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Intra- and extrarenal arteries exhibit different
profiles of contractile responses in high glucose

conditions

K Nobe, Y Nezu, N Tsumita, T Hashimoto and K Honda

Department of Pharmacology, School of Pharmaceutical Sciences, SHOWA University, Tokyo, Japan

Background and purpose: The renal artery (RA) has been extensively investigated for the assessment of renal vascular
function/dysfunction; however, few studies have focused on the intrarenal vasculature.

Experimental approach: We devised a microvascular force measurement system, which allowed us to measure contractions of
interlobar arteries (ILA), isolated from within the mouse kidney and prepared without endothelium.

Key results: KCI (50 mM) induced similar force development in the aorta and RA but responses in the ILA were about 50%
lower. Treatment of RA with 10 um phenylephrine (PE), 10 nM U46619 (thromboxane A, analogue) or 10 uM prostaglandin F5,
elicited a response greater than 150% of that induced by KCI. In ILA, 10 nM U46619 elicited a response that was 130% of the
KCl-induced response; however, other agonists induced levels similar to that induced by KCI. High glucose conditions
(22.2mMm glucose) significantly enhanced responses in RA and ILA to PE or U46619 stimulation. This enhancement was
suppressed by rottlerin, a calcium-independent PKC inhibitor, indicating that glucose-dependent, enhanced small vessel
contractility in the kidney was linked to the activation of calcium-independent PKC.

Conclusion and implications: Extra- and intrarenal arteries exhibit different profiles of agonist-induced contractions. In ILA,
only U46619 enhanced small vessel contractility in the kidney, which might lead to renal dysfunction and nephropathy
through reduced intrarenal blood flow rate. A model has been established, which will allow the assessment of contractile
responses of intrarenal arteries from murine models of renal disease, including type 2 diabetes.
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Introduction

Alterations in renal vascular function, notably in the intra-
renal arteries, are a major contributing factor to renal
dysfunction (Wang et al., 1999; Kamata et al., 2006). Further-
more, the increase in diabetes, particularly type 2 diabetes, is
associated with an increase in nephropathy as a major
complication. In general, early-stage nephropathy patients
exhibit microalbuminuria, which can be detected in the
absence of an increase in total protein excretion. During this
stage, pathological examination reveals slight diffusion and/or
nodulation of mesangial cells (Riser et al., 2000). Typically,
when the nephropathy is characterized by a proteinuria of
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300mgday !, intrarenal microvascular tissue in excess of 50%
has been damaged (Gaede, 2006). These dysfunctions of
vascular smooth muscle and/or endothelial cells reduce renal
haemofiltration (Kanie and Kamata, 2000). Extracellular
glucose is believed to be an important factor in modulating
renal vascular function. Elevation of extracellular glucose, as in
diabetes, induces dysfunction of microvascular tissues (Taneda
et al., 2003; Scalia ef al., 2007). Persistent glucose accumulation
leads to chronic renal dysfunction, which ultimately requires
renal replacement therapy (Rutkowski et al., 2006).
Measurement of force development is a common experi-
mental approach used to assess vascular function; however,
this technique is technically difficult with respect to the
intrarenal vasculature. The renal artery (RA) has frequently
been examined as a surrogate tissue in which to measure
renal vascular function; however, the RA is an extrarenal
vessel located between the abdominal artery and the kidney
(Fink, 1997; Watts and Thompson, 2004). Alterations of the
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contractile properties of the RA have been reported in
spontaneous hypertensive rats (Hoshino et al., 1994) and
diabetic mice (Rodriguez et al., 2006), but such changes may
not reflect alterations in intrarenal vascular function. Apart
from studies of the RA, renal function has also been evaluated
using cultured renal vascular cells (Jiang et al.,, 2004),
measurement of whole kidney flow rate (Patzak et al., 2004)
and examination of renal microvasculature function in the
hydronephrotic rodent kidney (Wang and Loutzenhiser,
2002). Unfortunately, such studies do not afford direct
measurement of vascular contraction. Thus, it was necessary
to develop force measurement techniques that can be applied
to isolated intrarenal microvessels. Force measurement in
intrarenal arteries has previously been documented for both
the dog (Discigil et al., 2004) and the rabbit (Caffrey et al.,
1990). In these investigations, the interlobar artery (ILA) was
used as a typical intrarenal artery. However, experimental
models of type 2 diabetes are difficult to establish in these
species. The measurement of intrarenal vascular contraction
in tissues isolated from mice would provide a basis for future
studies with the widely available mouse models of type 2
diabetes (Nobe et al., 2004; Hsueh et al., 2007).

