; n ≥ 27 tubules for each group), suggesting a stable regulation of albumin
uptake/transcytosis mechanisms for returning filtered albumin to the circulation, consistent with previous
reports (65). In contrast, SS rats fed a HS diet began filtering more albumin (Fig. 2), which correlated with
an increase in PT uptake of TR-albumin (532 ± 25 vs. 935 ± 77, 1,156 ± 121, and 1,088 ± 62 AU, LS vs. 3-,
7-, and 14-day HS, respectively, at 25- to 30-min intervals after TR-albumin infusion; n ≥ 10 tubules for
each group, P < 0.05 compared with LS) (Fig. 3, B and C).

In addition to increased PT reabsorption with the HS diet, we observed areas with high concentration of TR-
albumin in PT (Figs. 4A and 5B). Most of the cells in PTs flooded with TR-albumin concentrate fluorescent
dye on the apical side, which could indicate impaired transport mechanisms for albumin (Fig. 4B). The
presence of granular casts in PT flooded with albumin was shown in vivo and during
immunohystochemistry staining with Mason’s trichrome for SS rat kidney cortex 14 days after a HS diet (
Fig. 4, A and C). Overall, low magnification screening analysis of PT revealed damage of perivascular
capillary bed (Fig. 5A), increased abundance of granular casts in the tubular lumen, apoptotic cell debris,
dilation, and necrotic epithelial walls in HS-fed rats (Fig. 5, B and C). Immunohistochemistry staining of SS
rats fed a HS diet further revealed the presence of PT casts in the kidney cortex (Fig. 5D). Cumulatively,
these results indicate that PT albumin reuptake mechanisms and PT tubules conditions are significantly
affected by prolonged HS consumption.

Hypertension increases the
likelihood of heart failure and peripheral vascular disease, which is accompanied by a number of
pathological changes in the vasculature, such as turbulent blood flow, microvascular occlusion, and
disruption of the vascular wall. It was also demonstrated previously that the communication between PT and
endothelial cells directly affects the function of adjacent peritubular blood vessels (31, 36). Because
pathological damage to the PT and the surrounding capillaries (Fig. 5) can affect hemodynamic properties,
blood flow through the capillaries as well as vascular diameter (VD) were measured by taking line scans in
vivo during the development of salt-sensitive hypertension (Fig. 6, A and B). Following 7 days on a HS diet,
the SS rats exhibited a significant increase in VD (13.3 ± 0.4 vs. 16 ± 0.4, 19.2 ± 0.4, and 17.6 ± 0.4 µm for
LS, 3, 7, and 14 days on HS, respectively, P < 0.05, LS compared with 7- and 14-day HS) and an elevation
in RBC velocity (771 ± 22.2 vs. 678.5 ± 22.2, 970.2 ± 125.5, and 1,039.9 ± 71.8 µm/s for LS and 3, 7, and
14 days on HS, respectively, P < 0.05, LS compared with HS), consistent with impaired autoregulatory
mechanisms. In addition, we observed disruption of the vascular walls (vascular extravasation) in
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hypertensive kidneys. The injection of the nonpermeable to the glomerular filtration barrier, 150-kDa,
FITC-labeled dextran revealed a significant increase in the FITC in the interstitial space, which
corresponded to the leakage of high-molecular weight dextran in SS rats fed a HS diet (0.61 ± 0.09 vs. 1.22
± 0.14 for LS and 14-day HS, respectively, P < 0.05; Fig. 6C). Thus, it is likely that increased blood flow
represents the consequence of PT and perivascular capillary bed damage and contributes to progression of
the disease in the SS rat.

