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Abstract

We examined the role of vagus nerves in the transmission of the portal glucose signal in conscious dogs. At time 0, somatostatin infusion
was started along with intraportal insulin and glucagon at 4-fold basal and basal rates, respectively. Glucose was infused via a peripheral vein
to create hyperglycemia (= 2 fold basal). At # = 90, hollow coils around the vagus nerves were perfused with —10°C or 37°C solution in the
vagally cooled (COOL) and sham-cooled (SHAM) groups, respectively (n = 6 per group). Effectiveness of vagal blockade was demonstrated
by increase in heart rate during perfusion in the COOL vs SHAM groups (183 £ 3 vs 102 * 5 beats per minute, respectively) and by
prolapse of the third eyelid in the COOL group. Arterial plasma insulin (22 + 2 and 24 £ 3 uU/mL) and glucagon (37 £ 5 and 40 =+
4 pg/mL) concentrations did not change significantly between the first experimental period and the coil perfusion period in either the SHAM
or COOL group, respectively. The hepatic glucose load throughout the entire experiment was 46 + 1 and 50 + 2 mg - kg~' - min~ " in the
SHAM and COOL groups, respectively. Net hepatic glucose uptake (NHGU) did not differ in the SHAM and COOL groups before (2.2 +
0.5and 2.9 + 0.8 mg - kg~' - min~", respectively) or during the cooling period (3.0 + 0.5 and 3.4 + 0.6 mg - kg~' - min~", respectively).
Likewise, net hepatic glucose fractional extraction and nonhepatic glucose uptake and clearance were not different between groups during
coil perfusion. Interruption of vagal signaling in the presence of hyperinsulinemia and hyperglycemia resulting from peripheral glucose
infusion did not affect NHGU, further supporting our previous suggestion that vagal input to the liver is not a primary determinant of NHGU.
© 2007 Elsevier Inc. All rights reserved.

1. Introduction glucagon [2]. Likewise, hepatic glucose uptake is positively
correlated with the glucose load. Finally, it has been shown
that when the glucose level is higher in the portal vein than
in the hepatic artery, net hepatic glucose uptake is
augmented [3]. The stimulus for this response has been
termed the portal glucose signal. Previous studies carried
out in our laboratory have shown that activation of the portal
signal not only increases net hepatic glucose uptake but also
reduces glucose uptake by muscle [3-5].

In the 1960s, Shimazu et al [6,7] showed that the
autonomic nerves from the hypothalamus control glycogen
metabolism. These autonomic nerves innervate the liver
along 3 routes: the portal vein, the hepatic artery, and the

Postprandial hyperglycemia is a concern for individuals
with type 2 diabetes mellitus. The ability of the liver and
peripheral tissues to increase their uptake of glucose after
food ingestion is therefore an area of interest. There are 3
major determinants of net hepatic glucose uptake (NHGU):
the levels of insulin and glucagon in the blood, the glucose
load reaching the liver, and the route of glucose delivery.
Net hepatic glucose uptake increases with an increase in
insulin concentration [1] and decreases with an elevation of

_ " Corresponding author. Department of Molecular Physiology & bile ducts. Efferent innervation by both parasympathetic and
Biophysics, 702 Light Hall, Vanderbilt University School of Medicine,

Nashville, TN 37232-0615, USA. Tel.: +1 615 322 7013; fax: +1 615 343 sympathetic nerve fibers has been shown to be responsible
0490. for hepatic hemodynamics, bile flow regulation, and control
E-mail address: alan.cherrington@vanderbilt.edu (A.D. Cherrington). of carbohydrate and lipid metabolism [8]. Stimulation of the

0026-0495/$ — see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.metabol.2007.01.012



C.A. DiCostanzo et al. / Metabolism Clinical and Experimental 56 (2007) 814-824 815

sympathetic efferents results in an increase in glucose output
by the liver through rapid activation of glycogen phosphor-
ylase [8-11] as well as an increase in phosphoenolpyruvate
carboxykinase (PEPCK) activity. Stimulation of the para-
sympathetic efferents results in an increase in glycogen
synthesis due to an activation of glycogen synthase and a
decrease or complete inactivation of PEPCK activity [9-12].
Afferent nerves also emanate from the liver. Afferent fibers
constitute 90% of the total fibers in the hepatic vagus nerves
[13], and they have been shown to convey information
regarding plasma glucose [14] and other nutrients to the
brain as well as to be responsible for osmoregulation,
ionoreception, and baroreception [15].

It has been shown that glucose-sensitive neurons in the
portal vein [16] have a discharge rate that is inversely
correlated with portal vein glucose concentration. A change
in afferent firing is accompanied by a change in efferent
firing in the pancreatic branch of the vagus nerve, the
splanchnic nerve, and the adrenal nerve [17].

