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The in-life part of the animal study was conducted at Ricerca Biosciences (formerly MDS Pharma Services), Lyon, France in general

compliance with ICH guidelines. Cynomolgus monkeys (Macaca fascicularis) were administered the test compound via naso-gastric

intubation. In two separate studies, animals were given daily doses of 10, 25 and 50 mg/kg/day for up to 7 days or daily doses of 5,

10 and 20 mg/kg/day for 1 month. Dosing with 20 mg/kg/day was followed by a 1-month dosing free period. For the 7-day study,

blood samples for assessment of serum biochemistry were collected once pretest and on day 7. For the 1-month study, blood and

urine were sampled twice pretest and in study week 2, 4 and 8. All animals were necropsied, tissue samples were fixed in 10%

neutral formalin for routine processing (for 2-3 weeks) and paraffin-embedded. Slides were cut at nominal 5 µm and stained with

hematoxylin and eosin (H&E) and with Periodic Acid Schiff (PAS).

IHC was performed as described previously (Price et al, 2010). For the triple stain, rabbit polyclonal anti-aquaporin 2 (Sigma, Saint

Louis, Missouri, USA) was the first primary antibody to be applied (1:4000, 30 min) and detected using rabbit-specific EnVision®+

System–HRP polymer kit (Dako, UK), with diaminobenzidine (DAB) as the chromogen (10 min). Mouse monoclonal anti-calbindin

D28K antibody (1:100, 30 min, Sigma) was the next antibody to be applied. This was detected using the mouse-specific EnVision®+

System–HRP (Dako, UK), polymer kit (Dako) with Vector SG (Vector Laboratories) as the chromogen (10 min). Rabbit anti-rat

aquaporin 1 (Alpha Diagnostic International, San Antonio, Texas, USA) was the final antibody to be applied (1:200, 60 min) and this

was detected using a rabbit/mouse polymer alkaline phosphatase kit (Dako, 30 min) with permanent red (Dako) as the chromogen

(10 min). In between each primary antibody, sections were incubated in serum free block (Dako) for 15 min. For single stains, anti-

calbindin D28K was applied at 1:1000 for 30 min and anti-aquaporin 2 was applied at 1:4000 for 60 min. Dual Link HRP Labelled

Polymer (DAKO) was then applied to slides treated with the un-conjugated antibodies for 30 min (mouse or rabbit, respectively) and

the immunoreactivity was visualised using DAB.

An aliquot of urine from multiple time points during the 1-month study (pretest and weeks 2, 4 and 8) was used to identify potential

biomarkers. Human KidneyMAP™ v. 1.0 panel was used (Rules Based Medicine (RBM), TX). The markers that were cross reactive with

the human panel were β2-microglobulin, calbindin, clusterin, CTGF, cystatin C, NGAL, THP, timp 1 and VEGF. Urinary biomarker data

was assessed by analysis of variance (ANOVA) followed by a Tukey’s post hoc test.

Microscopic evaluation of the kidneys from animals dosed 50 mg/kg/day for 4 or 5 days showed

multifocal severe degeneration and necrosis of tubuli, extending from the outer cortex to the inner

medulla. Affected tubuli were markedly dilated and filled with neutrophils, debris and protein-

rich material (Fig. 1A, B and C). Dosing at 25 mg/kg/day for 7 days led to prominent simple

dilatation of tubuli (Fig. 1D) and multifocal tubular degeneration. Longer dosing (20 mg/kg/day

for up to 1 month) led to multifocal degeneration and regeneration in parallel (Fig. 1E). Multiple

tubuli were lined by degenerated epithelium with desquamated epithelial cells, neutrophil casts or

increased proteinaceous material in the lumen. Tubular degeneration was associated with a mixed

inflammatory cell infiltration of neutrophils, and fewer lymphocytes and macrophages in the

surrounding interstitium. Tubular regeneration varied from increased basophilia of the tubular

epithelium with flattened to low cuboidal cells to hyperplastic foci of tubular epithelium with

piling up of nuclei. While the lesions affected mainly the tubuli and the adjacent interstitium, the

glomeruli appeared morphologically normal (Fig. 2A and B).

Figure 2: Kidney, female monkey, PAS staining showing

that glomeruli appeared morphologically unaffected.

A Control B Animal dosed with 20 mg/kg/day for

1 month, x200.

The IHC method developed was successfully used to label proximal tubules (aquaporin 1), distal

tubules (calbindin D28K) and collecting ducts (aquaporin 2 and calbindin D28K) in the kidney of

the cynomologous monkey. By histological evaluation of H&E slides, the tubular lesions caused

by the test compound could not be attributed to a particular nephron segment. Urea and

creatinine were only slightly increased in the majority of animals and are known to be insensitive

markers for kidney injury (Schnellmann 2008). Using the triple stain IHC method, the tubular

lesions could be located to the distal tubules and collecting ducts. These IHC findings correlated

with increased urinary excretion of calbindin D28K. The calbindin D28K antibody shows good

species cross reactivity (Sourial et al, 2009), suggesting that calbindin D28K could be a useful

urinary biomarker for indicating nephrotoxicity caused by this compound and others affecting the

distal nephron.

In summary, using a triple IHC stain for aquaporin 1, aquaporin 2 and calbindin D28K we could

localize tubular lesions induced by the test compound to the distal nephron and correlate them

with a urinary biomarker with potential utility in the clinic.

