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Abstract

Background/Aims: The C57BI6 mouse is resistant to chronic
kidney disease (CKD) induced by reduction of renal mass
(RRM). Nitric oxide (NO) deficiency exacerbates CKD progres-
sion so this study investigated whether combination of RRM
and NO deficiency would render the C57BI6 mouse vulner-
able to CKD. Methods: We used wild-type (WT) mice with
RRM, chronic NO synthase (NOS) inhibition and a combina-
tion. Also, endothelial NOS (eNOS) knockout (KO) C57Bl6
mice were studied with and without RRM. Primary endpoints
were albuminuria and structural damage. Results: Both non-
selective (+L-NAME) and neuronal NOS ‘selective’ (+7NI) NOS
inhibition greatly exacerbated the albuminuria and structur-
al damage seen with RRM in the WT mice; NOS inhibition
alone had little effect. The eNOS KO mice showed marked
structural damage and significant albuminuria in the shams
and RRM produced minimal exacerbation of structural dam-
age although the albuminuria was massively amplified. Con-
clusion: These studies demonstrate that the C57BI6 mouse
is rendered vulnerable to RRM-induced CKD when concom-

itant NO deficiency is produced. This observation supports
previous work in CKD-resistant rats and suggests that NO
deficiency is required for progression of CKD.

Copyright © 2010 S. Karger AG, Basel

Introduction

There are marked species and strain differences in the
susceptibility to chronic kidney disease (CKD), for ex-
ample the Wistar-Furth (WF) rat and the C57Bl6 mouse
are resistant to progression of renal ablation-induced
injury [1-3]. In the WF rat the protection from injury is
related to relative preservation of the renal and overall
nitric oxide (NO) systems [1, 4]. In vulnerable animals
(i.e. those susceptible to progression of CKD) NO defi-
ciency develops due to endothelial dysfunction due to in-
creased endogenous NOS inhibitor ADMA and oxidative
stress, possible substrate (L-arginine) deficiency at the ac-
tive site of the NOS and loss of renal NO synthase [1]. Our
recent observations in the rat suggest that the renal neu-
ronal NO synthase (nNOS) response to kidney damage
may be an important determinant of the susceptibility to
CKD progression [1, 5].
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Table 1. 24-Hour urinary albumin

excretion (mg/day) Group Week 0 Week 4 Week 8 Week 11
1 WT sham (n = 4) 22+3 21%6 20+3 26%5
2 WTL-NAME (n =4) 18%6 15%5 14*6 287
3 WT7NI (n=6) 24%3 336 42+6% 43+ 42
4 WTCN (n=6) 25%1 301 45+ 8* 68 +14*
5 WT CN/L-NAME (n = 6) 22%2 34%6 106 £ 352 383+ 194°
6 WT CN/7NI (n=5) 35+2 143 £292 162 £30? 248 £ 67¢
7 eNOS KO sham (n =4) 6210 556 133+30% 162+ 172
8 eNOSKOCN (n=5) 124+29 648 £169* 964 X672 1,170 = 44*

2 p < 0.05 denotes difference from the WT sham value at a given observation week.

In this study we investigate the importance of the NOS
system in the C57Bl6 mouse with a renal ablation model
using cauterization of the left kidney cortex and removal
of the right kidney 1 week later (CN); mice were studied
after 11 weeks. To manipulate NOS, we used systemic
nonselective NOS inhibition (with L-NAME), ‘selective’
nNOS inhibition (with 7NI) and the endothelial (¢)NOS
knockout mice (on the C57Bl6 background). The prima-
ry endpoints were albuminuria and histologic evidence
of renal structural injury.

Methods

Studies were conducted on 31 C57/BL6 male mice and 9 NOS3
knockouts on the C57BL6 background (Jackson Labs, Bar Har-
bor, Me., USA). Either sham or CN surgery was performed at ~16
weeks of age, as follows: 10 min after IP atropine (0.2 mg/kg) mice
were anesthetized with 35 mg/kg b.w. pentobarbital sodium (Sig-
ma, St. Louis, Mo., USA) and 17 mg/kg b.w. IP methohexital so-
dium (brevital sodium, Eli Lilly & Co., Indianapolis, Ind., USA).
CN was performed by cauterization of the left kidney cortex and
right kidney nephrectomy 1 week later, as described previously
[6]. Controls were subjected to two sham operations.

One day after the second surgery the CN and sham operated
mice were divided into the following treatment groups: group 1
(n = 4) were sham controls, group 2 (n = 4) were sham controls
given chronic nonselective NOS inhibition (0.2 g/l Lw-nitro-L-
arginine methyl ester (L-NAME; Sigma), dissolved in drinking
water and changed every other day), group 3 (n = 6) were sham
controls given chronic selective neuronal NOS inhibitor, 7-nitro-
indazole (7NI; 0.1 g/l in drinking water), group 4 (n = 6) were CN,
group 5 (n = 6) were CN+chronic L-NAME, and group 6 (n = 5)
were CN given chronic 7NI. Doses of L-NAME and 7NI were se-
lected based on the study by Kurihara et al. [7]. Groups 1-6 were
wild-type (WT) C57Bl6, groups 7 and 8 were eNOS knockouts,
group 7 (n = 4) were sham controls, and group 8 (n = 5) were CN.