DISCUSSION
Salt-induced hypertension and the associated renal and cardiovascular complications affect a large
population and are a major cause of CKD. The results presented here highlight the complex nature of the
renal physiological changes that occur during hypertension and albuminuria. It is widely accepted that
albuminuria is a strong predictor of renal damage and kidney disease. Albuminuria also plays a significant
role in the pathogenesis of hypertension as well as other cardiovascular diseases, including congestive heart
failure, metabolic syndrome, and CKD (4, 13, 14, 38, 57). According to the Framingham Heart Study,
albuminuria was identified as an independent risk factor for cardiovascular disease even in the absence of
other disease-specific markers (25, 54, 57). Clinically, albuminuria is considered a marker of widespread
vascular damage in the hypertensive population and is among one of the clinical parameters associated with
poor outcomes (9).

Despite the significance of albuminuria in hypertension, the events leading to albuminuria are not well
understood. The goal of the current study was to determine the mechanisms contributing to albuminuria in
the kidney of the Dahl SS rat, a rat model of salt-sensitive hypertension. Upon high salt consumption we
observed significant changes in blood pressure and albumin handling in the kidney. Interestingly, the
hypertensive rat’s serum albumin levels were significantly lower than those of normotensive rats. These
observations are consistent with recent clinical studies (59), indicating that serum albumin was significantly
lower in patients with clinically overt cardiovascular disease. In vivo analysis during HS consumption
revealed that in addition to increased glomerular permeability to albumin, PT reabsorption mechanisms
were also augmented, which likely represent a compensatory mechanism due to increased filtration of
albumin. These results suggest that both the glomeruli and PT epithelial cells play significant roles in
regulating albuminuria and kidney function during hypertension.

Previous findings have attributed albuminuria to either glomerular or PT damage, but concurrent analysis of
both factors has, to the best of our knowledge, not been carried out (7, 65). In this study, we used ITPM
imaging of the kidney to quantitatively analyze the intrarenal mechanisms involved in the control of blood
pressure and albumin handling in the context of salt-mediated hypertension. The same imaging technique
was previously applied to studying different disease states in Munich-Wistar rats (49, 60), demonstrating its
validity and applicability. By applying this methodology, we found that the HS diet caused a marked
increase in albumin filtration in the SS rat [3.7 (HS) vs. 0.8 g albumin/day (LS), P < 0.05; Fig. 2B].
Complementary studies of glomerular hemodynamics in vitro showed that glomeruli isolated from rats fed a
HS diet exhibited increased glomerular permeability to albumin and impaired the responsiveness to the
oncotic gradient changes. Although we observed changes in glomerular function, we also observed a
concomitant increase in PT reabsorption of albumin. These findings suggest that as albumin filtration
increases in HS-fed rats, the PT attempts to compensate by actively reabsorbing albumin in all PT segments
(Figs. 3B and 4A). Although this protects acutely (3 days HS) against albuminuria development, our data
show that the PT quickly becomes overwhelmed and albumin reuptake markedly declines. After 14 days of
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the HS diet, we also observed severe pathological changes, including the presence of cast material and
necrotic lesions (Fig. 5). Collectively, these results suggest that both the glomerulus and the PT are
contributing to albuminuria and renal damage.

Numerous clinical reports indicate that the main contributor to the progression of CKD is the PT (10, 28,
42). To maintain glomerulotubular balance during CKD, tubular reabsorption mechanisms must compensate
for changes in filtration (55). This increase in PT metabolic load can have detrimental effects, including a
rapid increase in reactive oxygen species production (56), tubular cell apoptosis, fibrosis, and nephron loss
(55, 62). Our data are consistent with these findings and suggest that the PT are likely being directly
affected by the changes in glomerular filtration. Although there is a direct implication of the PT in Fanconi
Syndrome (40), the data presented here and by others previously support the conclusion that the PT plays a
significant role in the pathogenesis of CKD.