We have previously employed microvascular force techni-
ques to measure the contractility of first- and second-order
mouse mesenteric arteries (Nobe et al., 2006a). In these
studies, we have applied similar techniques to evaluate
contractile function in the mouse ILA. Endothelial cell-
denuded vascular rings were used to assess responses of the
smooth muscle of intrarenal vessels. The objectives of this
investigation were to identify contractile responses in the
ILA and to compare them with responses obtained in the RA
and aorta, from the same ddY strain of mice. The effects of
extracellular glucose on the contractile responses of these
blood vessels were examined using concentrations of glucose
comparable with the levels obtained in mouse models of
diabetes. Finally, the involvement of PKC in these responses
was investigated using inhibitors of calcium-dependent
(G06976) and calcium-independent (rottlerin) PKC isoform:s.

Methods

Animals and tissue preparation

All animal procedures were carried out according to the
Principles of Care and Use of Laboratory Animals of the
Japanese Pharmacological Society. Male ddY mice were
purchased from Saitama Experimental Animals (Saitama,
Japan) at 5-8 weeks of age (body weight, 20-25 g). Mice were
housed at constant room temperature (20 £ 2 °C) with 12-h
light and dark cycles. Mice were fed with standard mouse
chow, which included 5% fat (Oriental Yeast Corp., Tokyo,
Japan). Food and water were available ad libitum and mice
grew satisfactorily. At 8 weeks of age, animals were used for
experiments. Mice were killed with ether. Vascular tissue
components, which included abdominal aorta (aorta), RA
and ILA, were isolated. The ILA is buried within the renal
parenchyma and was isolated from connective tissue and
renal parenchyma by dissection under a stereoscopic micro-
scope. Lengths of isolated RA and ILA were 1.5-1.7 mm
and 1.0-1.2mm, respectively; internal diameters were
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0.2-0.3mm and 0.1-0.2mm, respectively. The length of
each tissue (at least 1 mm) was confirmed with a micrometre.
Tissues were rinsed in ice-cold bicarbonate-buffered physio-
logical salt solution (PSS). PSS consisted of (mM): 137 NaCl,
4.73 KCl, 1.2MgS0Oy, 0.025 EDTA, 1.2 KH,POy,, 2.5 CaCl, and
11.1 glucose (buffering was achieved with 25.0 mM NaHCO3;
pH was 7.4 when the solution was bubbled with 95% O, and
5% CO; at 37 °C).

Endothelium-denuded blood vessels were used in all
experiments. The endothelium was removed by rotating
the vascular rings around stainless wires. The absence of
acetylcholine-mediated vascular relaxation was confirmed
before force measurements (data not shown).

Isometric force measurement

Isometric force measurement was conducted as described
previously (Nobe et al., 2006a). Briefly, the vascular rings
were mounted horizontally on the microvascular force
measurement system. This system consisted of vascular
ring holders (ultrathin stainless wires; 30 um in diameter)
attached to a high-sensitivity isometric force transducer
(model-UL; Labo-Support, Osaka, Japan) and a 5mL organ
bath apparatus. Detected signals were converted to digital
format through Power Lab instrumentation (AD Instru-
ments, Tokyo, Japan). Tissues were pre-incubated in PSS for
30min at 37 °C under each resting tension; earlier, various
agents were applied. The high glucose condition was created
by pretreatment of vascular tissue with HG-PSS (22.2mM
glucose in PSS) at 37°C for 30 min as reported previously
(Nobe et al., 2003c, 2006b).

Data analysis

Data are normalized in terms of identical length (1 mm) of
vascular rings. Results are presented as typical experimental
recordings and summarized as meansts.e.mean of 4-5
independent determinations. Statistical analyses for multiple
comparisons were conducted with ANOVA for repeated
measurements followed by the Student-Newman-Keuls test.

Reagents

Phenylephrine (PE) hydrochloride, 9,11-dideoxy-11a, 9a-
epoxymethanoprostaglandin F,, (U46619), prostaglandin
(PG)F,, and angiotensin II were obtained from Sigma
Chemical Co. (St Louis, MO, USA). Rottlerin (mallotoxin)
was acquired from Calbiochem-Novabiochem (San Diego,
CA). All other reagents, which were of the highest purity,
were purchased from Sigma Chemical Co. U46619 was
dissolved in ethanol, whereas rottlerin was dissolved in
dimethyl sulphoxide; no effects of vehicle were noted when
total vehicle concentration was 0.03% or less.

