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Sodium ion transport participates in non-neuronal acetylcholine
release in the renal cortex of anesthetized rabbits
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Abstract This study examined the mechanism of release

of endogenous acetylcholine (ACh) in rabbit renal cortex

by applying a microdialysis technique. In anesthetized

rabbits, a microdialysis probe was implanted into the renal

cortex and perfused with Ringer’s solution containing high

potassium concentration, high sodium concentration, a

Na?/K?-ATPase inhibitor (ouabain), or an epithelial Na?

channel blocker (benzamil). Dialysate samples were col-

lected at baseline and during exposure to each agent, and

ACh concentrations in the samples were measured by high-

performance liquid chromatography. High potassium had

no effect on renal ACh release. High sodium increased

dialysate ACh concentrations significantly. Ouabain

increased dialysate ACh concentration significantly. Ben-

zamil decreased dialysate ACh concentrations significantly

both at baseline and under high sodium. The finding that

high potassium-induced depolarization does not increase

ACh release suggests that endogenous ACh is released in

renal cortex mainly by non-neuronal mechanism. Sodium

ion transport may be involved in the non-neuronal ACh

release.
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Introduction

Acetylcholine (ACh) serves as a neurotransmitter in the

brain, at the autonomic ganglia, and at the parasympathetic

nerve endings. Although the exact source of local ACh

acting on the endothelium remains in dispute [1, 2], local

ACh activates endothelial nitric oxide synthesis contribut-

ing to endothelium-dependent vasorelaxation in renal

arteries [3]. In the kidney of spontaneous hypertensive rats,

exogenous ACh-induced vasodilatation is reported to be

impaired [4]. While the effects of exogenous ACh are not

necessarily equivalent to those of endogenous ACh, the

study suggests a possibility that renal endogenous ACh

release is involved in the pathogenesis of hypertension.

However, the mechanism of endogenous ACh release in

the kidney remains largely unknown.

Maeda et al. [5] showed that cholineacetyltransferase

(ChAT) mRNA is localized to the renal cortical collecting

ducts and that ChAT-positive cells are principal cells.

Evans et al. [6] suggested that ACh may be synthesized by

non-neuronal rabbit kidney cortical cells because release of

newly synthesized ACh is increased by urea in a calcium-

dependent manner, but not by potassium depolarization.

They observed [3H]-choline uptake and [3H]-ACh synthe-

sis in minces of rabbit’s kidney cortex. Therefore, there is a

certain non-neuronal mechanism that synthesizes ACh

from choline in the rabbit’s cortical tissue. Furthermore,

Williams et al. [7] reported that the action of ACh in the

kidney is also mediated through alterations of the direct

transport of ions. In their study, ACh increased renal

plasma flow and there was a correlation between changes
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in renal plasma flow and sodium excretion. Therefore,

renal interstitial ion concentrations may affect endogenous

ACh release in the kidney.

We have developed a microdialysis technique that

allows monitoring of neuronal and non-neuronal neuro-

transmitter releases in various organs [8–14]. We hypoth-

esized that the mechanism of endogenous ACh release in

the kidney may be elucidated by continuous monitoring of

interstitial ACh concentrations in the kidney using the

microdialysis technique. In the present study, we applied

the microdialysis technique to the renal cortex of anes-

thetized rabbits and examined neuronal and non-neuronal

ACh releases in the renal cortex.

Materials and methods

Animal experiments and care were conducted in accor-

dance with the Guiding Principles for the Care and Use of

Animals in the Field of Physiological Sciences published

by the Physiological Society of Japan. The study was

approved by the Animal Subject Committee of the National

Cerebral and Cardiovascular Center. Thirty Japanese white

rabbits (2.3–3.0 kg in weight) were used. Anesthesia was

induced by intravenous injection of pentobarbital sodium

(50 mg/kg) into the marginal ear vein, and maintained by

intravenous infusion of a mixture of 16 mg kg-1 h-1 a-

chloralose and 100 mg kg-1 h-1 urethane. Depth of

anesthesia was assessed by loss of ear pinch reflex.