Despite previous findings (50), the renal albumin handling and transcytosis in PT cells is still debatable.
Multiple studies, including experiments with knockout animals, showed the importance of proteins
regulating PT albumin reuptake, such as megalin and cubilin (2, 12, 29, 43). However, there is no evidence
of changes in the abundance of these reuptake proteins or the distribution in PT cells during albuminuria or
proteinuria (65). Recent findings suggest a possible molecular mechanism of albumin transport through the
neonatal Fc receptor (FcRn) which is expressed in the apical region of PT cells (66). Additional studies
investigating the abundance and function of FcRn and other proteins during CKD and albuminuria will be
needed to uncover the mechanisms by which albumin is handled in the PT.

Microalbuminuria has been associated with endothelial damage and is an independent risk factor associated
with diabetes, CKD, hypertension, venous thromboembolism, and all-cause mortality (30). Fundamental
studies by Brenner (8) have suggested that glomerulotubular balance is maintained by intrinsic tubular and
peritubular capillary adaptations that parallel the filtration rate of nephron. Thus, in addition to changes in
glomerular permeability and PT reabsorption, we attempted to determine the contribution of vascular
hemodynamic properties to albuminuria. Sampling of renal vessels throughout the cortex revealed that
vascular flow rate and diameter increase upon HS consumption (Fig. 6A). These changes are contradictory
to the normal physiological response of the blood vessels and support the previous observations indicating
that autoregulatory mechanisms are impaired in the SS rat (21, 27). Because blood flow to the glomerulus is
not maintained at a constant rate, this may partially explain the changes in glomerular permeability to
albumin and GFR that occur following HS consumption. Furthermore, in vivo studies (31, 32) utilizing
target bacterial infections of PT cells indicate that disruption in tubulovascular cross-talk within hours
results in ischemia of surrounding capillaries and further triggers endothelial cell damage and loss of renal
microvascular integrity. In addition, genetic ablation of tubular vascular endothelial growth factor A results
in selective dropout of peritubular microvessels, which indicates tide relation between tubular and
perivascular regions of the kidneys (18). Similarly, our data indicate significant changes in perivascular beds
during PT damage (Figs. 5A and 6C). Impaired microvascular blood flow can lead to substantial differences
in oxygen tension and contribute to the development of vascular damage, which is highly important from
the clinical point since, in comparison with tubular epithelial cells, the regenerative capacity of endothelial
cells is limited (5, 19).

There is a clear association between the infiltration of immune cells in the kidney and hypertension and
renal damage in patients, but the mechanistic relationship is not well defined (64). It has been suggested that
immune cell infiltrates may invoke a change in blood pressure and renal function as early as 4–8 days post-
initiation of a HS diet (16, 35). It is possible to track immune cells in vivo by filtering scans for nuclear

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5582897/figure/F0005/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5582897/figure/F0006/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5582897/figure/F0006/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5582897/figure/F0005/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5582897/figure/F0005/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5582897/figure/F0006/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5582897/figure/F0006/


imaging Techniques in renal (patho)Physiology research: intravital imaging of the kidney in a rat model of salt-sensitive hypertension

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5582897/?report=printable[5/9/2019 8:37:49 aM]

Hoechst staining (Fig. 6B). Future studies utilizing genetic approaches to selectively label leukocyte
subpopulations via genetic reporters will be needed to elucidate the specific immune mechanisms
contributing to salt-sensitive hypertension.

Although ITPM allows for in vivo imaging of the cortex renal function, it relies on the premise and potential
limitation that the animal model’s kidney contains superficial glomeruli for measuring glomerular sieving
coefficients. Many of the previous studies of renal function, especially those utilizing the micropuncture
approach (58), were performed in Munich-Wistar Rats, which contain large numbers of superficial
glomeruli. As indicated here, the SS rat kidneys contain some but not many superficial glomeruli, which
allowed us to explore mechanisms regulating albumin handling and associated pathological changes during
the development of salt-sensitive hypertension. It is likely that both the cortex and medulla are contributing
to the pathogenesis of hypertension in the Dahl SS rats, since it was shown previously that the percentages
of injured cortical and juxtamedullary glomeruli are equal during the development of salt-induced
hypertension in SS rats (39). Moreover, a mixture of superficial, cortical, and juxtamedullary glomeruli was
used in this study for ex vivo permeability assay.

