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Abstract

We tested whether tolerance induced by ischemic preconditioning (IPC) in kidneys was related to
renal nerves.  Experimental acute renal failure (ARF) in a rat model was induced for 45 min of left renal
arterial occlusion (RAO), followed by 6 or 24 h of reperfusion (ischemic reperfusion (I/R) group).  The
episode of IPC was four cycles of 4 min of RAO at 11 min intervals and then the I/R injury was treated
as above (IPC-I/R group).  After 6 h of reperfusion, polyuria was found in the I/R group associated with
an enhancement of afferent renal nerve activity (ARNA) and a reflexive decrease in efferent renal nerve
activity (ERNA).  Changes in nerve responses were related with a reduction in neutral endopeptidase
(NEP) activity and an increased release of substance P (SP).  After 24 h of reperfusion, the I/R group
showed oliguria which was associated with a lower ARNA, hyperactivity of ERNA and a nine-fold
increase in SP release due to a further 52% loss in NEP activity.  Prior IPC treatment did not affect the
changed ischemia-induced excretory and nervous activity patterns during the first 6 h of reperfusion,
but normalized both responses in the kidneys 24 h after ischemia.  The IPC-mediated protection in
oliguric ARF was related to the preservation of NEP activity to only 25% loss that caused an increase
of SP amounts of only three-fold and a minor change in neurokinin 1 receptor (NK-1R) activities.
Finally, both excretory and sensory responses in oliguric ARF after saline loading were significantly
ameliorated by IPC.  We conclude that IPC results in preservation of the renal sensory response in post-
ischemic kidneys and has a beneficial effect on controlling efferent renal sympathetic nerve activity and
excretion of solutes and water.

Key Words: preconditioned kidney, acute renal failure, renal afferent nerves, neutral endopeptidase,
substance P, neurokinin 1 receptor

Introduction

Increased renal sympathetic nerve activity
results in a reduced renal excretory function on the
renal vasculature, the tubules and the juxtaglomerular
cells.  There is growing evidence that a cause of
defect in renal excretory function in renal diseases is
related to changes in efferent renal nerve activities
(ERNA) (2, 13).  Neurogenic control on ERNA under

physiology conditions can be intrarenal, that is, ERNA
is modulated reflexively by changes in the renal sen-
sory nerve activity (13).  In rat kidneys, the majority
of renal sensory fibers is located in the renal pelvic
wall (15) and contains substance P (SP) (26).  Activa-
tion of renal afferent nerves via renal pelvic mechano-
stimulation elicits a SP-mediated renorenal reflex by
delivering a natriuretic signal by inhibiting ERNA in
both kidneys (20, 32, 34).  Furthermore, afferent renal
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nerve activity (ARNA) responses in the renal pelvis
caused by SP binding to the neurokinin 1 receptor
(NK-1R) (7, 25) are biologically inactivated via
a cell-surface protease, the neutral endopeptidase
(NEP) (12, 20, 34).  Recently, Kopp’s group (21-23,
27) and ourselves (8, 10, 33, 34) have demonstrated
changes in any one of individual component activities
may impair renal sensory response in certain renal
diseases related to fluid retention.  We suggested that
loss of ARNA-mediated renorenal reflex may
contribute to the renal mechanism involved in
dysregulation of body fluid.

Complete renal artery occlusion has been used
in animal models to determine the mechanism involved
in the pathogenesis of ischemia-induced acute renal
failure (ARF) (30).  Post-ischemic kidneys exhibiting
either oliguric or polyuric response have been sug-
gested to be dependent on the degree of damage by
ischemia (17).  We observed that rat kidneys with 45
min of unilateral renal arterial occlusion (RAO)
induced ARF and exhibit polyuria at the first several
hours during reperfusion and subsequent oliguria was
observed after reperfusion for 24 h (6, 9, 34).  Both
excretory responses in ARF have a harmful effect in
body water and sodium homeostasis.  In oliguric
ARF, overactivity of renal sympathetic nervous system
is shown by accumulation of intrarenal vasoconstrictor
catecholamines (28, 40, 41) and this defect could be
improved by renal denervation (18).  In more details,
we found that the increased ERNA might be due to
dysfunctioning of renal sensory nerves that are based
on the nature of ARNA, that could reflexively control
the ERNA (34).  However the roles of renal nerve ac-
tivity in polyuric ARF are still unclear.