Results
Basal force measurement of intra- and extrarenal vessels

Each vascular tissue was pre-incubated at resting tensions of
300, 400, 500 and 600 pN for 30 min, followed by 50 mm KCl,
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to establish an adequate resting tension for force measure-
ment (Table 1). Under a resting tension of 300 uN, 50 mmM KCl
led to rapid and sustained increase in force development.
Submaximal stimulation was evident 4-6min after the
addition of KCI; a subsequent rinse of the tissues returned
the contractile force to its resting level. This force develop-
ment pattern was common to aorta, RA and ILA.

In the aorta, elevation of the resting tension from 300 to
600 uN enhanced the response to 50 mM KCl. The response
under a resting tension of 600uN was submaximal in
comparison with 800 and 1000 pN (data not shown). Under
a resting tension of 600 pN, consistent KCl-induced responses
(in excess of 90% of the first challenge) were obtained at
30 min intervals.

In the ILA, the KCI response was increased under a resting
tension of 400 uN, which was not enhanced upon further
elevation of the resting tension (> 500 pN). At 500 pN resting
tension, the response to KCl could only be reproduced 2-3
times. In the RA, similar KCl-induced responses were evident
under a resting tension of 400 uN. At 500 pN resting tension,
responses greater than 90% of the first KCI response could
only be repeated twice. In all further experiments, a resting
tension of 600 uN was employed for the aorta and a resting
tension of 400 uN for the RA and ILA.

Agonist-induced responses in mouse RA and ILA
Agonist-induced force developments were compared bet-
ween the mouse RA and ILA (Figure 1). PE, U46619 (throm-
boxane A, analogue), PGF,, and angiotensin II all induced
contractile responses, in both vascular tissues. In preliminary
trials, the contraction induced by each agonist was submaxi-
mal, and the response to S0mM KCIl was employed as the
positive control.

In the RA, the maximal responses obtained to 10 uM PE,
10nM U46619 and 10 uM PGF,, were 1988 £ 116, 2390 £ 109
and 2284+111pyNmm~! (n=5), respectively (Figure la).
Force developments in the presence of PE, U46619 and PGF,,
were significantly larger than those induced by 50 mMm KCl
(Figure 1c). However, only a transient increase in force
development was induced by 1uM angiotensin II (810+
39 uNmm %), which was markedly lower than that induced
by KCI. Although responses to PE, U46619 and PGF,, could
be repeated at 30 min intervals, the response to angiotensin
II diminished in a manner dependent on the stimulation-
rinse cycles (to less than 40% of the first challenge). Similar

responses were obtained in the aorta where 10 uM PE, 100 nM
U46619, 10um PGF,, and 1uM angiotensin II induced
responses of 1510+55, 3007 +85, 2387+134 and 738+
46pyNmm~! (n=5), respectively.

In the ILA, maximal responses to 10umM PE (680+
25uNmm~Y; n=5) and 10pM PGF,, (626+16uNmm™};
n=>35) were not significantly different from that induced
by 50mMm KCI (662 +25uN mm~}; n=35) (Figure 1b). The
response to 100nM U46619 (734 £40puN mm~Y; n=35) was,
however, significantly higher (Figure 1c). Application of 1 pM
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Figure 1 Agonist-induced contractile responses in endothelial-
denuded renal (RA) and interlobar (ILA) arterial rings. Isometric
force development in RA (a) and ILA (b) was measured under resting
tension of 400 pN. Upon detection of a maximal response to 50 mm
KCI, each contractile agonist, 10 uM phenylephrine (PE); 100 nm
U46619 (U46619); 10 um PGF,, (PG); or 1 um angiotensin Il (Ang)
was applied at 37 °C for 5 min and representative recordings shown.
In (c), data are summarized, relative to responses to 50 mm KCl (%
50mm KCI). Each value represents the meanzts.e.m. of five
independent determinations. *P<0.01 from KCl-induced response;
#P<0.01 from response in RA.