Although extensive research has been carried out relating
to hepatic afferents and efferents in the euglycemic and
hypoglycemic states [18-24], less is known about them in the
hyperglycemic state. Furthermore, it remains unclear how
they are involved in the augmentation of NHGU by portal
glucose delivery. Total hepatic denervation eliminates the
ability of the liver to discriminate between portal and
peripheral glucose delivery [25], reinforcing the notion that
the response to the portal glucose signal is neurally mediated
[16,26]. Glucose delivery into the portal vein, but not a
peripheral vein, resulted in a significant fall in hepatic
norepinephrine spillover [27], an index of sympathetic
signaling [28]. In a recent article by DiCostanzo et al [29],
it was shown that the sympathetic efferent nerve fibers exert a
tonic inhibition on NHGU. When these fibers were chron-
ically transected, under hyperinsulinemic and hyperglycemic
(resulting from peripheral glucose infusion) conditions,
NHGU doubled. Thus, the sympathetic nervous system
appears to play an important role in bringing about the portal
signal. Nevertheless, a substantial body of evidence impli-
cates the parasympathetic nervous system in the regulation of
hepatic glucose uptake and disposition. Stimulation of
parasympathetic nerves reduced hepatic glucose output in
the cat [30] and activated glycogen synthase in the rabbit liver
[31]. In addition, acute vagotomy in rats reduced hepatic
glycogen synthesis after a glucose load [32]. We have
previously observed enhanced activation of glycogen syn-
thase in the presence of portal vs peripheral glucose delivery
[4]. Moreover, in studies completed by Shiota et al [33], an
intraportal acetylcholine infusion 3 ug - kg~' - min™ "), in
the presence of hyperglycemia (brought about by peripheral
glucose infusion) and hyperinsulinemia, increased NHGU in
comparison to control dogs receiving saline (4.6 + 0.6 vs
3.0+ 0.6mg - kg~ ' - min"', respectively). Taken together,
these data led to the conclusion that the parasympathetic
nerves are likely involved in the increase of net hepatic
glucose uptake in the postprandial state.

We hypothesized that when the portal vein glucose
concentration is greater than the arterial concentration, vagal
afferent firing falls and this triggers a reduction in
sympathetic neural input to the liver concurrently with an
increase in parasympathetic input. In a recent study [34], we
showed that acute vagal blockage (cooling coils) brought
about under hyperglycemic, hyperinsulinemic conditions in
the presence of portal glucose delivery failed to alter
NHGU. One might have predicted that the augmented
afferent signal (ie, a greater reduction in firing) would have
resulted in an increase in the withdrawal of sympathetic tone
and an augmentation of parasympathetic input and thus an
increase in NHGU. However, it is also possible that in the
presence of the portal signal, NHGU was maximally
stimulated, and therefore, it was impossible to augment it
further. To shed further light on this topic we repeated the
experiment in the absence of the portal glucose signal. If our
hypothesis is correct, then one would predict an increase in
NHGU to result from vagal cooling under this condition.

2. Research design and methods
2.1. Animals and surgical procedures

Studies were carried out on conscious 42-hour fasted
mongrel dogs with a mean weight of 23.1 + 0.4 kg. A fast of
this duration was chosen because it produces a metabolic
state resembling that in the overnight-fasted human and
results in liver glycogen levels in the dog that are at a stable
minimum. All animals were maintained on a diet of meat (Kal
Kan, Vernon, CA) and chow (Purina Lab Canine Diet No.
5006; Purina Mills, St Louis, MO) composed of 34% protein,
14.5% fat, 46% carbohydrate, and 5.5% fiber based on dry
weight. The animals were housed in a facility that met
American Association for Accreditation of Laboratory
Animal Care guidelines, and the protocol was approved by
the Vanderbilt University Medical Center Animal Care and
Use Committee.

Approximately 16 days before study, each dog under-
went a laparotomy under general anesthesia (15 mg/kg
Pentothal sodium (Abbott Laboratories, North Chicago, IL)
presurgery and ~1% isoflurane inhalation anesthetic during
surgery), and silicone rubber catheters were inserted for
sampling in the hepatic vein, the portal vein, and a femoral
artery as described in detail elsewhere [35]. Catheters for
hormone infusion were also placed in a splenic and jejunal
vein. Stainless steel cooling coils, with Silastic (Dow
Corning, Midland, MI) extension tubing attached, were
placed around the vagus nerves in the neck of all dogs as
described previously [19]. Transonic flow probes (Tran-
sonic Systems, Ithaca, NY) were placed around the portal
vein and the hepatic artery. The catheters were filled with
saline-containing heparin (200000 U/L; Abbott Laborato-
ries, North Chicago, IL), their free ends were knotted, and
they, along with the free ends of the Transonic leads, were
placed in 2 separate subcutaneous pockets.
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Fig. 1. Heart rate in SHAM and COOL 42-hour fasted conscious dogs
maintained on a pancreatic clamp during the basal and experimental periods
(n = 6 per group). Data are mean + SEM. *P < .05.

Approximately 2 days before each study, blood was
drawn to determine the leukocyte count and the hematocrit
for each animal. The dog was studied only if it had a
leukocyte count of less than <18000/mm?>, a hematocrit of
more than 35%, a good appetite (as evidenced by
consumption of the entire daily ration), and normal stools.

On the morning of the study, catheters and Transonic
leads were exteriorized from their subcutaneous pockets
using local anesthesia (2% lidocaine, Abbott). The
contents of each catheter were aspirated, and the catheters
were flushed with saline. The splenic and jejunal catheters
were used for intraportal infusion of insulin (Eli Lilly &
Co, Indianapolis, IN) and glucagon (Glucagen, Novo
Nordisk, Bagsvaerd, Denmark). Angiocaths (Deseret
Medical, Becton Dickinson, Sandy, UT) were inserted
into the left cephalic vein for indocyanine green infusion
(Sigma Immunochemicals, St Louis, MO), the right
cephalic vein for peripheral glucose infusion, and the left
saphenous vein for somatostatin infusion (Bachem, Tor-
rance, CA). Each dog was allowed to stand quietly in a
Pavlov harness.