RESULTS

Immunohistochemical Characterization of Kidney Lesions in Cynomolgus Monkeys 
using a Triple Staining Method

INTRODUCTION
Most studies investigating segment specific nephrotoxicity have been carried out in rodents

(Gautier et al, 2010, Hoffmann et al, 2010). However, cynomolgus monkeys are frequently used as

a non rodent species for safety studies and often display similar pathology. A major problem with

investigating nephrotoxicity in the monkey and identifying potential biomarkers is that very few

antibodies cross react with monkey tissues. A new test compound was given to cynomolgus

monkeys for up to one month. The kidney was identified as main target organ. By histological

evaluation of H&E slides, the tubular lesions could not be attributed to a particular nephron

segment. In order to better characterize the lesions and identify a potential urinary biomarker,

the aim was to localize the lesions to particular nephron segments using immnohistochemistry

(IHC) methods. Markers investigated were calbindin D28K, aquaporin 1 and aquaporin 2. Calbindin

D28K is a vitamin D-dependent calcium binding protein expressed in the distal tubule and

collecting ducts (Bindels et al, 1991). Urinary levels of this marker are correlated with damage to

renal distal tubules in patients following cisplatin chemotherapy (Takashi et al, 1996). Aquaporin 1

is a water channel expressed specifically in proximal tubules and thin limb of the loop of Henle.

Urinary aquaporin 2 is a membrane bound water channel found specifically in principal cells of the

collecting ducts in the kidney (Nielsen et al, 1993).

MATERIAL  AND METHODS

Figure 3: Serial sections of monkey kidney were compared by H&E (A, C, E, G) and by the triple IHC method 

(B, D, F, H).  Proximal tubuli were stained with aquaporin 1 (red), distal tubuli with calbindin D28K (dark 

blue) and collecting ducts with both aquaporin 2 (brown) and calbindin D28K.

A, B Female control, x50.  C, D Female control monkey, x100.  E, F Female monkey dosed with 

25 mg/kg/day for 7 days, x50.  G, H Male monkey dosed with 20 mg/kg/day for 1 month, x100. 

Figure 4: Serial kidney sections of a male cynomolgus monkey dosed with 50 kg/kg/day for 4 days.  

A IHC for calbindin D28K, staining tubuli dilated by neutrophils and debris positive, identifying them as 

distal tubules or collecting ducts, x100.  B IHC for aquaporin2, staining few affected tubuli, confirming 

them as collecting ducts, x100.
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Table 1:  Clinical chemistry findings after 7 daily doses *

The most notable finding in serum

chemistry was an increase in

serum urea (+284%) in the female

dosed at 10 mg/kg/day for 7 days

(Table 1). In animals dosed with

20 mg/kg/day for 1 month, there

was a slight increase in mean urea

concentration at week 2 and 4,

which returned to normal levels

at the end of the recovery period.

No significant effects on urinary

parameters were noted at the end

of the 1-month dosing.

A

EC

B D

Figure 1: Kidney, cynomolgus monkey, H&E staining. A Female dosed with 50 mg/kg/day for 5 days, x3,

B x100, C x100. D Male dosed with 25 mg/kg/day for 7 days, x15. E Male dosed with

20 mg/kg/day for 17 days, x200.

Table 2:  Clinical chemistry findings in the 1-month study
with 1 month recovery *
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A triple stain IHC method was developed (Fig. 3A and B), using antibodies against aquaporin 1

(proximal tubule), aquaporin 2 (collecting ducts) and calbindin D28K (distal tubules and collecting

ducts). Tubuli presenting with degeneration, neutrophil casts or dilatation by H&E, stained

positive for calbindin D28K and aquaporin 2 (* Fig. 3E and F). In comparison to control monkeys

(Fig. 3C), an increase in tubular basophilia, interpreted as regeneration, was present in animals

dosed with 5, 10 or 20 mg/kg/day for 1 month, often associated with desquamation of tubular

epithelial cells and peritubular inflammatory cells (Fig. 3G). Affected tubuli could be identified as

distal tubules and collecting ducts by the triple stain (Fig. 3H).

A single IHC stain for calbindin D28K stained all tubuli presenting with dilatation or degeneration

positive (Fig. 4A). A few of these affected tubuli also stained positive with the single IHC stain for

aquaporin 2 (Fig. 4B).

Vehicle 5 20 mg/kg/day

Urine creatinine was unchanged during the

study and therefore served as an

appropriate normalization marker for the

segment specific biomarkers. During the 1-

month dosing, the test compound

consistently increased urinary levels of

calbindin D28K and clusterin (a marker of

generalized kidney injury in multiple

species) in animals dosed with 20

mg/kg/day. An increase was noted when

compared to vehicle dosed controls as well

as pre-dose levels. Increases were found in

both the absolute levels and also when the

data was normalized to urinary creatinine

(Fig. 5). No significant changes were

observed for β2-microglobulin, CTGF,

cystatin C, NGAL, THP, timp 1 and VEGF.
Figure 5: Urinary biomarker results 

after dosing for 1 month.

A B

A B

E

DC

F HG

*

*

*

*

Dose level  

(mg/kg/day) 

5 10 20 

Urea M F M F M F 

Week 2 - - +33% +71% +50% +58% 

Week 4 - - +51% +55% +35% +48% 

Week 8 ND ND ND ND - - 

 * Difference (%) compared to control and pretest values;  - no change;  ND = not done

Dose level 
(mg/kg/day) 

10 25 

M F M F 

Urea - +284% +49% +75% 

Creatinine - +85% +34% +56% 
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