Table 1 Effect of basal resting tension on 50 mM KCl-induced response

Tissue n 50 mMm KCI response under each resting tension (uNmm™") Repeatability (resting tension)
300uN 400 uN 500 uN 600 uN

Aorta 4 970.2+39.2 1156.4 £50.5* 1433.6 £108.4* 1457.7 £118.6* >5 times (600 uN)

RA 4 1535.3+287.9 1698.7 £323.4 1845.7 £371.9 1532.2+323.6 <2 times (500 pN)

ILA 4 718.7+32.7 784.0 £ 56.6* 849.3+117.8* 823.4+£115.2* < 3 times (500 uN)

*P<0.05 vs responses under 300-pN resting tension.

Isolated aorta, RA and ILA were mounted on the force measurement system with indicated resting tensions. After 20- to 30-min incubation, 50 mm KCl was added
at 37 °C for 10 min. Each maximal force level including resting tension was detected. Values are expressed as the mean *+ s.e.mean (n=4 for all groups). *P<0.05
from response under resting tension of 300 uN. Repeatability was assessed by stimulation (10 min) and rinse (30 min) cycles under identical resting tension. Over

90% of previous responses were counted.
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angiotensin II to the ILA induced a transient increase in force
development (573+36uNmm~'; n=35), approaching the
level induced by 50mMm KCl. U46619- and PGF,s-induced
responses in ILA were significantly lower than the corres-
ponding responses in RA. In contrast, the response to
angiotensin II was lower in the RA (Figure 1c).

PE-induced force development in RA and ILA: effect of high
glucose

Concentration-response curves to PE were obtained in
endothelial-denuded rings from RA and ILA (Figure 2).
The cumulative addition of PE led to substantial increases
in isometric force. In the RA, the maximal response attained
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with 30 uM PE was 2003+ 95 uNmm ! (n=5). In the ILA, a
maximal increase in force development of 675+ 17 yNmm ™!
(n=35) was also obtained with 30uM PE. Concentration—
response curves for PE were similar in the RA and ILA with
pD> values of 5.60 and 5.43, respectively. The o, adreno-
ceptor antagonist, prazosin (1, 3 and 10nM, 10min pre-
incubation), attenuated the PE-induced increase in isometric
force in both RA and ILA. Dose-response curves were shifted
to higher concentrations of PE, yielding a pA, value for
prazosin in the RA and ILA of 9.5 and 9.3, respectively.
Phenylephrine-induced force developments were mea-
sured after incubation with high-glucose PSS (HG-PSS;
22.2puM glucose in PSS). Pretreatment of the RA with HG-
PSS for 30 min did not alter the resting tension. However, the
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Figure 2 Phenylephrine (PE)-induced force development in endothelial-denuded renal (RA) and interlobar (ILA) arterial rings under normal
and high glucose conditions. Representative recordings of force development in RA (a) and ILA (b) are presented. Concentration-response
relationships for PE-induced isometric force responses in RA and ILA were calculated as % of the maximal response in normal physiological salt
solution (PSS) (c). Vascular tissues were pre-incubated under normal and high glucose conditions at 37 °C for 30 min. Each value represents the
mean £ s.e.m. of five independent determinations. *P<0.01 vs responses in normal PSS.
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PE-induced, dose-dependent increase in force development
was significantly enhanced over the concentration range,
0.3-3 pM (Figures 2a and c). RA force developments induced
by 3uM PE under normal and high-glucose conditions
were 1271+ 67 and 1840+ 76 uNmm ™' (n=5), respectively.
After treatment with HG-PSS, the pD, value for PE in the
RA increased to 6.11.

In ILA, the PE-induced increase in force development
remained unaffected by the elevation of extracellular glucose
(Figure 2b). The resting tension in HG-PSS was 401+
7uNmm~! (n=5), which increased in the presence of
30puM PE to 688 +3uNmm~! (n=35). After treatment with
HG-PSS, the pD, value for PE remained unchanged at 5.40
(Figure 2c). Contraction of the ILA was not influenced by
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either a further increase in the glucose concentration (to
>33 mM) or by extending the incubation time.