2.2. Experimental design

Each experiment consisted of a 100-minute equilibra-
tion period (—140 to —40 minutes), a 40-minute basal
period (—40 to 0 minute), and a 180-minute experimental
period (0-180 minutes), which was subsequently divided
into two 90-minute periods. In all experiments, a constant
infusion of indocyanine green dye (0.076 mg/min) was
initiated at —140 minutes. At 0 minute, a constant
infusion of somatostatin (0.8 pug - kg~' - min~') was
begun to suppress endogenous insulin and glucagon
secretion, and glucagon (0.57 ng - kg~' - min~') and
insulin (12 mU - kg ' - min~") were replaced intra-
portally. In addition, a primed continuous peripheral
infusion of 50% dextrose was begun at time 0 so that
the blood glucose could quickly be clamped at the desired
hyperglycemic level (~235 mg/dL). Glucose was infused
peripherally to increase the hepatic glucose load 2-fold
basal during the entire experimental period. At ¢ = 90, the
vagal coils were infused with a 50:50 methanol/saline
solution at body temperature (37°C) in the sham-cooled
(SHAM) dogs (n = 6) or at = 10°C in the vagally cooled
(COOL) dogs (n = 6), with the use of a digital
temperature controller/circulator (Polyscience, Niles, IL).
Effective cooling was confirmed by observation of a
doubling in heart rate and bilateral Horner syndrome
[36-38]. Earlier studies showed that the addition of
atropine failed to induce any further change, suggesting
a complete blockade was achieved with cooling alone
[19]. A reservoir temperature of —10°C was associated
with an exiting neck temperature of ~0°C and a bath
return temperature of ~3°C.

Femoral artery, portal vein, and hepatic vein blood
samples were taken every 20 minutes during the basal
period (—40 to 0 minute) and every 15 minutes for the last
half hour of each experimental period. The arterial and
portal samples were taken simultaneously, and hepatic vein
samples were collected ~30 seconds later to compensate for
transit time of glucose through the liver. Arterial blood
samples were also taken every 5 minutes from 0 to

Table 1
Arterial, portal, and total HBF in the basal and experimental periods in both SHAM and COOL 42-hour fasted conscious dogs
Basal exp + saline exp + COOL

—40 —20 0 30 60 75 90 105 120 150 165 180
Arterial blood flow (mL - kg~ ' - min™")
SHAM 51 5+1 5+1 7+1 7+1 8§+ 1 7+1 7+2 7+2 7+2 8§ £2 8+ 1
cooL  6+1 6+£1 7+1 8+£1 9+1 9+ 9+ 12+2%  14+2%  4x2el 132260 13 4 0%l
Portal blood flow (mL - kg™' - min™")
SHAM 27 £3 27+2 27+2 21%1 21 £ 1 202 21 +£2 20+%1 21 £ 2 20 £ 1 20 £ 1 21 £ 1
cooL 27+4 28+4 26+3 21+3 20+£3 21+3 21+3 2243 22+3 22+ 3 23 +3 23 +3
Total HBF (mL - kg ' - min ')
SHAM 31 +3 31+2 3242 27+2 2842 27+2 2843 27+2 28 £ 2 27 £ 2 27 £ 1 28 £ 2
COOL 3+4 34+4 33+3 294+3 29+£3 30+£3 29+3 34+4 36 + 4% 36 + 4% 36 + 4% 36 + 4%

n = 6 in each group. exp indicates experimental period.
* P < .05 vs SHAM dogs.
T P < .05 vs exp + saline period in the respective group.
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180 minutes of the experimental period to monitor the
glucose concentration. The total volume of blood with-
drawn did not exceed 20% of the animal’s blood volume,
and 2 volumes of normal saline were infused for each
volume of blood withdrawn.

After completion of each experiment, the animal was
killed with an overdose of pentobarbital and the catheter
positions were verified.

2.3. Processing and analysis of samples

The collection and immediate processing of blood
samples have been described previously [39].

Four to eight 10-uL aliquots of plasma from each sample
were immediately analyzed for glucose using the glucose
oxidase technique in a glucose analyzer (Beckman Instru-
ments, Fullerton, CA). Plasma insulin and glucagon con-
centrations were determined by radioimmunoassay, as
previously described [4]. The methods by which the
cortisol, lactate, and glycerol concentrations were measured
have also been previously described [4].

2.4. Calculations and data analysis

Hepatic blood flow (HBF) was measured using transonic
flow probes and by use of indocyanine green according to
the method of Leevy et al [40]. The results obtained with
transonic flow probes and dye were not significantly
different, but the data reported here were calculated using
the transonic-determined flows because their measurement
did not require an assumption regarding the distribution of
the arterial and portal vein contribution to HBF.

The hepatic substrate load in (Load;,) was calculated as:

Loady, = (S x AF) + (Sp x PF)

where S5 and Sp are the arterial and portal vein substrate
concentrations, respectively, and AF and PF are the hepatic
arterial and portal vein blood or plasma flows, as
appropriate for the substrate.

The load of substrate exiting the liver was calculated as

Load sy = (Sy x HF)

where Sy represents the hepatic vein substrate concentration
and HF is total hepatic blood or plasma flow (ie, AF + PF).
Net hepatic balance was thus calculated as

NHB = Load . — Load;,.

Net fractional glucose extraction by the liver was
calculated as the ratio of net hepatic glucose balance to
glucose Load;,. Nonhepatic glucose uptake was calculated
as the difference between the glucose infusion rate and the
net hepatic glucose uptake, with the data adjusted for
changes in the mass of the glucose pool. Nonhepatic
glucose uptake was divided by the arterial glucose
concentration to yield nonhepatic glucose clearance.
Sinusoidal hormone concentrations were calculated as
Load;, + HF, using plasma flows. The net glycogen
synthetic rate (or net hepatic carbon retention) was

calculated as NHGU — net hepatic lactate output, as
previously explained in detail [41]. For all glucose balance
calculations, glucose concentrations were converted from
plasma to blood values by using previously determined
[5,42] correction factors (the mean of the ratio of the blood
value to the plasma concentration), which have been
published previously [43]. In this report, blood glucose
concentrations were thus used for the calculation of NHGB
because the use of whole blood glucose ensures accurate
hepatic balance measurements regardless of the character-
istics of glucose entry into the erythrocyte.
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Fig. 2. Arterial (A) and portal (B) plasma glucose levels in SHAM and
COOL dogs maintained on a pancreatic clamp during the basal and
experimental periods (n = 6 per group). Data are mean = SEM. *P < .05.
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2.5. Statistical analysis

All data are presented as means + SEM. Time course
data were analyzed with repeated-measures analysis of
variance. Independent ¢ tests were used for any compar-
isons of mean data. Statistical significance was accepted at
P < .05.