Brief ischemic treatment protects organs against
subsequent prolonged ischemic insults; this is referred
to as ischemic preconditioning (IPC) and was first
described in canine myocardium (35).  The protective
effects of IPC on subsequent ischemia-reperfusion
(I/R) injury were also seen in rat kidneys by providing
preservation on morphology, function and metabolism
in post-ischemic kidneys (11).  Most interestingly,
prior renal denervation abolishes the protective effects
of IPC suggesting that renal nerve activity is required
for induction of ischemic tolerance (37).

The present study was, therefore, undertaken to
compare changes in both efferent and afferent renal
nerve activities as well as excretion in the post-
ischemic kidney with precondition by brief ischemia
or not.  We stimulated renal pelvic mechanoreceptors
to assess whether ARNA-induced renorenal reflex
responses on reflex controlling ERNA was affected
by IPC.  Because of the crucial role of SP in renal
sensory transmission (26), we examined the effect of
IPC on factors required for the SP signaling system
including the amount of release, the catabolizing

enzyme NEP activity, regulation of NK-1R expression
and signal activation of protein kinase C (PKC).
Finally, we examined whether ARNA changed in
parallel with renal excretion in response to a diuretic
stimulus by saline load after IPC-induced renal
protection in oliguric ARF.

Materials and Methods

Animal Care and Experimentation

Female Wistar rats, weighing 200-220 g, were
used.  All animal experiments and care of animals
were performed in accordance with the guideline for
the Care and Use of Laboratory Animals (published
by National Academy Press, Washington DC, 1996).
All protocols used in this study were approved by the
Laboratory Animal Care Committee of the National
Taiwan University College of Medicine.

Induction of Renal Ischemic Preconditioning and
Ischemic Reperfusion Injury

Rats were studied with a prior right nephrectomy.
Renal I/R injury was produced as previously described
(34) by 45 min of renal arterial occlusion (RAO)
followed by 6 or 24 h of reperfusion (I/R group).  The
choices of the two reperfusion periods are based on
the altered excretory responses suggested to occur
 (6, 9, 34).  Renal IPC was performed as previously
described (43) using four cycles of 4 min of RAO plus
11 min of reperfusion, followed by a 10-min interval
before the subsequent 45-min ischemic treatment and
reperfusion (IPC-I/R group).  Control (sham-operated)
rats were treated similarly but they did not undergo
RAO of the left kidney.  We also performed another
group of control rats with only treatment of IPC (IPC-
Control group).  Because there were no differences
between time-points of 6 h and 24 h in both control
groups in any of the studied parameters, the data were
pooled.  To avoid a long-term anesthesia in this case,
rats in the group with 24-h reperfusion time were
briefly anesthetized using a combination of ketamine
and sodium pentobarbital as previously described
(34).  After I/R treatment or a combination treatment
of IPC and I/R, the rats were allowed to recover in
individual cages for 24 h before being studied.

General Surgical Preparation

The rats were anesthetized with urethane (1
g/kg, i.p.) and intubated in the trachea, external jugular
vein and carotid artery for spontaneous ventilation,
continuous saline infusion for 1.2 ml /h, and measure-
ment of the mean arterial blood pressure (MABP),
respectively.  The left kidney was exposed via a left



Neuoprotection in Renal Ischemic Preconditioning 367

flank incision and the ureter was cannulated near the
pelvis with a PE-50 catheter for urine collection.  The
kidney was then bathed with warmed paraffin oil
(38°C) to prevent drying.  The urinary flow rate (UV)
and urinary sodium excretory rate (UNaV) were deter-
mined as described (20, 33, 34).

Recording of Renal Nerve Activity

The techniques for recording renal nerve activity
have been described (8, 10, 20, 33, 34).  The electrical
signals were amplified and filtered by a Grass model
P511 AC amplifier (Quincy, MA, USA), and the
amplified signals were selected using a window
discriminator (World Precision Instrument 121,
Sarasota, FL, USA) and counted on a Gould inte-
grator amplifier (13-4615-70, Valley View, OH, USA).
Neural activities were transformed into spike counts
and were displayed continuously on a Gould oscillo-
scope (Model 1604, Valley View).  After assessing
renal nerve activity by its pulse synchronous rhyth-
micity with the heart beat, the distal and proximal
parts of the nerve fibers were transected for individual
recording of ipsilateral ERNA and ARNA.  The
averages of renal nerve activities were computed and
were expressed as percent changes compared to the
control values.