U46619-induced force development in RA and ILA: effect of high
glucose

Cumulative treatment of RA and ILA with U46619 induced
dose-dependent increases in force development (left
panels of Figures 3a and b). Maximal responses to U46619
(2422+19 and 746+8mNmm~!, n=5) in RA and ILA,
respectively, were slightly higher than those detected
following PE. Under normal conditions, the pD, values in
RA and ILA were 8.16 and 7.99, respectively. The thrombo-
xane A, (TXA;,) receptor antagonist, ([1S-[1,2 o (Z),3 o,4 o]]-
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Figure 3 U46619-induced force development in endothelial-denuded renal (RA) and interlobar (ILA) arterial rings under normal and high
glucose conditions. Representative recordings of force development in RA (a) and ILA (b) are presented. Concentration-response relationships
for U46619-induced isometric force responses in RA and ILA were indicated as % of the maximal response in normal physiological salt solution
(PSS) (c). Vascular tissues were pre-incubated under normal and high glucose conditions at 37 °C for 30 min. Each value represents the
mean *s.e.mean of five independent determinations. *P<0.01 vs responses in normal PSS.
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7-[3-[[2-(phenylamino)carbonyl] hydrazino]methyl]-7-oxabi-
cyclo[2.2.1]hept-2-yl)-5-heptenoic acid) (10, 30 and 100 nM,
10min pre-incubation), reduced the increase in isometric
force induced by U46619 in RA and ILA. Concentration-
response curves were shifted to higher concentrations of
U46619, with pA, values for ([1S-[1«,2 « (Z),3 o ,4 «]]-7-[3-[[2-
(phenylamino)carbonyl] hydrazino]methyl]-7-oxabicyclo[2.2.1]
hept-2-yl)-5-heptenoic acid) in mouse RA and ILA of 8.6 and
8.5, respectively.

Under high glucose conditions, the U46619-induced
increase in force development was significantly enhanced
in ILA; in contrast, high glucose treatment did not alter the
response in RA (right panels of Figure 3a and b). Significant
enhancement in ILA was observed following application of
U46619 at concentrations exceeding 3nM, with maximal
responses at 300 nM U46619 of 824 + 14 yNmm ! (n=5) and
a pD; value of 8.20.

Effect of PKC inhibitor on RA and ILA force responses

The concentration of agonist most responsive to an increase
in extracellular glucose was 3 uM for PE and 10nM for U46619
(see Figures 2c¢ and 3¢). We have documented previously the
involvement of the calcium-independent PKC isoform in
vascular responses dependent on extracellular glucose.

Rottlerin is an inhibitor of the calcium-independent PKC
isoforms including PKC-8 (Woolfolk et al., 2005; Sedmikova
et al., 2006). In the RA, the enhancement of force develop-
ment induced by 3uM PE remained unaffected by 1um
rottlerin (Figure 4a). However, enhancement of the PE-
induced response under high glucose conditions was
totally suppressed. In contrast, responses to 10nmM U46619
remained unaffected by rottlerin under either normal or
high glucose conditions.

In ILA, pretreatment with 1 uM rottlerin did not influence
the 3 uM PE-induced increase in force development in either
normal or high glucose conditions. However, the enhanced
response to 10nM U46619 in high glucose conditions was
suppressed in the presence of 1uM rottlerin. Rottlerin only
inhibited the glucose-dependent enhancement in force
development in both the RA and ILA.

We also assessed the effects of an inhibitor of calcium-
dependent PKC isoforms, G66976 (Martiny-Baron et al.,
1993; Yang et al., 2001). Pretreatment of RA with 1uMm
G06976 reduced both PE- and U4619-induced force develop-
ments (919 + 53 and 1493 + 80 yNmm™}; n =35, respectively).
A similar inhibitory effect was observed with both agonists,
but the inhibition was not influenced by high glucose
conditions. In ILA, PE- and U46619-induced force develop-
ments were reduced to 503+15 and 497 +13puNmm !
(n=35), respectively, and neither response was affected by
high glucose. Thus, in the presence of G66976, neither
agonist-specific inhibition nor glucose-dependent inhibition
was observed in either tissue.

Discussion

This investigation established different profiles of agonist-
induced contractions in the mouse RA and ILA. We
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Figure 4 Effect of rottlerin (1 M), a calcium-independent PKC
inhibitor, on the increase in agonist-induced force development
stimulated by high glucose conditions in endothelium-denuded
renal (RA) (a) and interlobar (ILA) (b) arterial rings. Isolated vascular
tissues were pre-incubated under normal and high glucose condi-
tions and stimulated with either 3 um phenylephrine (PE) or 10 nm
U46619. Rottlerin (1 um) was added 10 min before agonist stimula-
tion. *P<0.01 vs unstimulated resting level; #P<0.01 vs responses in
normal physiological salt solution (PSS).