3. Results
3.1. Cardiovascular parameters and HBF

Blockade of vagal transmission during the cooling
period was confirmed by the presence of a significantly
greater heart rate in the COOL (183 £ 3 beats per
minute) group when compared with the SHAM (102 =+
5 beats per minute) group (Fig. 1). In addition, all COOL
dogs exhibited prolapse of the third eyelid (Horner sign)
and a deepening and slowing of respirations during the
cooling period. There were no significant changes in
blood pressure during the basal or experimental periods in
either group.

As expected, with the onset of somatostatin infusion,
hepatic arterial blood flow increased slightly, whereas
portal blood flow decreased modestly. Hepatic blood flow
(Table 1) was initially similar in both groups and, as
a result of the previously mentioned changes, fell slightly

Table 2
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but not significantly during the first experimental period
in both groups. It increased significantly (20%) during the
cooling period because of a 50% rise in arterial blood
flow (9 £ 1 to ~13 + 2 mL - kg'' - min'). Sham
cooling was without effect on arterial blood flow.

3.2. Arterial and portal plasma glucose levels

The average arterial plasma glucose level (mg/dL) in
the COOL dogs before vagal cooling was similar to that
seen in the SHAM dogs (230 = 2 and 231 * 2,
respectively) (Fig. 2). The average glucose infusion
rates (mg -+ kg~' - min~") were 7.9 + 1.6 and 6.8 +
0.4 in the SHAM and COOL dogs, respectively. During
nerve cooling, the arterial plasma glucose concentration
was allowed to fall to an average of 194 + 4 mg/dL
(~16%) to hold the hepatic glucose load constant in the
presence of the increase in HBF. During coil perfusion,
the average glucose infusion rates were 10.0 £ 1.5 vs
75+ 09 mg - kg=' - min~' in the SHAM and COOL
dogs, respectively.

3.3. Arterial plasma and liver sinusoidal insulin, and

glucagon, cortisol, and catecholamines

Arterial and liver sinusoidal plasma insulin levels were
maintained at ~3 to ~4X basal throughout the experi-
mental periods in both the SHAM and COOL groups.

Arterial plasma and hepatic sinusoidal insulin and glucagon levels during the basal and experimental periods in both SHAM and COOL 42-hour fasted

conscious dogs

Basal exp + saline exp = COOL
—40 -20 0 30 60 75 90 105 120 150 165 180
Arterial plasma insulin (#U/mL)
SHAM 9+ 1 8§+ 1 8§+ 1 22 +1 22 +1 2+2 22+1 234+1 21+2 23+1 23+2 24+1
COoL 6+1 6+ 1 8+ 2 24 + 21£2 22+£3 23+3 26+£3 25+2 244+£3 25+3 27+
Hepatic sinusoidal insulin (4#U/mL)
SHAM 22 +4 13+£3 19+5 76+6 87+10 81 +£7 78+6 82 +11 95+6 T77+7 95+4 T5+£8
COOL 174 1I8£5 23+7 94+20 71+12 84 +13 87 £15 96 +8 82+7 83 £8 969 97 & 8*
Basal exp + saline exp + COOL
—40 0 30 60 90 105 120 150 180
Arterial plasma glucagon (pg/mL)
SHAM 36 £ 7 35+ 6 34+5 40+6 41+4 39+5 37+£5 35+4 33+6
COOL 37 +4 35+ 6 44 £ 5 43+4 40+£5 42+4 37+£2 40+3 40+2
Hepatic sinusoidal glucagon (pg/mL)
SHAM 41 +£5 46 + 6 53+£7 59+ 10 56 %8 52+6 55+ 6 48 +5 47 + 6
COOL 42+ 6 43 + 7 65+ 7 59 + 62+4 59+£3 52+5 S55+£2 560+4
Basal exp + saline exp £ COOL
-20 75 165
Plasma cortisol (pg/dL)
SHAM 28 +£09 34404 2.0+ 05
COOL 42+10 54+12 59 +£25

n = 6 in each group. There were no significant differences between the exp + cool and exp + saline periods in each respective group in any of the parameters

above.
* P < .05 vs SHAM dogs.
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The arterial plasma and liver sinusoidal glucagon levels,
on the other hand, were maintained at basal values
throughout the experimental periods in both groups
(Table 2).

Cortisol (Table 2) and catecholamine (data not shown)
levels did not change from basal in either the SHAM group
or the COOL group and were not statistically different from
one another at any time point during the experiment.

3.4. Hepatic glucose load, net hepatic glucose balance, and
net hepatic fractional extraction

By adjusting the glucose level to compensate for the
increase in total HBF that occurred in response to cooling,
the hepatic glucose load was kept constant over time in the
2 experimental periods and was not significantly different
in the 2 groups. The average hepatic glucose load
throughout the entire experiment was 46 + 1 and 50 +
2mg - kg' - min~' in the SHAM and COOL groups,
respectively (Fig. 3).