Antihypertensive therapy typically involves inhibition of the angiotensin system and is effective as a first-
pass treatment option. However, mild renal insufficiency remains present in a significant proportion of
hypertensive patients undergoing treatment (46). This is coincident with a marked increase in cardiovascular
disease risk, including stroke, coronary artery disease, heart failure, atrial fibrillation, and peripheral
vascular disease (3, 45). Clinical treatment of albuminuria includes the use of ACE inhibitors and ARBs,
which mostly exert their effects on the glomeruli and the vasculature within the kidney. Interestingly, our
data show that, even during the early stages of salt-sensitive hypertension, severe damage occurs in the PT,
resulting in pathological changes and attenuated albumin transport. Thus, therapies designed to mitigate PT
pathology and promote its repair and regeneration may be a complementary treatment option (10). Further
understanding of the pharmacological prevention of PT damage during the development of hypertension is
essential for treating albuminuria and maintaining renal function.
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Development of salt-sensitive hypertension in Dahl salt-sensitive (SS) rats. A: mean arterial pressure (MAP) was measured
by telemetry in SS rats fed low-salt (LS) followed by high-salt (HS) chow (0.4 vs. 8% NaCl, respectively). B: urine
albumin/creatinine ratios demonstrate a rapid development of albuminuria in SS rats fed a HS diet. C: plasma albumin (68
kDa) level in SS rats fed a LS and HS diets, as shown in A. D: concentration of plasma globulins (92–120 kDa) during the
development of salt-sensitive hypertension. E: serum creatinine level in SS rats fed LS and HS diet [3 (3D), 7 (7D), 14
(14D), and 21 days (21D)]; n ≥ 7 rats/group for all graphs. *P < 0.05 compared with LS. NS, nonignificant. ○, MAP on the
LS diet (NaCl 0.4%); ●, MAPS on HS (NaCl 8%) diets.

Fig. 2.
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Hypertensive effects on glomerular sieving of albumin (GSC ) measured in vivo and glomerular permeability to albumin
measured ex vivo. A: representative intravital images demonstrating glomerulus before and after infusion of Texas Red
(TR)-labeled albumin. These images revealed a significant increase in albumin concentration in the Bowman’s space of SS
rats following consumption of a high-salt diet for 14 days (14D HS). Scale bar, 20 µm. B, top: GSC  assessed with
intravital imaging in SS rats fed LS and HS (14 days) diets (n ≥ 5 for each group; *P < 0.05). B, bottom: estimated amount
of daily filtered albumin. C: glomeruli were extracted and glomerular permeability studies performed by exposing isolated
glomeruli to oncotic gradients (changing BSA from 5 to 1% solution). Fluorescent intensities of FITC albumin and TRITC
dextran were monitored by confocal laser scanning. A z-stack of 26 consecutive focal planes (73.83 µm) was collected
every 2 min, which allowed for the monitoring of fluorescence within glomerular capillaries (FITC) and surrounding the
glomerulus to measure glomerular volume (TRITC) in 3-dimensional reconstruction. D: changes in glomerular volume (%
maximum volume change) in SS rats fed a LS vs. 3D, 7D, and 14D on HS; n ≥ 11, P < 0.05. E: fluorescence created by the
oncotic gradient following HS consumption (n ≥ 17, P < 0.05). F: changes in permeability to albumin (ΔP ; n = 11
glomeruli/group) calculated from the volume (ΔV) measurements (hatched bars; #P < 0.05 compared with LS) and
fluorescent (ΔF) measurements (solid bars; *P < 0.05 compared with LS).

