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lation of the liver metabolism. 1z - 14 )
This study was designed to investigate whether
eletrical stimulation of the hepatic vagal branch
influences plasma ICG disappearance in rats.

Summary. The plasma disappearance curve of indocyanine green (lCG) was estimated for 15 min by a
non-invasive serial monitoring system following electrical stimulation of the hepatic vagal branch in anesthetized rats. The stimulation parameters were 6 V, 1 ms
width (square wave for 6 min) and 10 Hz. When ICG 0.25
mg/kg (200 fil) was injected into the jugular vein as a
bolus, the curve for ICG was obtained; this was shifted
downwards by the electrical stimulation of the hepatic
vagal branch. The magnitude of ICG response due to
stimulation tended to be frequency dependent. No
appreciable change in systemic arterial pressure or
portal venous blood flow was seen during the ICG
estimation.
These results suggest that the hepatic vagal branch
contains signals which directly modify the uptake of
ICG by the hepatocytes without hepatic circulatory
influence.

MATERIALS AND METHODS
Thirty-six male Wistar rats weighing about 250 g
were used. The animals were anesthetized with an
intraperitoneal injection of pentobarbital sodium (45
mg/kg), and the depth of anesthesia was maintained
by intramuscular injection of the same agent (7.5 mg/
kg) every 30 min. Tracheotomy was carried out to
provide a patent airway. Throughout the experiments, the rectal temperature was kept at 36.0 ±
0.6°C with a heating lamp.
An lCG monitoring system (RK -1000, Sumitomo
Electric Industries Ltd., Osaka, Japan) was utilized
for this study. Plasma concentrations of ICG were
serially plotted between 0 and 15 min after ICG
injection. An optical sensor for estimating the ICG
concentration was attached to the skin of one hind
leg. 10 )
Portal venous blood flow (PVF) was measured
with a transit-time ultrasonic volume flowmeter
(Transonic T201, Advance, NY, USA) connected to a
2 mm probe. 15 .16 ) The systemic arterial blood pressure
(SAP) was recorded from the right carotid artery.
ICG (Daiichi Pharmaceutical Co., Ltd., Tokyo,
Japan), dissolved in the aqueous solvent provided,
was injected into the right jugular vein as a bolus.
lCG 0.25 mg/kg (200,.ul) was used as a test injection. 10 ) Atropin sulfate (Tanabe Pharmaceutical Co.,
Ltd., Tokyo, Japan) dissolved in physiological saline
(l00 ,.u 1) was administered intramuscularly 30 min
before ICG injection.

Key words-anion transport, hepatic dye metabolism,
liver, rat.

INTRODUCTION
The indocyanine green (ICG) test, a method for
determining effective hepatic blood flow and hepatocyte function,1-4) is quite useful for evaluating
liver functions, measuring the blood flow in an extrahepatic shunt, and determining the severity of liver
disease. 5- 7 ) A non-invasive ICG monitoring system
has been developed in which the ICG concentration is
expressed serially; its usefulness has been reported in
rats and humans. 8 - 10 ) On the other hand, the vagal
nerve innervating the liver has been shown to terminate in the hepatocytes 11 ) and participate in the reguCorrespondence: Takeo Sakaguchi, M. D., The First Department
of Physiology, Niigata University School of Medicine, Asahimachi
1, Niigata 951-8122, Japan.
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The elastic electrode for nerve stimulation!7) was
set on the caudal cut end of the hepatic vagal branch,
while the sympathetic hepatic branch remained
intact. The stimulation parameters were 6 V, 1 ms
width (square wave for 6 min) and the frequencies
were 1, 5, 10 and 20 Hz.
The data were ANOVA analyzed and specific
values were evaluated by Duncan's test. A value of
p < 0.05 was regarded as significant.

tended to be frequency dependent in the range of 1 to
20 Hz, as shown in Fig. 2. Sectioning of the hepatic

vagal branch at a level immediately below the exciting electrode abolished such responses to electrical
stimulation, indicating that these responses could be
ascribed to a change in peripheral nervous excitation
(Fig. 2). These ICG responses were provoked without
any change in SAP or PVF (Fig. 3). Prior administration of atropin sulfate (0.5 mg/kg) failed to change
ICG response caused by hepatic vagal stimulation
(Table 1).