With the onset of peripheral hyperglycemia, net hepatic
glucose balance switched from output to uptake. Net hepatic
glucose uptake, in the 90 minutes before the cooling period,
averaged 2.2 + 0.5and 2.9 + 0.8 mg - kg~ ' - min~' in the
SHAM and COOL dogs, respectively. During cooling, the
average NHGU was 3.0 £ 0.5 and 3.4 + 0.6 in the SHAM
and COOL dogs, respectively. Thus, NHGU was not
affected by vagal cooling. Likewise, the fractional extrac-
tion of glucose by the liver was not altered by the decrease
in parasympathetic signaling.

3.5. Blood levels and net hepatic balance of lactate

The liver exhibited net lactate uptake in the basal
period in both groups. Hyperglycemia resulted in a switch
to net hepatic lactate output that was similar in both
groups and waned over time. The arterial blood lactate
levels initially rose because of the change in net hepatic
lactate balance and then fell over time (Table 3). Given
our ability to measure net hepatic glucose and lactate
balance, we were able to estimate the average glycogen
synthetic rate. The hepatic glycogen synthetic rates before
cooling (1.4 + 0.5 and 2.2 + 0.5 mg - kg ' - min ")
and during vagal sham cooling or cooling (2.5 £ 0.5 and
3.1 £ 0.6 mg - kg'' - min~") were not significantly
different in the SHAM and COOL dogs, respectively.

3.6. Nonhepatic glucose uptake and clearance

There was a slight drift up in nonhepatic glucose
uptake over time in each group. Vagal cooling had no
effect on this parameter in either group. Likewise, no

Fig. 3. Hepatic glucose load (A), net hepatic glucose balance (B), and net
hepatic fractional extraction (C) in SHAM and COOL dogs maintained on a
pancreatic clamp during the basal and experimental periods (n = 6 per
group). Data are mean + SEM.
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Fig. 4. Nonhepatic glucose uptake (A) and nonhepatic glucose clearance
(B) in SHAM and COOL dogs maintained on a pancreatic clamp
during the basal and experimental periods (n = 6 per group). Data are
mean + SEM.

changes were apparent in nonhepatic glucose clearance
(Fig. 4).

4. Discussion

In the current studies, NHGU was stimulated by hyper-
insulinemia and hyperglycemia brought about in the
absence of portal glucose delivery. Vagal nerve activity
was then blocked using a nerve cooling technique
[16,44-47]. The efficacy of cooling was evident from the
increase in heart rate and the third eyelid response. Blocking
vagal nerve activity had no effect on either net hepatic or
nonhepatic glucose uptake.

Because it has been suggested that the portal signal may
be neurally mediated, it is important to understand the role of
the parasympathetic and sympathetic nerves in controlling
the response of the liver. Glucose-sensitive neurons in the
portal vein [44] have a discharge rate that is inversely
correlated with the portal vein glucose concentration. A
decrease in afferent firing is accompanied by an increase in
efferent firing in the pancreatic branch of the vagus nerve and
decreases in the efferent firing of the hepatic branch of the
splanchnic nerve and the adrenal nerve [48].

Sympathetic nerve fibers reach the liver through the
celiac ganglia, celiac plexus, and the splanchnic nerves [15].
The sympathetic fibers form an anterior plexus around the
hepatic artery. Alexander [49] showed that the hepatic artery
receives only sympathetic fibers. The sympathetic efferents
penetrate into the acinus, where they end with varicosities in
the space of Disse close to the hepatocytes [50] and the
hepatic stellate cells [S1]. Stimulation of the sympathetic
efferents results in an increase in glucose output by the liver
through rapid activation of glycogen phosphorylase [8-11]
as well as an increase in PEPCK activity, thus stimulating
glycogenolysis and gluconeogenesis [52].

There have been several studies that have explored the
role of the hepatic nerves in the mediation of the portal
glucose signal. In a recent study by Cardin et al [34], NHGU
was stimulated by hyperinsulinemia, hyperglycemia, and the
portal glucose signal. When vagus nerve activity was
blocked using the same method as used in the present study
(vagal cooling), NHGU did not change. In an earlier study
by Shiota et al [33], adrenergic blockade (portal vein
phentolamine and propranolol infusion) and coincident
cholinergic stimulation (portal vein acetylcholine infusion)
brought about in the presence of hyperinsulinemia and
hyperglycemia (produced by peripheral glucose infusion)
increased NHGU by 1.8 mg kg~ min~' when
compared to controls. These results were inconclusive,
however, because portal vein administration of acetylcho-
line caused doubling of hepatic artery blood flow, leading to
a significant rise in the glucose and insulin loads to the liver.
Other studies have shown that delivery of glucose into the
hepatic portal vein results in a fall in the firing rate of
efferent fibers in the hepatic branch of the splanchnic nerve
[48]. More recently we have shown that selective sympa-
thetic denervation results in a greater increase in NHGU in
response to hyperglycemia of peripheral origin than would
otherwise be the case, suggesting that the sympathetic
nerves exert a tonic inhibition of NHGU [29]. This raises the
possibility that the portal glucose signal may bring about its
effect in part at least by causing a diminution in this
inhibitory sympathetic tone.

Total denervation of the liver resulted in an increase in
NHGU in response to a hyperinsulinemia and a rise in
glucose of peripheral origin [25]. This rise was not as large
as that seen with a selective sympathetic denervation [29],
suggesting that the input from the sympathetic efferents
plays a more important role in control of NHGU than that
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from the parasympathetic efferents. Thus, an increase in
NHGU should again have been seen when vagal cooling
occurred in the present study if our hypothesis were correct,
and this did not occur.