Renal Mechanoreceptor Stimulation

Renal pelvic mechanoreceptor responses were
studied after recordings of spontaneous nerve activity.
The intrapelvic pressure (IPP), recorded on a Gould
polygraph, was increased to 20 mmHg to activate
renal mechanoreceptors and was maintained at this
level for 3 min by raising the 50-cm PE-50 catheter
connected to the catheter in the left ureter by a T-tube
(20, 33, 34).

Acute Saline Loading

This experiment was only performed on rats
after 24 h of reperfusion of ischemia-treated with or
without IPC and control groups.  Acute saline loading
was applied to 10 rats from each group by intravenous
infusion of an amount of isotonic saline equivalent to
5% of the body weight over a period of 10 min (time
0-10 min) (20, 33, 34).  MABP and ARNA were con-
tinuously monitored and urine samples were collected
from the left kidney at time-points 5, 10, 20, 30, 45,
60, and 90 min after the start of infusion.

Substance P Assay

To assay the amounts of SP release from the
renal pelvis, pelvic effluent was collected as previously

described (20, 33, 34).  Briefly, a PE-10 catheter with
a heat-pulled tip was placed inside a PE-50 catheter.
The tips of the two catheters were placed together in
the left ureter near the renal pelvis allowing the renal
pelvis to be perfused via the PE-10 catheter by saline
at a rate of 20 µl/min and the effluent was drained
away by the PE-50 catheter.  This perfusion rate did
not affect IPP.

Immunoblotting of NK-1R, Phospho-PKC, and PGP 9.5
in Renal Pelvis

Using the previously described methods in im-
munostaining (4, 20, 33, 34), plasma membrane,
endosomal or total protein fractions of the renal pelvis
were prepared and subjected to electrophoresis on
SDS gels.  Blotting was performed using a specific
NK-1R antiserum (Novus Biologicals, Littleton, CO,
USA; diluted 1:1,000), an anti-transferrin receptor
(TfR) antibody (Santa Cruz, CA, USA; diluted 1:100),
anti-PKC and anti-phospho-PKC antibody (Cell
Signaling, Danvers, MA, USA; diluted 1:200), or an
anti-protein gene product 9.5 (PGP 9.5) antibody
(Biomeda, CA, USA; diluted 1:20).  The densities of
the NK-1R, TfR, PKC, and PGP 9.5 bands with the
respective molecular masses of about 79, 95, 80-82,
and 25 kDa were determined semi-quantitatively by
densitometry using an image analyzing system.

Statistical Analysis

All data are expressed as means ±  S.E.M.
Statistical analysis was performed using the Newman-
Keuls test of analysis of variance for multiple com-
parisons.  A significance level of 5% was chosen.

Results

As shown in Table 1, the kidney-to-body weight
ratio (KW/BW) in I/R rats at two time-points after
reperfusion was significantly higher than that in the

Table 1. Changes in kidney weight to body weight
ratio (%) after ischemic reperfusion or
ischemic preconditioning

After Reperfusion

6 h 24 h

Control (n = 8) 0.36 ± 0.02 0.38 ± 0.01
I/R (n = 12) 0.40 ± 0.01a 0.48 ± 0.01a

IPC-I/R (n = 12) 0.36 ± 0.02 0.42 ± 0.02ab

Values are means ± S.E.; n, number of experimental rats.
aP < 0.05 compared to the control group; bP < 0.05 com-
pared to the I/R group.



368 Wu, Chien, Ma and Chen

control rats.  Interestingly, IPC treatment delayed the
increase in the KW/BW ratio which only became
significant at 24 h.  Renal IPC has been shown to
reduce congestion in the renal medulla after ischemic
insult by decreasing the leukocyte-endothelial
interaction resulting in less vascular obstruction (5).