Mechanical ventilation was conducted with 15 ml/kg of a

mixture of room air and oxygen at a respiratory rate of

30 cycles/min. Systemic arterial pressure was monitored

by a fluid-filled catheter inserted into the femoral artery.

Esophageal temperature was maintained between 38 and

39 �C using a heating pad.

With the animal in the right lateral decubitus position,

the left kidney was exposed via a retroperitoneal approach.

A dialysis probe was implanted in the renal cortex as

described in ‘‘Dialysis technique’’ below. In protocol 1 that

compared ACh release in renal cortex and in myocardium,

the heart was also exposed via a left lateral thoracotomy

and a dialysis probe was implanted into the posterior wall

of the left ventricle. In protocols 2 and 4, two dialysis

probes were implanted into the renal cortex. At the end of

the experiment, the animals were euthanized by an over-

dose of pentobarbital sodium. The left kidney was sliced

and observed macroscopically to confirm that the dialysis

membrane was implanted totally within the renal cortex.

Dialysis technique

The dialysis probe used in microdialysis has been descri-

bed previously [11–14]. Briefly, the probe consisted of a

13-mm dialysis fiber (PAN-1200; Asahi Chemical, Tokyo,

Japan) with 25-cm polyethylene tubes attached at both

ends. The dialysis probe was implanted into the renal

cortex, and perfused at a speed of 2 ll/min using a

microinjection pump (CMA/102, Carnegie Medicine,

Sweden). The baseline perfusate was Ringer’s solution

containing 100 lM eserine (Wako Pure Chemical Indus-

tries, Ltd., Osaka, Japan), a cholinesterase inhibitor.

Experimental protocol was started 2 h after implantation.

Four microliters of phosphate buffer (pH 3.5) was added to

the sample tube before dialysate sampling. Each dialysate

sampling period was 10 min, yielding a sample volume of

20 ll (Fig. 1). ACh concentration in dialysate was mea-

sured by high-performance liquid chromatography [15].

Experimental protocols

Protocol 1 (n = 11)

To investigate whether renal ACh is released from

cholinergic nerve endings, dialysate sample was collected

under high-potassium perfusion, which is widely used to

examine neurotransmitter release in brain microdialysis

studies [16]. In six rabbits implanted with a microdialysis

probe in the renal cortex, baseline dialysate samples were

collected over 10 min. After baseline sampling, the dialysis

probe was perfused with a high-potassium solution

(Ringer’s solution containing 200 mM KCl and 100 lM

eserine) aiming to evoke depolarization of nerve terminals,

and another 10-min dialysate sample was collected. For

comparison, dialysate samples were collected from the

posterior wall of the left ventricular myocardium under

high-potassium perfusion (KCl 200 mM) in another five

rabbits.

Protocol 2 (n = 6)

We investigated the effect of high sodium on renal ACh

release. Two renal dialysis probes were implanted in each

rabbit. After baseline dialysate sampling, each dialysis

probe was perfused with Ringer’s solution containing 500

or 900 mM NaCl and 100 lM eserine. Twenty minutes

after the start of high-sodium perfusion, 10-min dialysate

samples were collected.

Protocol 3 (n = 7)

We investigated the effect of Na?/K?-ATPase on renal

ACh release. After 10-min baseline dialysate sampling, the

dialysis probe was perfused with Ringer’s solution con-

taining a Na?/K?-ATPase inhibitor, ouabain (100 lM,

Sigma-Aldrich Co. LLC., MO, USA) and 100 lM eserine.

588 J Physiol Sci (2017) 67:587–593

123



Twenty minutes after the start of ouabain perfusion, a

10-min dialysate sample was collected.