Based on the aforementioned data, it thus appears that
the vagus nerves do not play a role in the mediation of
the portal glucose signal. However, several caveats must
be considered. First, it is possible the afferent signal is
transmitted through the vagal parasympathetic nerves but
that the nerves were not adequately cooled. This seems
unlikely, given that the heart rate increased significantly
during cooling and Horner sign was present. In addition,
it has been shown previously that this vagal cooling
method is sufficient to halt vagal signaling in the dog [19]
and cat [53] and that an injection of atropine is not able
to increase the rate over the effect of cooling at this
temperature [19]. The second caveat relates to the
possibility that the increase in NHGU is due to a local
reflex involving the parasympathetic nerves within the
hepatoportal region [13,34]. We have previously demon-
strated that sensing of the arterial-portal glucose gradient
that generates the portal glucose signal is likely to be an
intrahepatic event [54]. Moreover, data from the perfused
liver preparation are consistent with the portal signal
operating as a local response [13]. Another possibility is
that the portal signal does not result from a local reflex,
but the afferent limb follows a route other than the vagus
nerve. In particular, spinal afferent nerve fibers provide a
route for communication from the liver to the central
nervous system, with the nucleus of the solitary tract, the
parabrachial nucleus, and the paraventricular nucleus
serving to integrate the peripheral signals [55]. Involve-
ment of the spinal afferents has previously been suggested
for the liver’s response to hypoglycemia [56]. A nonvagal
afferent pathway from the liver to the brain was implied
by early neurophysiologic data [45,57]. If such an
alternate route exists, then afferent signaling could have
remained unimpaired during vagal cooling in the current
investigation. In addition, the rise in arterial blood flow
caused by vagal cooling, albeit small, might be associated
with a signal that could itself alter NHGU, thus
complicating data interpretation.

It is interesting to note that we observed a statistically
significant effect of vagal blockade on hepatic arterial
blood flow and, as a result, total HBF. The former
increased by 50% in response to vagal cooling. Studies
of the effect of the hepatic vagal nerves on HBF are limited
and the results are controversial; Bobbioni et al [58]
showed that there was an increase in HBF in rats when the
vagus nerve was electrically stimulated. Most other studies,
however, have reported no change in HBF after vagal nerve
stimulation [30,59-61] or hepatic vagotomy [62]. It is
unclear why there was an increase in hepatic arterial blood
flow in response to vagal cooling in the present study
because we did not observe such an effect in our earlier
“cooling” studies [24,34,63].

In summary, vagal cooling to halt electrical transmission
in the vagus nerves had no effect on NHGU under
hyperglycemic and hyperinsulinemic conditions. Such is
the case whether glucose was given via a peripheral or the
portal vein. The observation makes it unlikely that the vagus
nerves are involved in the mediation of at least the afferent
limb of the portal glucose signal, although we cannot
definitively rule out a role for the vagus in the efferent limb
in the response.

Acknowledgments

This work was supported by the National Institutes of
Health grant RO1 DK43706 and the Diabetes Research and
Training Center grant SP-60-AM20593.

The authors appreciate the assistance and support from
Sylvain Cardin and the Diabetes Research and Training
Center Hormone Core in these studies.

References

[1] Myers SR, McGuinness OP, Neal DW, Cherrington AD. Intraportal

glucose delivery alters the relationship between net hepatic glucose

uptake and the insulin concentration. J Clin Invest 1991;88:158-67.

Holste LC, Connolly CC, Moore MC, Neal DW, Cherrington AD.

Physiological changes in circulating glucagon alter hepatic glucose

disposition during portal glucose delivery. Am J Physiol 1997;

273:E488-96.

[3] Adkins BA, Myers SR, Hendrick GK, Stevenson RW, Williams PE,
Cherrington AD. Importance of the route of intravenous glucose
delivery to hepatic glucose balance in the conscious dog. J Clin Invest
1987;79:557-65.

[4] Pagliassotti MJ, Holste LC, Moore MC, Neal DW, Cherrington AD.
Comparison of the time courses of insulin and the portal signal on
hepatic glucose and glycogen metabolism in the conscious dog. J Clin
Invest 1996;97:81-91.

[5] Hsieh PS, Moore MC, Neal DW, Cherrington AD. Hepatic glucose
uptake rapidly decreases after removal of the portal signal in
conscious dogs. Am J Physiol 1998;275:E987.

[6] Shimazu T, Fukuda A. Increased activities of glycogenolytic enzymes
in liver after splanchnic-nerve stimulation. Science 1965;150:1607-8.

[7] Shimazu T, Fukuda A, Ban T. Reciprocal influences of the
ventromedial and lateral hypothalamic nuclei on blood glucose level
and liver glycogen content. Nature 1966;210:1178-9.

[8] Tiniakos DG, Lee JA, Burt AD. Innervation of the liver: morphology
and function. Liver 1996;16:151-60.

[9] Shimazu T. Central nervous system regulation of liver and adipose
tissue metabolism. Diabetologia 1981;20:343-56.

[10] Shimazu T. Reciprocal innervation of the liver: its significance in
metabolic control. Adv Metab Disord 1983;10:355-84.

[11] Shimazu T. Neuronal regulation of hepatic glucose metabolism in
mammals. Diabetes Metab Rev 1987;3:185-206.

[12] Shimazu T, Amakawa A. Regulation of glycogen metabolism in liver
by the autonomic nervous system. Vi. Possible mechanism of
phosphorylase activation by the splanchnic nerve. Biochim Biophys
Acta 1975;385:242-56.

[13] Stumpel F, Jungermann K. Sensing by intrahepatic muscarinic nerves
of a portal-arterial glucose concentration gradient as a signal for
insulin-dependent glucose uptake in the perfused rat liver. FEBS Lett
1997;406:119-22.