Metabolic cage collections of urine were made before surgery
and at 4, 8 and 11 weeks for measurement of albumin and creati-
nine. After the week 11 metabolic cage urine collection, mice were
anesthetized (as above) and a 27-gauge needle connected to a pres-
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sure transducer was inserted into the abdominal aorta for blood
pressure (BP) measurement. An aortic blood sample was obtained
for creatinine and NOx (nitrite + nitrate) measurement and the
left kidney was removed, cut in half and fixed in 10% buffered
formalin for histology.

Urine albumin was measured by ELISA (Bethyl Laboratories,
Inc., Montgomery, Tex., USA). Plasma NOx was measured using
the NOx fluorimetric assay (Cayman, Ann Arbor, Mich., USA).
Plasma and urine creatinine was measured by HPLC, described
by us previously [4].

Kidney sections were fixed in 10% buffered formalin, embed-
ded in paraffin wax, sectioned in 5-pm slices and stained with
PAS. Kidney sections were evaluated on a blinded basis (by B.C.)
for determination of global glomerulosclerosis (GS), segmental
GS, mesangial matrix (MM) expansion, glomerular ischemia/ at-
rophy, tubular atrophy, tubular hypertrophy, interstitial fibrosis,
and interstitial inflammation. Each element is scaled 0-5 as fol-
lows: none (0), 1-10% (1), 11-25% (2), 26-50% (3), 51-75% (4), and
76-100 (5) as described previously [8].

Results are presented as mean = SEM. Parametric data was
analyzed by t test and one-way ANOVA. Nonparametric data was
tested using the Kruskal-Wallis one-way analysis of ranks. p <
0.05 was considered statistically significant.

Results

As shown in table 1, urinary albumin excretion
(UalbV) was low and similar in groups 1-6 (all WT) at
baseline (week 0). Sham rats and shams given chronic
nonselective NOS inhibition with oral L-NAME showed
no change in UalbV over the 11-week follow-up period.
Shams given ‘selective’ nNOS inhibition with 7NT devel-
oped mild albuminuria which was also seen in the CN
mice. The combination of L-NAME and CN (group 5)
produced significant albuminuria at week 4 which was
marked at weeks 8 and 11 post-surgery. The combination
of 7NI with CN also led to marked albuminuria from
week 4 onwards. In contrast to the WT mice, the eNOS
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Table 2. Histological analysis on renal cortex

Group Global GS Seg. GS MM exp. Glom. isch. Tubular Tubular Int. fibrosis Int. inflam.
atrophy hypert.

1 WT sham 0.00+0.00° 0.00+0.00* 0.00+0.00° 0.00+0.00° 0.25+0.29* 0.00+0.00 0.00%0.00° 0.00*0.00°
2 WTL-NAME 0.00+0.00° 0.00+0.00* 0.00*£0.00° 025029 0.25+0.29*° 0.00*£0.00 0.00%=0.00®° 0.00*0.00
3 WT 7NI 0.00+0.00° 0.50+0.37 4.17+0.34°> 0.17%0.18 0.33+0.23* 0.00+£0.00 0.17%+0.18 0.17*0.18*
4 WTCN 0.50+0.24 0.00%+0.00 1.00+0.49* 233+0.67° 1.17+044 1.17+0.59 0.67+0.23> 1.00%0.28°
5 WT CN/L-NAME 1.33%+0.23> 0.17+£0.18 2.50+0.73%Y 1.50+0.24> 1.67+0.23> 0.17+0.18 1.00%£0.01°> 0.83+0.34
6 WT CN/7NI 1.20+£0.22> 020%+0.22 4.80+0.22> 1.40*+027 1.40%+0.27 0.00£0.00 1.00+0.01> 0.80%0.22°
7 eNOSKOsham  1.00£0.00° 0.50+0.33 4.25+0.55> 0.50*0.33 0.75%0.29 0.00+0.00 0.25*0.29* 0.50=*0.33
8 eNOSKOCN 1.20+£0.26> 0.00+0.00 3.80+0.26%" 1.40+0.32"> 2.00+0.58 1.40*0.77 1.00+0.41> 1.20+0.26

All numbers are given in table 1. p < 0.05 vs. CN/7NL ° p < 0.05 vs. WT sham.

knockouts had substantial baseline albuminuria which
increased ~2.5X over the 11-week observation period in
the shams. The addition of CN in the eNOS knockouts
led to massive albuminuria following CN with ~10X in-
crease by 11 weeks post-surgery (table 1).