Protocol 4 (n = 6)

We investigated the effect of epithelial Na? channel

(ENaC) on renal ACh release. At baseline, one dialysis

probe was perfused with Ringer’s solution containing

eserine (control probe) and another probe was perfused

with Ringer’s solution containing an ENaC inhibitor,

benzamil (300 lM, Sigma-Aldrich Co. LLC., MO, USA)

and 100 lM eserine (benzamil probe). After 10-min

baseline sampling, the control probe was perfused with

high-sodium Ringer’s solution (900 mM NaCl) and the

benzamil probe with high-sodium Ringer’s solution

(900 mM NaCl) containing 300 lM benzamil, both with

the addition of 100 lM eserine. Twenty minutes after the

start of high-sodium perfusion, 10-min dialysate samples

were collected.

Statistical analysis

All data are presented as mean ± standard error. For each

protocol, mean blood pressures at the start and end of the

experiment were compared by a paired t test. In protocols

1, 2, and 3, dialysate ACh concentrations under perfusion

with individual test agents were compared with baseline

concentrations using a paired t test. In protocol 4, a two-

way analysis of variance (ANOVA) with repeated mea-

sures on one factor (high sodium) was used to compare

dialysate ACh concentrations. The other factor was ben-

zamil. Post hoc tests were done using paired t test (the

effect of high sodium) or unpaired t test (the effect of

benzamil) with the significance levels corrected by Holm’s

method. Statistical significance was defined as p\ 0.05.

Results

Protocol 1 (n 5 11)

High potassium did not affect renal dialysate ACh concentra-

tion (0.98 ± 0.19 nM at baseline vs. 0.99 ± 0.25 nM under

high-potassium perfusion, not significant) (Fig. 2). Mean blood

pressure did not change throughout the experiment (92.8 ± 4.1

to 92.1 ± 3.6 mmHg, not significant). On the other hand, high-

potassium perfusion significantly increased cardiac dialysate

ACh concentration from 2.40 ± 0.56 nM at baseline to

18.32 ± 3.53 nM (p\0.01) (Fig. 2).

Protocol 2 (n 5 6)

High sodium of 500 mM significantly increased renal

dialysate ACh concentration from 1.19 ± 0.43 nM at

baseline to 2.36 ± 0.44 nM (p\ 0.01). High sodium of

900 mM also increased renal dialysate ACh concentration

from 1.13 ± 0.29 nM at baseline to 5.01 ± 1.13 nM

(p = 0.012) (Fig. 3). Mean blood pressure did not change

throughout the experiment (86.2 ± 3.0 to

90.3 ± 2.8 mmHg, not significant).

Fig. 1 A schema of a

microdialysis technique in the

renal cortex. ACh acetylcholine
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Protocol 3 (n 5 7)

Perfusion with ouabain significantly increased renal dia-

lysate ACh concentration from 1.27 ± 0.22 nM at baseline

to 2.25 ± 0.25 nM (p\ 0.01) (Fig. 4). Mean blood pres-

sure did not change throughout the experiment (89.7 ± 3.2

to 89.4 ± 3.6 mmHg, not significant).

Protocol 4 (n 5 6)

In control conditions, high-sodium perfusion of 900 mM

significantly increased renal dialysate ACh concentration

from 0.77 ± 0.19 nM at baseline to 3.04 ± 0.46 nM. In

the presence of benzamil, high-sodium perfusion also

increased renal dialysate ACh concentration from

0.20 ± 0.03 nM at baseline to 0.67 ± 0.09 nM. Benzamil

significantly reduced renal dialysate ACh concentration in

both baseline and high-sodium conditions (high sodium,

F1,10 = 67.12, p\ 0.0001; benzamil, F1,10 = 21.83,

p = 0.0009; interaction, F1,10 = 29.00, p = 0.0003 by

two-way ANOVA) (Fig. 5). Mean blood pressure did not

change throughout the experiment (91.1 ± 2.0 to

93.7 ± 4.5 mmHg, not significant).