Changes in Renal Nerve Activity and Excretion in
Ischemic Reperfusion

Fig. 1 shows typical tracings of changes in
arterial pressure (AP), and integrated ARNA and
ERNA to ischemia, IPC, or I/R.  In Fig. 1A, the AP
and ARNA increased and the ERNA decreased slightly
by 45 min of RAO.  IPC resulted in increases in
ARNA but had no effects on AP and ERNA, and these
changes were reversible (Fig. 1B).  As shown in Fig.
1C, a striking biphasic nerve response was seen in
I/R rats during reperfusion.  ARNA and ERNA were
activated and suppressed at 6 h, respectively, while
the opposite responses were found at late 24-h
reperfusion concurrently with an increase in AP.  The
patterns of nerve responses in the IPC-I/R rats after

reperfusion for 6 h were similar to those in the I/R rats
with increased ARNA and decreased ERNA (Fig.
1D).  After reperfusion for 24 h, both nerve activities
in the IPC-I/R rats had almost returned to the baseline.

The data for the above parameters and for
changes in the excretory response are summarized
in Fig. 2.  Basal MABP, nerve activities and the
excretory responses in the IPC-control group were
similar to those in the control group.  Most inter-
estingly, a graded increase in ARNA during each of
the 4 cycles of RAO in IPC treatment was observed
(basal: 1 ± 3% and 22 ± 4%, 29 ± 5%, 68 ± 12%, and
81 ± 8% in the four cycles; all P < 0.05 compared with
basal); however, brief RAOs have no effects on MABP
and ERNA (data not shown in Fig. 2).  The MABP
at 24 h of reperfusion was significantly higher in the
I/R group than in the IPC-I/R group.  ERNA in both
groups was significantly suppressed at 6 h of perfusion
and then increased during late reperfusion, whereas
the opposite was seen for ARNA.  ARNA was signifi-
cantly elevated in both groups at 6 h but only sup-
pressed in the I/R group during the 24-h reperfusion.
These nerve activity changes were significantly

Fig. 1. Original tracings showing changes in arterial pressure (AP) and integrated multifiber ARNA and ERNA.  (A) Typical tracing
showing rat responses to 45 min of renal arterial occlusion (RAO).  (B) Typical tracing showing the kidney preconditioned with
four cycles of 4-min RAO marked by horizontal bars.  (C and D) Thirty-minute recordings of AP, ARNA and ERNA in control
rats (left part in C), IPC-control rats (left part in D), I/R (in C), or IPC-I/R (in D) rats reperfused at 6 h (middle part) and 24 h
(right part), respectively.  The insets show the real-time integrated nerve discharges at the period as pointed out by lines under
the tracings.
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different between the two groups at the time-points of
6 h for ARNA and of 24 h for both renal nerve
responses.  After 24 h of reperfusion, both ARNA and
ERNA responses almost returned to the basal level in
the IPC-I/R group when compared with either control
group.  Simultaneous observations on renal excretion,

diuretic and natruretic responses were seen at 6 h of
reperfusion.  After 24 h of reperfusion, oliguric and
antinatriuretic responses were seen in the I/R group
whereas in the IPC-I/R group, the UV and UNaV had
returned to normal; the differences between the groups
were significant.

Renal Reflex Response to Mechanoreceptor Activation

The significant changes in basal renal nerve
activities after ischemic injury prompted us to test the
function of ARNA-mediated renorenal reflex
response.  Increasing IPP by 20 mmHg in the left
kidney did not result in a significant change in the
MABP in all groups (data not shown); however, this
resulted in a significant ARNA increase to 202 ± 38%
and 199 ± 35% and ERNA decrease to 58 ± 14%
and 60 ± 11% in the control and the IPC-control
groups, respectively (Fig. 3).  At 6 h of reperfusion,
a similar IPP increase also induced a change in nerve
response in both the I/R and IPC-I/R groups, but the
extents of the changes were significantly different
between the two groups.  Moreover, we found the
degree of changed nerve responses in the IPC-I/R
group was larger than the control group.  At 24 h of
reperfusion, the nerve response was greatly attenuated
in the I/R group, whereas in the IPC-I/R group, only
a decrease in ARNA but not in ERNA response was
observed.

Fig. 2. Statistical results for changes in MABP, the percentage
changes in ERNA and ARNA, UV and UNaV in the
control, I/R, and IPC-I/R groups (n = 10 for each group).
Similar responses of changes in nerve activity and ex-
cretion are shown in both I/R and IPC-I/R groups with
6-h reperfusion.  At 24-h reperfusion, the I/R group
shows an oliguria with abnormal nerve responses, and
these changes were reversed in the IPC-I/R group.  *Sig-
nificant difference (P < 0.05) compared with the control
group.  †Significant difference (P < 0.05) when com-
pared between groups at the same time-point.