RESULTS
DISCUSSION

The plasma disappearance curves for ICG are shown
in Fig. 1. The curve shifted downwards as the hepatic
vagal branch was stimulated by electricity (6 V, 1 ms
width square wave and 10 Hz for 6 min). A stimulating effect on the ICG concentration appeared about
10-15 min later and the intensity of the response

We found that the hepatic vagal nerve moderates
ICG dynamics; electrical stimulation applied to the
hepatic vagal branch could be regarded as enhanced
efferent vagal activity.
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Fig. 1. Representative alterations in plasma disappearance curves of leG following electrical stimulation of the
hepatic vagal branch. reG 0.25 mg/kg was administered
with (-) or without (---) electrical stimulation (10 Hz).
Zero indicates the time of leG injection, and the rectangle
the time of stimulation.

17
min

Fig. 2. Plasma disappearance curves of reG caused
by hepatic vagal stimulation. Four different frequencies of electrical stimulation (0, 1 Hz; . , 5 Hz;
0, 10 Hz; e, 20 Hz; .,20 Hz with sectioning of the
nerve below the exciting electrode) are given. Zero
shows the time of leG injection, and the rectangle
the time of stimulation. Values are the means ±
SEM (n=6). u p <0.05 vs and •. b p <O.OI vs 0 and
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Table 1 lCG concentrations after hepatic
vagal stimulation with (l) or without (II)
atropin

E
E
Q.
c(

6 min later
(j.lg/dl)

15 min later
(j.lg/dl)

I

76.0

II

88.6 ± 8.2

33.4
11.0
45.4 ± 10.2
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E

Values are the means

E
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SEM (n=6).
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Fig. 3. Changes in SAP and PVF after hepatic vagal stimulation. lCG 0.25 mg/kg was injected with (0) or without (e)
stimulation (20 Hz). Zero indicates the time of lCG injection,
and the rectangle the time of stimulation. Values are the
means
SEM (n=6).
Because the disappearance of ICG in the plasma
due to vagal stimulation tended to be electrically
frequency dependent, the ICG response may be
mediated by neural excitation.
ICG dynamics have been shown to correlate with
hepatic blood flow or hepatocyte function or both. I- 4)
In the present study, hepatic vagal stimulation did
not cause any change in portal venous circulation. In
connection with this, it has been noted that the
hepatic arterial blood flow is unaffected by hepatic
vagal stimulation in rats (Ohtake & Sakaguchi, unpublished data). It is therefore believed that the ICG
response observed originated in the hepatocyte function.
Once ICG enters the liver, it does not backflow into
the plasma, and the uptake of the dye by the hepatocytes has been estimated to take 20 min. ls - 20 )
Considering these reports together with the finding
that the neural stimulating effect on ICG appeared in
about 10 min, it is possible that the vagal nerve
accelerates the uptake of ICG by the hepatocytes.
Although the dose of atropin used in this study has
been shown to block cholinergic effect of the vagal
nerve/I) the agent did not change ICG response
caused by hepatic vagal stimulation. This could mean
that there is no cholinergic mechanism in the phenomena.
ICG transport mechanisms across the hepatocyte
membrane have been reported,3.22) but the neural
factor was not involved in the previously proposed
explanation. Concerning this, it has been shown that

neural electrical activity moderates anion transport
across the biological membrane.23.24) This may hold
true for the observed lCG response.
Carbohydrate metabolic components have been
shown to modify efferent activity of the hepatic
vagal branch. 21 ,25) Further study in the situations
mentioned above will be necessary to define the vagal
function on ICG movement.
These observations lead us to conclude that the
hepatic vagal branch contains signals which directly
moderate ICG dynamics in the liver.
Acknowledgments. The authors are greatly indebted to
Mr. K. Kunihara (Dept. of Physiology) for his assistance.

REFERENCES
Reemtsma K, Hottinger GC, DeGraff AC Jr., Creech
Jr.: The estimation of hepatic blood flow using
indocyanine green. Surg Gynecal Obst 110: 353-356,
1960.
2) Leevy CM, Mendenhall CL, Lesko W, Howard MM:
Estimation of hepatic blood flow with indocyanine
green. ] Clin Invest 41: 1169-1179, 1962.
3) Leevy CM, Bender J: Physiology of dye extraction
by the liver: comparative studies of sulfobromophtalein and indocyanine green. Ann NY Aead Sci
111: 161-175, 1963.
4) Klaassen CD, Plaa GL: Plasma disappearance and
biliary excretion of indocyanine green in rats, rabbits, and dogs. Taxieol Appl Pharmacol15: 374-384,
1)

o

92

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

1'.