Discussion

The present study demonstrated that ACh was released by

non-neuronal mechanism in the renal cortex. This non-

neuronal ACh release was associated with sodium ion

Fig. 2 Changes of dialysate acetylcholine (ACh) concentrations in

response to high-potassium perfusion (KCl 200 mM) in the renal

cortex (n = 6) and in the posterior free wall of the left ventricular

myocardium (n = 5). Data are expressed as mean ± standard error.

**p\ 0.01 vs. baseline, by paired t test

Fig. 3 Changes of dialysate acetylcholine (ACh) concentrations in

response to high-sodium perfusion (NaCl 500 and 900 mM) in the

renal cortex. Data are expressed as mean ± standard error (n = 6).

*p\ 0.05 and **p\ 0.01 vs. baseline, by paired t test

Fig. 4 Change of dialysate acetylcholine (ACh) concentration in

response to perfusion of a Na?/K?-ATPase inhibitor (ouabain

100 lM) in the renal cortex. Data are expressed as mean ± standard

error (n = 7). **p\ 0.01 vs. baseline, by paired t test

Fig. 5 Effects of perfusion of an epithelial Na? channel blocker

(benzamil 300 lM) on dialysate acetylcholine (ACh) concentrations

under baseline and high-sodium (NaCl 900 mM) conditions. Data are

expressed as mean ± standard error (n = 6). *p\ 0.05 and

**p\ 0.01, by Holm’s method
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transport in the renal cortex. Na?/K?-ATPase and ENaC

may be involved in the endogenous ACh release.

Neuronal release of endogenous ACh

When ACh is released by the neuronal mechanism, inter-

stitial neurotransmitter concentration monitored by micro-

dialysis increases in response to high potassium-induced

depolarization of nerve terminals [8]. In protocol 1, when

the microdialysis probe implanted in the left ventricular

wall was perfused by a 200-mM KCl solution, dialysate

ACh concentration increased significantly. This finding

suggests that ACh release in the left ventricle is mainly

dependent on neuronal mechanism. On the other hand,

ACh concentration in the dialysate sampled from the

microdialysis probe implanted in the renal cortex was not

influenced by perfusion of the same KCl solution. This

finding suggests that endogenous ACh release in the kidney

is less dependent on neuronal mechanism compared with

that in the left ventricle. Therefore, non-neuronal mecha-

nisms may play an important role in renal endogenous ACh

release.

Non-neuronal mechanism of endogenous

ACh release

The present study demonstrated that an increase in

interstitial sodium concentration significantly enhanced

endogenous ACh release in the renal cortex. Dialysate

ACh concentration during perfusion of a 500-mM NaCl

solution increased two-fold compared to baseline level.

Perfusion with 900-mM NaCl solution resulted in further

increase in dialysate ACh concentration to fivefold the

baseline level. Evans et al. [6] reported that ACh syn-

thesis in the renal cortex was inhibited by the removal of

sodium ions, suggesting that endogenous ACh release in

the renal cortex may be dependent on interstitial sodium

concentration. Williams et al. [7] reported that infusion of

ACh into the renal artery increased fractional excretion of

sodium. Takeda et al. [17] also reported that ACh caused

natriuresis through inhibition of sodium reabsorption

across the collecting duct cells of the renal cortical col-

lecting ducts. Therefore, the action of ACh in the kidney

may be mediated through direct alteration of ion

transports.

While the results of protocol 2 indicate that extracel-

lular high-sodium condition is involved in renal ACh

release, it remains unclear whether intracellular sodium

level is associated with endogenous ACh release or not.