Fig. 3. Nerve responses in the renorenal reflex elicited by stimu-
lating renal pelvic mechanoreceptors.  Both percentage
changes in integrated ARNA and ERNA were recorded
in control, I/R, and IPC-I/R groups after IPC with reper-
fusion for 6 and 24 h (n = 10 for each group).  Basal, IPP
and Rec are represented by the periods of baseline, in-
creased intrapelvic pressure, and recovery.  *Significant
difference (P < 0.05) when compared with the control
group in the IPP period.  †Significant difference (P <
0.05) between I/R and IPC-I/R groups.
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Fig. 4. Renal pelvic innervation.  Western blot of 50 µg of
protein from control, I/R, and IPC-I/R rats (each n = 3)
reperfused for 6 and 24 h after ischemia showing staining
for PGP 9.5.  Semi-quantitative densitometry showing
either I/R or IPC treatments did not affect the renal pelvic
PGP 9.5 expression.

Renal Pelvic Neuronal Staining

When a specific neuronal marker, PGP 9.5,
shown in Fig. 4, was used to represent renal pelvic
innervation, we found that PGP 9.5 staining was not
affected by IPC or ischemic treatment when compared
to the control group or between groups.

Renal Pelvic NEP Activity and SP Release

Because the release of renal pelvic SP is im-
portant for ARNA activation and its levels were
regulated by NEP activity (20, 25, 26, 32, 34), here we
demonstrated changes in SP and NEP activities.  IPC
alone has no significant effect on changes of NEP
activity and SP release in the control groups.  Renal
pelvic NEP activity decreased gradually after I/R
(Fig. 5A).  At 6 h of reperfusion, 12 ± 2% and 19 ± 2%
losses of NEP activity are found in the I/R and IPC-I/
R groups, respectively; there was also a significant
difference between these two values.  But the con-
verse change was seen after 24 h of reperfusion, only
18 ± 4% loss of NEP activity in the IPC-I/R group was
significant different when compared with a 52 ± 3%
loss in the I/R group.  Fig. 5B shows that the amount
of SP release was significantly increased after 6 h
of reperfusion with 125 ± 12% and 131 ± 19% in the
I/R and IPC-I/R groups, respectively.  Sustained in-
creases in SP during late reperfusion were seen in the
I/R group with a 724 ± 72% increase, but not in the

Fig. 5. Changes in NEP activity and SP release during the
course of 6-h and 24-h reperfusion in the I/R and IPC-I/
R groups compared with the control groups (n = 8 for
each group). *Significant difference (P < 0.05) when
compared with the control group.  †Significant differ-
ence (P < 0.05) when compared between groups at the
same time-point.

IPC-IR group that only increased to 129 ± 32%.

Downregulation of Neurokinin 1 Receptors

Changes in renal pelvic NK-1R expression
during the course of I/R are shown in Fig. 6.  In the
I/R group, there was a time-dependent decrease in
NK-1R levels in the plasma membrane fraction and
an increase in the endosomal fraction.  The summarized
data, compared with the control, show inverse and
significant changes in both fractions at late 24 h of
perfusion (Fig. 6A).  In the IPC-I/R group, only a
minor non-significant change in NK-1R expression
was observed in both fractions compared to the con-
trol rats (Fig. 6B).  Samples were verified as contain-
ing endosomes by staining for transferrin receptors
(TfR).

Renal Pelvic PKC Activation

Activation of PKC has been suggested to play a
role not only in renal sensory activation by regulating
SP release but also in preconditioning signal (5, 24).
PKC activation in the renal pelvis was evaluated by
the degree of its phosphorylation.  As shown in Fig. 7,
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Fig. 6. Changes in renal pelvic NK-1R expression in ischemic reperfusion-injured kidneys with or without preconditioning treatment.
(A) Western blot of 80 µg of plasma membrane and endosomal fraction protein of renal pelvic tissues obtained from three con-
trol rats and three I/R rats at reperfusion time-points of 6 and 24 h, respectively.  Semi-quantitative densitometry shows
downregulation of NK-1R expression from membrane to endosomal protein fraction at 24 h of reperfusion.  (B) Eighty µg of
two different protein fractions as above from 3 IPC-control rats and 3 IPC-I/R rats at two reperfusion time-points, respectively,
were obtained.  Semi-quantitative densitometric results show similar NK-1R expression between groups.  The identity of the
endosomal fraction in both parts was confirmed by transferrin receptor (TfR) staining.  *Significant difference (P < 0.05) when
compared with the control group.  †Significant difference (P < 0.05) between different protein fractions.

phospho-PKC levels reached a maximum at 6 h of
reperfusion in both the I/R and IPC-I/R groups.  This
increased level in PKC phosphorylation was main-
tained during late reperfusion in the I/R group whereas
in the IPC-I/R group, the levels fell while still remain-
ing above the control group.