previously developed a microvascular force measurement
system for the detection of contractile responses in low-
resistance murine arteries (Nobe et al., 2006a). On the basis
of several preliminary trials, the smallest mouse ILA capable
of mounting on a force measurement apparatus was selected.
The ILA we have used, located within the second branch
of the RA, is believed to be a typical intrarenal artery.
Alterations of microvasculature in the renal glomerulus are
thought to be involved in renal hypertension; however, an
association between the ILA and hypertensive atherosclerosis
and hypertension has also been reported (Jensen et al., 1994).
Responses in the ILA have been studied previously in dogs
and rabbits (Caffrey et al., 1990; Discigil et al., 2004), but
not in mice. To measure force development in the ILA, the
sensitivity of the force transducer was increased as the tissue-
mounting wires were minimized (30um in diameter,
1.0-1.3mm in length). These improvements facilitated the
detection of agonist-induced force development in mouse
ILA. Detected force responses are indicated as ‘developed
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force level per 1mm of vascular tissue length (uNmm™1)’
(Guan et al., 2006). Application of basal resting tension to
vascular rings was also assessed given that vascular force
development is influenced by the resting tension. Our
measurements revealed optimal resting tension levels of
600 uN for aorta and 400uN for both RA and ILA. KCI
(50 mM)-induced force development under the resting ten-
sion was similar to that reported previously (Carr et al., 2001;
Je and Sohn, 2007) and preliminary trials indicated that
stable vascular responses were maintained for 8-12h under
these conditions.

Following treatment of RA with vascular contractile
agonists, sustained force developments significantly larger
than that induced by 50 mMm KCl were measured in response
to PE, U46619 and PGF,,. The aorta exhibited responses
similar to those of RA. In ILA, significant differences in
maximal contraction relative to the 50mM KCI response
were apparent only after stimulation with U46619. PE- and
PGF,,-induced maximal responses, similar to that induced
by 50 mMm KCI. Therefore, these data suggested that agonist
sensitivities differed between intra- and extrarenal vessels.
Angiotensin II, an important regulator of kidney blood flow,
demonstrates differential action in the renal microvascula-
ture (Patzak and Persson, 2007). Angiotensin II induced
small, transient contractions in RA and ILA as reported for
other tissues (Yu et al., 2004). The greater response to
angiotensin II, evident in the mouse ILA, suggested a degree
of hypersensitivity within the intrarenal vessel. This inves-
tigation is the first to describe contractions of mouse
intrarenal artery, induced by multiple agonists. To assess
RA dysfunction, intrarenal arteries should be subjected to
force measurement, and the experimental system established
in this study could be employed to examine vessels obtained
from mice with experimental forms of renal disease.

To document the contractile characteristics of RA and ILA,
two major vascular contractile agonists were introduced. PE-
and U46619-induced contractions were evaluated in terms of
different agonist sensitivities between ILA and RA. Both PE
and U46619 caused dose-dependent contractions in RA and
ILA. Dose-response curves revealed similar PE-induced
responses in RA and ILA; however, U46619-induced re-
sponses differed. Therefore, these results suggested that ILA
exhibits low contractility to U46619 in comparison with RA.
Participation of the inflammatory factor, TXA;, has been
noted in diabetic nephropathy (Wardle, 1996). In addition,
TXA, reportedly induced proteinuria in a nephropathy
model (Stahl et al., 1992).

Diabetic nephropathy is triggered by increases in extra-
cellular glucose levels (Taneda et al., 2003); consequently, we
examined these contractions of renal vessels under high
glucose conditions (Nobe et al., 2003b, 2004). Enhancement
of PE-induced contractions by high extracellular glucose was
observed only in RA. In the presence of U46619, the
contractile response of the RA in HG-PSS was not signifi-
cantly different from the response in normal PSS. In contrast,
responses in the ILA to U46619 were significantly enhanced
by high glucose conditions. These data provide the first
evidence of a potentially important selective effect of high
glucose and pro-inflammatory stimuli on the intrarenal
vasculature. Diabetic nephropathy is a consequence of
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hyperglycaemia (Lee et al., 2005). Furthermore, elevated
TXA; levels in kidney lead to proteinuria (Okumura et al.,
2003). Increases in TXA, in kidney under high glucose
conditions might induce enhanced contractility of intra-
renal artery. This increase in contractility could potentially
exacerbate diabetic nephropathy. Enhanced contraction of
the RA was detected only during activation with PE,
suggesting that contraction of the RA, mediated by sympa-
thetic nerves, could be elevated under hyperglycemic
conditions (Figure 5b); however, contractile responses to PE
in the ILA were unaltered. Under high glucose conditions,
blood flow from the aorta to the kidney would be reduced.
On the other hand, an increase in TXA, and blood glucose
levels would result in greater constriction of the ILA without
affecting renal blood flow through the RA (Figure 5d). Thus,
intrarenal blood flow would decline, which, with main-
tained extrarenal blood flow, would increase blood pressure
within the renal tissue with resultant renal damage. Under
conditions of diabetic hyperglycaemia, an increase in TXA,
increases proteinuria (Wolf and Ziyadeh, 2007). Conse-
quently, we suggest that glucose-dependent enhanced con-
tractility of the ILA could have an important function in
diabetic nephropathy.