In protocol 3, addition of the Na?/K?-ATPase inhibitor

ouabain in the perfusate significantly enhanced endoge-

nous ACh release in the renal cortex. Since Na?/K?-

ATPase is a ubiquitous enzyme responsible for the

creation and maintenance of Na? and K? gradient across

cell membrane by transporting 3 Na? out and 2 K? into

the cell [18], blocking this enzyme by ouabain conse-

quently raises intracellular sodium levels. Therefore, the

present result suggests that an increase in intracellular

sodium level enhances endogenous ACh release in the

renal cortex. Meyer and Cooper [19] reported that inhi-

bition of Na?/K?-ATPase elevated ACh release inde-

pendent of the external calcium concentration in rat

cerebral cortical synaptosomes. Blasi et al. [20] suggested

that one of the mechanisms involved in ouabain-induced

ACh release in the absence of Ca2? is an increase in

intracellular Na? that evokes Ca2? release from internal

stores and inhibits ATP-dependent Ca2? uptake in the

Torpedo marmorata electric organ. This calcium-inde-

pendent mechanism may partly participate in renal ACh

release. In addition, we have already reported that oua-

bain-induced ACh release at cardiac parasympathetic

nerve terminals is attributable to the mechanism of exo-

cytosis triggered by regional depolarization [21]. How-

ever, the results of high-potassium protocol (protocol 1)

indicated that depolarization of ACh-releasing cells did

not contribute much to the renal ACh release observed in

the present study.

As a possible mechanism for alteration of intracellular

sodium level under pathophysiological conditions, we

examined the role of ENaC in endogenous ACh release. In

protocol 4, the ENaC blocker benzamil significantly sup-

pressed endogenous ACh release in both baseline and high-

sodium conditions. Since ENaC is a constituent of apical or

outward-facing membranes of the salt-reabsorbing epithe-

lium that transports Na? into the cell by electrodiffusion

[22], blockade of this channel causes a decrease in intra-

cellular sodium level. Therefore, a decrease in intracellular

sodium may suppress endogenous ACh release in the renal

cortex. Kakizoe et al. [23] reported aberrant expression and

activation of ENaC in Dahl salt-sensitive rats. Since ACh

has been reported to increase sodium delivery and decrease

sodium reabsorption in the collecting duct [24], impairment

of endogenous ACh release despite the increase in intra-

cellular sodium level due to augmented ENaC activity may

be associated with the progression of hypertension in Dahl

salt-sensitive rats. Furthermore, recent reports suggest that

a7-nicotinic ACh receptors play a critical role in renal anti-

inflammatory pathway. Chen et al. [25] reported that a7-

nicotinic ACh receptor downregulation occurred in two-

kidney one-clip hypertensive rat’s kidney. Truong et al.

[26] reported that absence of a7-nicotinic ACh receptor

subunit amplified inflammation and accelerated the onset

of fibrosis in inflammatory kidney model mice. Therefore,

endogenous ACh may exert renoprotective effects against

high-sodium conditions through a7-nicotinic ACh recep-

tor-mediated anti-inflammatory pathway.
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Methodological considerations

Since ACh is degraded by ACh esterase immediately after

its release, the addition of eserine into the perfusate is

required for measuring in vivo release of ACh. The

presence of eserine around the microdialysis fiber could

have affected ACh release in the vicinity of the fiber.

Notwithstanding this limitation, the microdialysis has the

unique advantage of permitting elucidation of local ACh

release mechanisms by delivering pharmacological agents

locally without significantly affecting systemic hemody-

namics. Changes in dialysate ACh concentration upon

perfusion of pharmacological agents relative to baseline

are considered to reflect release and disposition of local

ACh.

In the present study, an increase in interstitial sodium

concentration was associated with increasing the osmotic

pressure of perfusate. While the results of ouabain and

benzamil protocols (protocol 3 and 4) suggested that

sodium ion transport was involved in renal ACh release,

further investigations are required to identify the effects of

osmotic pressure on renal endogenous ACh release.

Conclusions

Endogenous ACh release in the renal cortex is mainly

dependent on non-neuronal mechanisms. This non-neu-

ronal ACh release is associated with sodium ion transport

in the renal cortex. In addition, Na?/K?-ATPase and ENaC

may be involved in renal endogenous ACh release.
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