Responses of ARNA and Renal Excretion in
Saline Loading

This experiment was only performed on rats
after 24 h of reperfusion of ischemia-treated rats with
or without IPC to compare the responses with the
controls.  Fig. 8A shows the summarized data for
renal excretory and ARNA responses to acute saline
loading in each group.  Changes of MABP in response
to saline loading were similar in all the three groups
(data not shown).  Before acute saline loading, the
baselines of UV and UNaV were significantly lower
in the I/R group (UV: 0.9 ± 0.1 µl/min/g; UNaV:
0.08 ± 0.01 µmol/min/g) than that in the controls
(UV: 4.8 ± 0.5 µl/min/g; UNaV: 0.45 ± 0.09 µmol/
min/g) or in the IPC-I/R group (UV: 4.2 ± 0.4 µl/min/
g; UNaV: 0.40 ± 0.08 µmol/min/g).  The UV, UNaV,
and ARNA levels increased in all three groups in
response to saline loading, but the increases were

Fig. 7. Renal pelvic PKC activation.  Western blot showing
phosphorylated PKC in 100 µg of membrane fractions
from 3 control rats and 3 I/R and IPC-I/R rats reper-
fused for 6 or 24 h after ischemia. Semi-quantitative
densitometry showing the phospho-PKC levels increase
at time-point of 6 h in both I/R groups but not at 24 h.
*Significant difference (P < 0.05) when compared with
the control group.  †Significant difference (P < 0.05)
between groups.
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Fig. 8. Responses to saline load in control kidneys and post-
ischemic kidneys with or without precondition.  (A)
Statistical results showing the effect of acute volume
expansion (VE) by intravenous infusion of saline on UV,
UNaV and the percentage changes in ARNA in groups.
(B) Recordings of ARNA discharges in one control,
one IPC-I/R and one I/R rat before saline loading (Basal)
and after saline infusion for 10 min (time-point 20 min).
*Significant difference (P < 0.05) when compared with
time-point zero.  †Significant difference (P < 0.05) when
compared between IPC-I/R and I/R groups at the same
time point.  The horizontal bar indicates the time of
saline infusion.
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much less than in in the IPC-I/R controls and were
markedly attenuated in the I/R group.  Cumulative
urine output and sodium excretion were 18.1 ± 3.2%
and 13.3 ± 5.0% of the control group level in the I/R
group and 67.4 ± 9.3% and 75.4 ± 9.8% in the IPC-I/
R group, respectively (P < 0.05).

Original tracings of the ARNA discharge in
response to acute saline loading in the three groups
are shown in Fig. 8B.  During saline loading, the
ARNA discharges increased in the controls and the

IPC-I/R rats (top and center panels) while in the I/R
rats, an attenuated response was seen with only a
slight increase in ARNA discharges (bottom panel).

Discussion

This study showed the changes in excretory and
renorenal reflex function during the course of ischemic
acute renal failure.  The changes in signaling com-
ponents in renal afferents described here seem to be a
potential mechanism that can influence the activity of
efferent renal sympathetic nerves following renal
ischemia-reperfusion damages.  The striking finding
of the present study was that prior IPC treatment in
the post-ischemic kidneys protected not only excretory
but also neural responses.

SP is a candidate neuropeptide for MRu signal.
Changes in any components of the SP system, such as
the amounts of SP released and the NEP activity as
well as the NK-1R expression, also have a profound
influence on the sensory transduction of MRu under
pathophysiological conditions (32, 34).  Abnormal
MRu function has been linked to a variety of renal
diseases that are always associated with bodily fluid
imbalances such as obstructive nephropathy, ARF,
hypertension, congestive heart failure and cirrhosis
(21, 23, 27, 32-34).