What mechanism governs enhanced contractility of ILA
and RA under high glucose conditions? In some vascular
tissues, glucose taken up by the cell under high glucose
conditions is utilized in the glycolytic and in the de novo
synthesis pathways (Ramana et al., 2005). Glucose is
converted to lipid diacyglycerols, which enhance vascular
contraction through the activation of PKC. Conversion steps
from glucose to diacyglycerols have been reported (William-
son et al., 1993). Diacyglycerols derived from glucose contain
distinct acyl chains. Previous publications have suggested
that this non-standard diacyglycerol species activates the
calcium-independent isoform of PKC (Szule et al., 2002; Das
Evcimen and King, 2007). Consequently, the effect of a
calcium-independent PKC inhibitor (rottlerin) (Kontny et al.,
2000) on glucose-dependent enhancement of RA and ILA
contraction was examined (Figure 4). Enhanced contractility
in both RA and ILA under high glucose conditions
diminished significantly following pretreatment with rot-
tlerin. These results suggested the involvement of calcium-
independent PKC in the enhanced contractility of RA and
ILA, probably through the formation of non-standard
diacyglycerols from the high extracellular glucose. Rottlerin
displays selectivity for the PKC-d isoform in some types of
cells (Kontny et al., 2000); however, negative evidence was
also documented (Davies et al., 2000). Therefore, the isoform
of calcium-independent PKC associated with ILA contraction
could not be identified in this study. Some groups reported
that calcium-dependent PKC (PKC-B) is activated under high
glucose conditions or in diabetes in other types of cells
(Hayashida and Schnaper, 2004; Avignon and Sultan, 2006).
However, in our model, an inhibitor of this calcium-
dependent PKC isoform, G06976 (Martiny-Baron et al.,
1993), did not affect enhanced contractility. Thus, our
results suggested that the high glucose potentiation (and
subsequent intrarenal vascular dysfunction) was mediated by
an alteration of calcium-independent PKC activity, which
might derive from renal-specific characteristics. This study
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Figure 5 Schematic diagrams illustrating responses of intra- and extrarenal vessels under normal and high glucose conditions. (a, b)
Phenylephrine (PE)- and (c, d) U46619-induced contractile responses in RA and ILA under normal (a, c¢) and high glucose (HG) (b, d)

conditions are illustrated.

demonstrated that the effects of high extracellular glucose
on intrarenal arteries only affected agonist action at the
TXA, receptor. This stimulation coupled with the non-
standard diacyglycerol-PKC pathway and alteration of this
pathway might be related to enhanced contractility of
intrarenal arteries under high glucose conditions. Our
present data regarding enhancement of contractile sensiti-
vity in ILA under high glucose conditions, in concert with
previous results indicating that the formation of TXA, in
kidney leads to development of diabetic nephropathy, are of
critical importance to a thorough understanding of the
mechanisms underlying nephropathy.

This investigation is the first to compare and identify
distinct profiles of the agonist-induced contractions in the
mouse RA and ILA. We reported that elevated glucose
differentially affects agonist-induced responsiveness in these
vessels, with high glucose selectively enhancing «-adreno-
ceptor-mediated contraction in the RA, whereas in the ILA,
it was the TxA, receptor-mediated contraction that was

potentiated. These data further suggested that formation
of TXA, in the kidney under high glucose conditions
contributes to diabetic nephropathy through intrarenal
artery dysfunction. On the basis of the correlation
between enhanced vascular contractility and atypical diacy-
glycerol-PKC pathway activation, we concluded that
normalization of renal vascular contraction and/or the
diacyglycerol-PKC pathway should potentially reduce
diabetic nephropathy.
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