Table 2 summarizes the histological evaluation on re-
nal cortex, made at 11 weeks after CN or sham surgery.
The sham WT kidneys showed no glomerular damage
and minimal tubular atrophy. Chronic L-NAME had
no impact on any variable except for mild glomerular
ischemia/atrophy; the tubulointerstitium was similar to
shams. Shams given chronic 7NI (‘selective’ nNOS in-
hibitor) showed a striking increase in MM expansion,
which affected most (>80%) glomeruli, as well as the ap-
pearance of mild segmental GS, interstitial fibrosis and
inflammation. CN in WT led to global GS in about 5% of
glomeruli and mild MM expansion in ~10% of glomer-
uli as well as glomerular ischemia/atrophy in ~50% of
glomeruli. There was also mild tubular atrophy and hy-
pertrophy as well as interstitial fibrosis and inflamma-
tion affecting ~10% of the tubulointerstitium. When CN
was combined with either L-NAME or 7NI there was a
numerically, but not statistically significant increase in
both global and segmental GS compared to the untreated
WT with CN. There was substantial MM expansion in
~50% of glomeruli with the combination of CN+L-
NAME and significantly greater MM expansion in the
CN+7NI mice. The tubulointerstitial changes were rela-
tively mild and similar in groups 5 and 6. The sham eNOS
KO exhibited ~10% global and 5% segmental GS with
MM expansion in the majority of glomeruli, ~5% glo-
merular ischemia/atrophy and mild tubulointerstitial in-
jury. Remarkably, the addition of CN (group 8) did not
significantly worsen any of the histological findings (ta-
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ble 2) although the albuminuria was massively increased,
see above. Representative sections are shown in figure 1.

We obtained a terminal BP in the 6 WT C57Bl6 groups
and as shown in table 3 there were no differences in mean
BP between any of the six groups. Unfortunately, we did
not obtain any BP measurements in the eNOS KOs.

We assessed NO production from plasma NOx (fac-
tored for creatinine to control for differences in renal
clearance). In WT shams PNOx/cr was not different to the
WT L-NAME group, WT 7NI or WT CN (table 3). How-
ever, with the combination of CN+L-NAME and CN+7NI
the PNOx/cr was significantly lower than the WT sham
value (table 3). In eNOS KO shams, PNOx/cr was mark-
edly lower than in WT shams and PNOx/cr in eNOS KO
CN rats was also much reduced versus WT shams (ta-
ble 3). The 24-hour creatinine clearances (Ccr) are also
givenin table 3. As expected, CN always reduced Ccr com-
pared to sham control. The Ccr was not different between
the WT sham and the eNOS KO; however, unexpectedly,
11 weeks of both L-NAME and 7NI led to significant in-
creases in Ccr versus WT shams, perhaps reflecting an
increase in glomerular BP and filtration fraction.

Discussion

The main novel findings in this study were that the
combination of CN and nonselective (+L-NAME) or
nNOS ‘selective’ (+7N1) inhibition render the renal inju-
ry-resistant C57Bl6 mouse susceptible to kidney damage.
Asreported by others, the eNOS KO mouse on the C57Bl6
background exhibits significant structural injury and al-
buminuria and while CN did not worsen the structural
damage it caused exacerbation of the albuminuria.
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Fig. 1. a, b Normal glomeruli and tubules
in the sham WT and the L-NAME-treated
WT. ¢ Two glomeruli with significant me-
sangial matrix expansion (MM expan-
sion) in the 7NI-treated WT. d An area of
focal tubulointerstitial fibrosis and in-
flammation in the WT mice subjected to
cautery/nephrectomy (CN). e Significant
glomerular sclerosis in WT mouse with
CN and given L-NAME. f Global MM ex-
pansion in the upper glomerulus and an
obsolescent glomerulus, below. g Obsoles-
cent glomerulus in the eNOS knockout
sham. h An obsolescent glomerulus and a
normal glomerulus with MM expansion in
the eNOS knockout with CN.

Several lines of evidence suggest that progression of
CKD involves development of NO deficiency [1]. The WF
rat is highly resistant to progression of CKD irrespective
of the initiating cause [4, 9, 10] and has a robust and well-
preserved NOS system. The WF is also resistant to CKD
and hypertension induced by chronic, high-dose NOS in-
hibition with L-NAME [11]. However, when we combined
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severe renal mass reduction with low-dose chronic NOS
inhibition the WF developed rapidly progressing CKD [4].
This suggests that NO deficiency and a second ‘hit” must
be present for progression of CKD. In the present study we
demonstrate a similar relationship between NO deficien-
cy and progression of renal mass reduction-induced CKD
in the injury-resistant C57Bl6 mouse. Our observations
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with the CN model confirm earlier studies which used
different renal mass reduction models and showed that
the C57BI6 is resistant to this form of CKD [2, 3]. Here we
report that chronic nonselective NOS inhibition with L-
NAME had no impact on albumin excretion, renal struc-
ture/fibrosis or BP when given for 11 weeks in the present
study. In contrast, in a transgenic mouse of undisclosed
background strain, administration of 14 weeks of chronic
L-NAME (same dose as used by us) led to marked glomer-
ular sclerosis and hypertension [12], thus the C57Bl6 may
also be resistant to systemic NOS inhibition.