In the course of I/R, we found a good relationship
between temporal changes in NEP activity, SP levels
and NK-1R expression in post-ischemic kidneys (Figs.
5A, 5B, and 6A).  After an initial 6 h of I/R, an
increase in SP release resulted in enhanced ARNA
despite an insignificant change in NK-1R expression
(Fig. 2).  The reason for this increased SP release may
be related to the 15% reduction in NEP activity (Fig.
5A) and then SP acts on its receptors to fire renal
afferents.  Based on functional role (32), an increase
in ARNA after ischemia might provide a well-
controled reflex on ERNA inhibition to withdraw
the enhanced roles on renal vasoconstriction, tubular
reabsorption and renin release (13), and then promotes
the injured kidney to excrete toxic metabolites pro-
duced during ischemia.  However, we cannot rule out
other possible factors that ARNA may have a direct
influence on ERNA.

At late reperfusion period 24 h, we observed a
52% reduction in NEP activity which was associated
with increased SP release in the renal pelvis (Fig. 5),
downregulation of the NK-1R (Fig. 6) and a further
impaired ARNA response (Figs. 2 and 3).  NEP, a
cell-surface enzyme originally discovered in the
kidney, is a major inactivator of SP in the extracellular
fluid.  Edwards et al. (14) found that, of various
nephron segments dissected from rat kidney, only the
proximal tubule and glomerulus contained measur-
able NEP activity.  Here we demonstrated measurable
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NEP activity in the rat renal pelvis and it was decreased
by about 52% in the post-ischemic kidney compared
to that in the control kidney.  This result is consistent
with a previous study of Nambi et al. who showed a
decrease of about 58% in NEP activity and of about
90% in NEP mRNA levels in the post-ischemic renal
cortex, and suggested that NEP down-regulation was
one of mechanisms leading to increases in endothelin
that exacerbated kidney damage after I/R injury (36).
In the present study, it is clearly shown that excess SP
in the renal pelvis is associated with a decreased NEP
activity.  However, the mechanism is involved in the
dysregulation of NEP activity after ischemic injury is
unclear.  We speculate that the intracellular phospho-
PKC level might have an important role because of its
involvement in regulating NEP activity (31, 46) and
neuropeptide release (3).  In this study, the degree of
phospho-PKC was found to be sustained increased
after ischemia (Fig. 7) and we deduced that ischemia-
induced increase in the PKC activity might have some
effects on decreased NEP activity or enhanced SP
release.  However, there is still a lack of a direct
evidence linking the PKC, NEP and SP.

Mismatches of higher SP release and reduced
numbers of NK-1R are strongly indicated by the
receptor desensitization consistent with our previous
findings that showed that attenuated renal sensory
response in diseased kidneys might be due to SP-
induced NK-1R internalization to impair MRu func-
tion (33, 34).  We further explored the underlying
mechanism and found that the endosomal fraction
from the post-ischemic kidney had a higher content of
NK-1R than the equivalent fraction from the control
kidney suggesting that NK-1R was internalized from
the plasma membrane into the endosome in vivo.
Using real-time RT-PCR, our previous results partially
ruled out the possibility that ischemia-induced
decrease in NK-1R number was not due to changes in
its mRNA levels (34).  Desensitization of NK-1R in
the organ to avoid noxious stimuli overspread has
been suggested (12); however, this effect in post-
ischemic kidneys may be a potential mechanism
involved in impaired ARNA or renorenal reflex
responses.

The present study focused on the renal sensory
receptors and afferent renal nerve function.  However,
in clinical terms, of ischemic ARF seems more de-
pendent on the efferent renal nerve responses.  But the
mechanism involved in the dysfunctioning of renal
sympathetic activity in post-ischemic kidneys is still
not known.  Both the high basal activity and lower
reflex inhibition of ERNA are evidenced for its
hyperactivity as well as the studies showing an in-
crease in vasoconstrictor catecholamines in post-
ischemic renal tissues (28, 41).  An increase in renal
sympathetic nerve activity may contribute to the

development of ARF or interfere with recovery from
ischemic insults (18, 40), an idea proposed not only
for the rat model but for uremic patients (19).  After
denervation, the functional defect in the post-ischemic
kidney as well as the response to natriuretic stimuli
are improved (1).  The present study provides an
evidence that impaired renal sensory activation might
alter the renal efferent sympathetic function.