[14] Sakaguchi T, Iwanaga M. Effects of D-glucose anomers on afferent
discharge in the hepatic vagus nerve. Experientia 1982;38:475-6.

2

—



C.A. DiCostanzo et al. / Metabolism Clinical and Experimental 56 (2007) 814-824 823

[15] Uyama N, Geerts A, Reynaert H. Neural connections between the
hypothalamus and the liver. Anat Rec A Discov Mol Cell Evol Biol
2004;280A:808 -20.

[16] Niijima A. Glucose-sensitive afferent nerve fibres in the hepatic branch
of the vagus nerve in the guinea-pig. J Physiol 1982;332:315-23.

[17] Nagase H, Inoue S, Tanaka K, Takamura Y, Niijima A. Hepatic
glucose-sensitive unit regulation of glucose-induced insulin secretion
in rats. Physiol Behav 1993;53:139-43.

[18] Hevener AL, Bergman RN, Donovan CM. Portal vein afferents are
critical for the sympathoadrenal response to hypoglycemia. Diabetes
2000;49:8-12.

[19] Jackson PA, Pagliassotti MJ, Shiota M, Neal DW, Cardin S,
Cherrington AD. Effects of vagal blockade on the counterregulatory
response to insulin-induced hypoglycemia in the dog. Am J Physiol
1997;273:E1178-88.

[20] Jackson PA, Cardin S, Coffey CS, Neal DW, Allen EJ, Penaloza AR,
et al. Effect of hepatic denervation on the counterregulatory response
to insulin-induced hypoglycemia in the dog. Am J Physiol Endocrinol
Metab 2000;279:E1249-57.

[21] Lamarche L, Yamaguchi N, Peronnet F. Hepatic denervation reduces
adrenal catecholamine secretion during insulin-induced hypoglyce-
mia. Am J Physiol 1995;268:R50-7.

[22] Perseghin G, Regalia E, Battezzati A, Vergani S, Pulvirenti A,
Terruzzi 1, et al. Regulation of glucose homeostasis in humans with
denervated livers. J Clin Invest 1997;100:931-41.

[23] Matsuhisa M, Yamasaki Y, Shiba Y, Nakahara I, Kuroda A, Tomita T,
et al. Important role of the hepatic vagus nerve in glucose uptake and
production by the liver. Metabolism 2000;49:11 - 6.

[24] Cardin S, Walmsley K, Neal DW, Williams PE, Cherrington AD.
Involvement of the vagus nerves in the regulation of basal hepatic
glucose production in conscious dogs. Am J Physiol Endocrinol
Metab 2002;283:E958 - 64.

[25] Adkins-Marshall BA, Neal DW, Pugh W, Jaspan JB, Cherrington
B, Adkins-Marshall B. Role of hepatic nerves in response of
liver to intraportal glucose delivery in dogs. Diabetes 1992;41:
1308-19.

[26] Russek M. Current status of the hepatostatic theory of food intake
control. Appetite 1981;2:137-43.

[27] Tkeda T, Scott M, Emshwiller MG, Monohan MT, Allen E, Sindelar
DK, et al. Hyperglycemia reduces sympathetic nervous signaling to
the liver and gut in the dog. Diabetes 1997;46:232A.

[28] Mundinger TO, Boyle MR, Taborsky Jr GJ. Activation of hepatic
sympathetic nerves during hypoxic, hypotensive and glucopenic
stress. J Auton Nerv Syst 1997;63:153-60.

[29] DiCostanzo CA, Dardevet DP, Neal DW, Lautz M, Allen E, Snead W,
et al. Role of the hepatic sympathetic nerves in the regulation of net
hepatic glucose uptake and the mediation of the portal glucose signal.
Am J Physiol Endocrinol Metab 2006;290:E9-16.

[30] Lautt WW, Wong C. Hepatic parasympathetic neural effect on
glucose balance in the intact liver. Can J Physiol Pharmacol 1978;
56:679-682.

[31] Shimazu T. Regulation of glycogen metabolism in liver by the
autonomic nervous system. V. Activation of glycogen synthetase by
vagal stimulation. Biochim Biophys Acta 1971;252:28-38.

[32] Mondon CE, Burton SD. Factors modifying carbohydrate metabo-
lism and effect of insulin in perfused rat liver. Am J Physiol 1971;
220:724-34.

[33] Shiota M, Jackson P, Galassetti P, Scott M, Neal DW, Cherrington
AD. Combined intraportal infusion of acetylcholine and adrenergic
blockers augments net hepatic glucose uptake. Am J Physiol
Endocrinol Metab 2000;278:E544-52.

[34] Cardin S, Pagliassotti MJ, Moore MC, Edgerton DS, Lautz M, Farmer
B, et al. Vagal cooling and concomitant portal norepinephrine infusion
do not reduce net hepatic glucose uptake in conscious dogs. Am J
Physiol Regul Integr Comp Physiol 2004;287:R742-8.

[35] Myers SR, Hendrick GK, Williams PE, Triebwasser K, Floyd B,
Cherrington AD, et al. Importance of the route of intravenous glucose

delivery to hepatic glucose balance in the conscious dog. Diabetes
1990;39:87-95.

[36] Leon DF, Shaver JA, Leonard JJ. Reflex heart rate control in man. Am
Heart J 1970;80:729-39.

[37] Scher AM, Young AC. Reflex control of heart rate in the
unanesthetized dog. Am J Physiol 1970;218:780-9.

[38] Chung SA, Valdez DT, Diamant NE. Adrenergic blockage does not

restore the canine gastric migrating motor complex during vagal

blockade. Gastroenterology 1992;103:1491-7.