Expansion of the MM is a precursor of glomerular
sclerosis and while chronic NOS inhibition with L-NAME
alone caused no MM expansion, the nNOS ‘selective’
NOS inhibitor 7NI given alone led to widespread MM
expansion (table 2). This may be because at the dose ad-
ministered, 7NI was a more potent NOS inhibitor than
L-NAME, supported by the lower value of PNOx/cr seen
with 7NI versus L-NAME (1.53 * 0.31 vs. 5.2 * 0.45,
p <0.05). Again, the combination of chronic NOS inhibi-
tion (with 7NI) and CN led to increased renal structural
damage and albuminuria. It should be noted that al-
though no differences in BP were seen with either meth-
od of NOS inhibition, the BP measurements were ob-
tained under general anesthesia which may have lowered
all values, although we anticipate that differences be-
tween groups would still be detectable.

The reason that we gave the 7NI was to test the impor-
tance of nNOS-derived NO in protection versus CKD pro-
gression [1, 5] since 7N is reported to be nNOS selective.
However, as pointed out by Alderton et al. [13], 7NT inhib-
its both nNOS and inducible NOS, but not eNOS [13], thus
exacerbation of CN-induced CKD with 7NI could reflect
loss of nNOS- and/or iNOS-derived NO. It is difficult to
predict the impact of iNOS on CKD progression since in-
duction of iNOS is associated with inflammation which
could exacerbate the injury process. Given the lack of eNOS
inhibitory actions of 7NI [13] this does suggest that NO
deficiency due to the nNOS or possibly iNOS, rather than
eNOS, play a major role in CKD progression in the WT.

Because there are no eNOS-selective inhibitors, we
used the eNOS KO mouse on the C57Bl6 background and
in these animals a lifetime of eNOS-dependent NO defi-
ciency does produce significant structural damage to the
kidney, as also reported by others [14, 15]. Although some
indices of renal structural damage were moderately in-
creased when eNOS KO mice were subjected to CN, there
was little overall amplification of injury. This was unex-
pected since progression of diabetic nephropathy is great-
ly exacerbated in the eNOS KO mouse [14, 15] and sev-
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Table 3. Measurements taken at week 11 of mean BP, plasma NO,
+ NOj; = NOx (factored for plasma creatinine) and 24-hour Ccr

Group Mean BP  PNOx/Pcr  Ccr, ml/min
mm Hg

1 WT sham 98x7 3.64%£1.25 0.335% 0.071
2 WTL-NAME 102x6 520*0.45 0.656*0.076°
3 WT7NI 89*3 1.53£0.31  0.593£0.080*
4 WTCN 97x2 1.66+0.46  0.193 £0.044*
5 WTCN/L-NAME 112%5 0.89+0.15*  0.167 £0.033"
6 WT CN/7NI 877 0.83+0.26* 0.328+0.019"
7 eNOS KO sham ND 0.53%£0.07*  0.234%x0.049
8 eNOS KO CN ND 0.25%£0.04* 0.124%*0.019¢

ND = Not determined. All numbers are given in table 1.
2p <0.05WT sham vs. WT experimental.

> p <0.05 WT CN vs. WT experimental.

¢ eNOS sham vs. eNOS CN.

eral groups have reported exacerbation of injury with dif-
ferent models of renal mass reduction CKD in the eNOS
KO [16, 17]. We did, however, note a huge amplification
of the already substantial albuminuria when the eNOS
KOs were subjected to CN. Presumably, this heralds fu-
ture amplification of the structural damage, since heavy
proteinuria exacerbates CKD progression [18]. Neverthe-
less, as noted above, the response to 7NI in the WT+CN
suggests that NO deficiency due to eNOS is less impor-
tant in CKD progression in the WT.

In conclusion, we find that chronic NOS inhibition
with both L-NAME and 7NT render the resistant C57Bl6
mouse susceptible to renal mass reduction-induced CKD.
This is most likely due predominantly to nNOS or iNOS
inhibition, based on the 7NI studies. The sham eNOS KO
mouse has substantial kidney damage which is only
slightly worse at 11 weeks post-CN, although the albu-
minuria is greatly exacerbated. Overall, these findings
support the hypothesis that chronic NOS inhibition pro-
motes CKD progression.
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