After reperfusion for 6 h, renal IPC did not alter
the patterns of nerve response caused by ischemia but
with an enhanced basal ARNA (Figs. 1 and 2).  These
results suggest that ARNA activation lasting for
several hours after ischemia is required for renal
recovery from ischemic injury.  These results clearly
show that ARNA function may be enhanced by IPC at
this stage and then provide a more efficient way than
that in the I/R kidney for reflex controlling on the
ERNA.  The underlying mechanism of regulating
ARNA response may be associated with a further
19% decrease in NEP activity (Fig. 5A) which could
make more SP available (Fig. 5B) to act on NK-1R
with a similar receptor number as the control animals
(Fig. 6A).  However, IPC seems not to modify the
degree of PKC phosphorylation caused by ischemia
(Fig. 7).

Considering the mechanisms involved in IPC-
mediated renal neuroprotection, maintenance of NEP
activity seems to be a pivotal response (Fig. 5A).
This result is consistent with those of a previous
observation in hearts preconditioned with morphine
which reduces neutrophil infiltration by increasing
NEP activity and providing myocardial protection
(44).  Furthermore, we examined the role of PKC
because its activation was reported to be involved in
IPC-mediated renal protection (29).  The present
results showed a lesser increase in phospho-PKC
levels during the late reperfusion after IPC.  Based on
the rationale of inverse action between PKC and NEP
activities (31, 46), a decreased PKC phosphrylation
could have resulted in suitable levels of NEP activity
and then SP in the post-ischemic renal pelvis which
were associated with the preservation of sensory
response and afforded renal protection.

A previous study by Ogawa et al. (35) suggested
that the renal sympathetic nerves were required for
IPC-induced tolerance in ischemic injured kidneys
and its protective effect was totally lost in denervated
kidneys.  However, renal denervation disrupts both
efferent and afferent renal nerve structures making it
difficult to assess which type of renal nerve trans-
mission provided renal protection.  Here we pay little
attention to the roles of efferent renal nerve in IPC-
mediated protection because its hyperactivity is known
to decrease renal functions especially in injured
kidneys (13).  On the basis of our results, we suggest
that ARNA changes might be one potential mechanism
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involved in renal IPC-induced protection.  In other
organs such as heart (38) and stomach (42) or remote
organ preconditioning between organs (45), capsaicin-
sensitive sensory nerves are suggested to afford organ-
protection by either ischemic or pharmacological
preconditioning.  Using a specific neuronal marker,
PGP 9.5, we partially ruled out the possibility of renal
pelvic nerve damage by I/R or affected by IPC treat-
ment suggesting that protective neural responses were
of functional origin.

Kidneys which have suffered ischemic insults
show different excretory responses during reperfusion
first exhibiting polyuria (6, 9) and then oliguria (9,
34).  Reduced expression of ion transporters and
water channels seen after ischemia contributed to
the polyuric response (16, 45).  However, there are no
reports discussing the changes of renal nerve activity
in the polyuric phase of ARF.  In terms of the natriuretic
nature of ARNA in renal excretion, a diuretic signal
generated from ARNA during initial reperfusion can
promote formation of more urine to remove harmful
wastes produced or accumulated during ischemia.
From our results, functional renal afferents seem to
be required for polyuria.  The fact that renal IPC did
not modify polyuria also suggests that this response is
an obligatory event after the kidney has suffered
ischemic insults.

Oliguria in this study was seen after 24 h of
reperfusion; however, this response could be reversed
by prior IPC.  IPC-induced functional protection in
renal ischemic injury has been postulated to ameliorate
renal blood flow and glomerular filtration rate (11,
39).  This decreased sensory nerve response and the
results of direct renal mechanoreceptor stimulation
suggest a functional defect in renal sensation in post-
ischemic kidneys when facing increased intrapelvic
pressure by extracellular fluid expansion to increase
urine bulk flow (32, 34).  Prior IPC treatment amelio-
rates both excretory and sensory responses to saline
loading.

In summary, a prior IPC episode in post-ischemic
kidneys provides a preservation of renal neural func-
tion by regulating PKC activity and stabilization of
NEP activity and the amounts of released SP.  A
suitable expression level of NK-1R is associated with
a full ARNA-induced renorenal reflex that results in
neurogenic control of efferent renal sympathetic nerve
activity, thus, reducing its contribution to post-
ischemic damages.
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