Galassetti P, Chu CA, Neal DW, Reed GW, Wasserman DH,

Cherrington AD. A negative arterial-portal venous glucose gradient

increases net hepatic glucose uptake in euglycemic dogs. Am J

Physiol 1999;277:E126-34.

[40] Leevy CM, Mendenhall CL, Lesko W, Howard MM. Estimation of
hepatic blood flow with indocyanine green. J Clin Invest
1962;41:1169-79.

[41] Dardevet D, Moore MC, DiCostanzo CA, Farmer B, Neal DW,
Snead W, et al. Insulin secretion—independent effects of glp-1 on
canine liver glucose metabolism do not involve portal vein glp-1
receptors. Am J Physiol Gastrointest Liver Physiol 2005;289:
G806-14.

[42] Hsieh PS, Moore MC, Neal DW, Emshwiller M, Cherrington AD.
Rapid reversal of the effects of the portal signal under hyper-
insulinemic conditions in the conscious dog. Am J Physiol
1999;276:E930-7.

[43] DiCostanzo CA, Moore MC, Lautz M, Scott M, Farmer B, Everett
CA, et al. Simulated first-phase insulin release using humulin or an
insulin analogue (him2) is associated with prolonged improvement
in post-prandial glycemia. Am J Physiol Endocrinol Metab
2005;15:15.

[44] Niijima A. Glucose-sensitive afferent nerve fibers in the liver and their
role in food intake and blood glucose regulation. J Auton Nerv Syst
1983;9:207-20.

[45] Niijima A. Electrophysiological study on nervous pathway from

splanchnic nerve to vagus nerve in rat. Am J Physiol 1983;244:R888-90.

Nijjima A. Nervous regulation of metabolism. Prog Neurobiol

1989;33:135-47.

[47] Niijima A, Fukuda A, Taguchi T, Okuda J. Suppression of afferent
activity of the hepatic vagus nerve by anomers of D-glucose. Am J
Physiol 1983;244:R611-4.

[48] Niijima A. Reflex control of the autonomic nervous system activity
from the glucose sensors in the liver in normal and midpontine-
transected animals. J Auton Nerv Syst 1984;10:279-85.

[49] Alexander WF. The innervation of the biliary system. J Comp Neurol
1940;72:357-70.

[50] Reilly FD, McCuskey PA, McCuskey RS. Intrahepatic distribution of
nerves in the rat. Anat Rec 1978;191:55-67.

[51] Bioulac-Sage P, Lafon ME, Saric J, Balabaud C. Nerves and
perisinusoidal cells in human liver. J Hepatol 1990;10:105-12.

[52] Nonogaki K. New insights into sympathetic regulation of glucose and
fat metabolism. Diabetologia 2000;43:533 -49.

[53] Franz DN, Iggo A. Conduction failure in myelinated and non-
myelinated axons at low temperatures. J Physiol 1968;199:319-45.

[54] Hsieh PS, Moore MC, Neal DW, Cherrington AD. Importance
of the hepatic arterial glucose level in generation of the portal
signal in conscious dogs. Am J Physiol Endocrinol Metab 2000;
279:E284-92.

[55] Berthoud HR. Anatomy and function of sensory hepatic nerves. Anat
Rec A Discov Mol Cell Evol Biol 2004;280:827-35.

[56] Fujita S, Donovan CM. Celiac-superior mesenteric ganglionectomy,
but not vagotomy, suppresses the sympathoadrenal response to insulin-
induced hypoglycemia. Diabetes 2005;54:3258 - 64.

[57] Novin D, VanderWeele DA, Rezek M. Infusion of 2-deoxy-D-glucose
into the hepatic-portal system causes eating: evidence for peripheral
glucoreceptors. Science 1973;181:858 -60.

[58] Bobbioni E, Marre M, Helman A, Assan R. The nervous control of rat
glucagon secretion in vivo. Horm Metab Res 1983;15:133-8.

[39

—

[46

[}



824 C.A. DiCostanzo et al. / Metabolism Clinical and Experimental 56 (2007) 814-824

[59] Gardemann A, Jungermann K. Control of glucose balance in the
perfused rat liver by the parasympathetic innervation. Biol Chem
Hoppe Seyler 1986;367:559-66.

[60] Koo A, Liang IY. Microvascular filling pattern in rat liver sinusoids
during vagal stimulation. J Physiol 1979;295:191-9.

[61] Kurosawa M, Unno T, Aikawa Y, Yoneda M. Neural regulation of hepa-
tic blood flow in rats: an in vivo study. Neurosci Lett 2002;321:145-8.

[62] Tamori K, Yoneda M, Nakamura K, Makino I. Effect of intracisternal
thyrotropin-releasing hormone on hepatic blood flow in rats. Am J
Physiol 1998;274:G277-82.

[63] Cardin S, Jackson PA, Edgerton DS, Neal DW, Coffey CS,
Cherrington AD. Effect of vagal cooling on the counterregulatory
response to hypoglycemia induced by a low dose of insulin in the
conscious dog. Diabetes 2001;50:558 - 64.



	The effect of vagal cooling on canine hepatic glucose metabolism in the presence of hyperglycemia of peripheral origin
	Introduction
	Research design and methods
	Animals and surgical procedures
	Experimental design
	Processing and analysis of samples
	Calculations and data analysis
	Statistical analysis

	Results
	Cardiovascular parameters and HBF
	Arterial and portal plasma glucose levels
	Arterial plasma and liver sinusoidal insulin, and glucagon, cortisol, and catecholamines
	Hepatic glucose load, net hepatic glucose balance, and net hepatic fractional extraction
	Blood levels and net hepatic balance of lactate
	Nonhepatic glucose uptake and clearance

	Discussion
	Acknowledgments
	References