Fig. 3.
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Evaluation of proximal tubular reabsorption of albumin during salt-sensitive hypertension. A: 3-dimensional reconstruction
of low-magnification screening (IRAPO ×25 W objective, NA 1.0; Leica) shows the glomerulus (arrow), albumin filtered
through and actively reabsorbed by proximal tubules (TR-albumin; red), vasculature (150-kDa FITC-labeled dextran;
green), and nuclear staining (Hoechst; blue) in proximal and distal (dense blue color) tubules. Scale bar, 100 µm. B: time-
dependent changes in TR-albumin (from the initial infusion to >30 min) in proximal tubule (PT) of SS rats fed a LS or HS
(3D, 7D, and 14D) diet. Note that PT albumin reabsorption in rats fed a LS diet showed a linear dependence with well-
balanced uptake and transcytosis (○). Control reabsorption values are plotted in all of the graphs to demonstrate the
differences before and after HS treatment. PT reabsorption increased significantly in a stepwise manner under HS
conditions (no. of tubules varies from 30 for 3D and 7D to 110 for LS and 14D groups). C: representative images of PT
reabsorbing TR-albumin (28 min after infusion) following consumption of a LS or 14D HS diet (3-dimensional
reconstruction of 25 z-stack intravital images). Note the significant increase in TR-albumin (red) reabsorbed by PT under
HS diet conditions. Scale bar, 20 µm.

Fig. 4.
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Reabsorption of albumin by proximal tubule cells and cell damage during salt-sensitive hypertension. A: intarvital imaging
of PT after 25 min postinjection of TR-albumin (red) into blood circulation at LS and 14 days of HS. Note the significant
accumulation of TR-albumin in PT in the case of substantial glomerular leakage of proteins (bottom). Scale bar, 20 µm. B:
high-magnification images of PT and microvascular area under the conditions described in A. Scale bar, 10 µm. Note the
high density and different localization of TR-albumin in PT cells at HS conditions. C: representative kidney section from
SS rats fed HS diet. Arrow shows protein casts in both intravital (A) and immunohistochemical (C) images of PT.

Fig. 5.
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Proximal tubule (PT) damage during development of salt-sensitive hypertension and albuminuria. A: 3-dimensional
reconstruction of the kidney section from an SS rat fed a HS for 14 days assessed with intravital imaging. Shown are dilated
PT (wide black areas) and changes in perivascular beds (arrows; yellow color represents mix of red and green channels,
TR-albumin, and 150-kDa FITC-labeled dextran correspondingly). B: low-magnification screening revealed large PT
segments with dilated epithelium, granular cast material, and other intertubular abnormalities that resulted in the absence of
albumin reabsorption or urine flow. Shown with arrows are cystic-dilated PT (left) and flooding with TR-albumin (right).
C: summary graph of PT damage (score of 3 indicates the most severe injury; n = 10 rats/group, with ≤15 images analyzed
for each rat; *P < 0.05). D: kidney sections from SS rats fed a HS diet for 14 days. Shown are protein casts and PT tubular
damage (arrows). Scale bars, 100 µm for all images.

Fig. 6.
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Assessing blood flow and vascular pathologies in the kidney. A: cortical renal blood vessel flow rates were evaluated by
scanning red blood cell (RBC) velocity. Changes in blood flow and vascular diameter following high salt consumption; n =
339, 225, 225, and 225 vessels for LS, 3D, 7D, and 14D HS, respectively; *P < 0.05 for LS compared with 7D and 14D
HS. B: representative images demonstrating the blood vessel line scans used to measure RBC velocity (µm/s) and
microvessel diameter (µm). At right is a line scan example that tracks the movement of red blood (red) or white cells (blue)
correspondingly. C: vascular extravasation of high-molecular weight molecules was assessed by injecting of 150-kDa
FITC-Dextran and scoring the obtained indexed images in the renal cortex of experimental animals (P < 0.05). Top (LS-fed
rats): there is no leakage of the 150-kDa Dextran into the interstitial space. Inset: shows the color intensity calibration bar.
Bottom (14D HS-fed rats): high-intensity fluorescence within the interstitial space (*) closely matching the plasma
intensity. Scale bars, 100 µm for all images.
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