SAKAGUCHI

et a!.

1969.
Tsukada K, Sakaguchi T, Aono T, Koyama S,
Suzuki T, Hatakeyama K: Small dose indocyanine
green test by finger monitor system for assessment
of liver function. Int J Surg Sci 2: 277279, 1995.
Aono T, Sakaguchi T, Tsukada K, Fujita N, Ishizuka D, Hatakeyama K: Prostaglandin E] increases
indocyanine green disappearance rate in patients
with chronic liver disease. J Int Med Res 23: 299307, 1995.
Aono T, Sakaguchi T, Tsukada K, Kurosaki I,
Hatakeyama K: Effect of prostaglandin E) on
ammonia concentration in blood of patients with
hepatic resection. Dig Dis Sci 41: 126-130, 1996.
Kinoshita K, Sawada H, Niimi Y: Pharmacokinetic
study on the records of leG clearance meter. Jpn
Phannacol Ther 20(Suppl): 2447-2456, 1992. (in
japanese)
Ishigami Y, Masuzawa M, Miyoshi E, Kato M,
Tamura K, Kanda M, Awazu K, Taniguchi K,
Kurita M, Hayashi N, Kawano S, Fusamoto H,
Kamada T: Clinical applications of ICG finger
monitor in patients with liver disease. J Hepatol19:
232-240, 1993.
Sakaguchi T, Fujita N, Ishizuka D, Aono T: Application of a non-invasive system for monitoring
plasma indocyanine green dynamics in rats. Acta
Med Bioi 44: 19-22, 1996.
Berthoud HR, Kressel M, Neuhuber \"IL: An anterograde tracing study of the vagal innervation of rat
liver, portal vein and biliary system. Anat
186: 431-442, 1992.
Ohtake M, Sakaguchi T, Yoshida K, Muto T:
Hepatic branch vagotomy can suppress liver regeneration in partially hepatectomized rats. HPB
6: 277-286, 1993.
Shimazu T: Reciprocal innervation of the liver: its
significance in metabolic control. Adv Metab Disord
10: 355-384, 1983.
Shimazu T: Innervation of the liver and glucoregulation: roles of the hypothalamus and autonomic
nerves. Nutrition 12: 65-66, 1996.
Nakadaira K, Tsukada K, Sakaguchi T, Shirai Y,

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

Kurosaki I, Ohtake M, Yoshida K, Muto T: A
pharmacological analysis of prostaglandin E) on
portal blood flow after partial hepatectomy in rats.
Surg Today 23: 277-279, 1993.
Aono T, Sakaguchi T, Fujita N, Shimizu T, Tsukada K, Hatakeyama K: Omental delivery of prostaglandin E) effectively increases portal venous
blood flow in 66%-hepatectomized rats.
27: 473-476, 1997.
Sakaguchi T, Warashina A, Niijima A: Production
of elastic electrodes for nerve stimulation.
Arch 380: 283, 1979.
Stoeckel K, McNamara P1, McLean A1, duSouich
P, Lalka D, Gibaldi M: Nonlinear pharmacokinetics
of indocyanine green in the rabbit and rat. J Pharnzacokinet Biophann 8: 483-496, 1980.
Grainger SL, Keeling PW, Brown 1M, Marigold jH,
Thompson RP: Clearance and non-invasive determination of the hepatic extraction of indocyanine
green in baboons and man. Clin Sci 64: 207-212,
1983.
Kisor DF, Frye RF, Kudsk KA: Estimation of the
hepatic extraction ratio of indocyanine green in
swine. Clin Sci 84: 681-685, 1993.
Sakaguchi T: Control of motor and secretory functions of the stomach by a portal glucose signal.
Neurosci Biobehav Rev 19: 469-478, 1995.
Wehner F, Rosin-Steiner S, Beetz G, Sauer H: The
anion transport inhibitor DIDS increases rat hepatocyte K+ conductance via uptake through the
bilirubin pathway. J Physiol (Lond) 471: 617-635,
1993.
Pace CS, Tarvin jT: Influence on anion transport on
glucose-induced electrical activity in the B-cell.
Diabetes 31: 653-655, 1982.
Rose CR, Deitmer ]\"1: Evidence that glial cells
modulate extracellular pH transients induced by
neuronal activity in the leech central nervous sys(Lond) 481: 1-5, 1994.
tem. J
Niijima A: Neural mechanisms in the control of
blood glucose concentration. J Nutr 119: 833-840,
1989.

