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Hepatic glycogen can regulate hypoglycemic
counterregulation via a liver-brain axis
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Marta Smith, Ben Farmer, Melanie Scott, Doss Neal, E. Patrick Donahue, Eric Allen, and Alan D. Cherrington

Vanderbilt University School of Medicine, Department of Molecular Physiology and Biophysics, Nashville, Tennessee, USA.

Liver glycogen is important for the counterregulation of hypoglycemia and is reduced in individuals with type 1 diabetes
(T1D). Here, we examined the effect of varying hepatic glycogen content on the counterregulatory response to low blood
sugar in dogs. During the first 4 hours of each study, hepatic glycogen was increased by augmenting hepatic glucose uptake
using hyperglycemia and a low-dose intraportal fructose infusion. After hepatic glycogen levels were increased, animals
underwent a 2-hour control period with no fructose infusion followed by a 2-hour hyperinsulinemic/hypoglycemic clamp.
Compared with control treatment, fructose infusion caused a large increase in liver glycogen that markedly elevated the
response of epinephrine and glucagon to a given hypoglycemia and increased net hepatic glucose output (NHGO). Moreover,
prior denervation of the liver abolished the improved counterregulatory responses that resulted from increased liver glycogen
content. When hepatic glycogen content was lowered, glucagon and NHGO responses to insulin-induced hypoglycemia were
reduced. We conclude that there is a liver-brain counterregulatory axis that is responsive to liver glycogen content. It remains
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pathway(s) associated with hepatic glycogen repletion.

Introduction

In the fasted state, healthy humans are able to maintain their
blood glucose levels within a very narrow range of approximately
85to 100 mg/dl. When the glucose level falls below this set point,
the initial counterregulatory response is a reduction in insulin
secretion (1). If this fails to stop the fall in glucose, a number of
additional mechanisms are triggered. First, there is an increase
in glucagon secretion (2, 3), which causes a rapid stimulation of
hepatic glucose production (HGP) due to a mobilization of liver
glycogen (4, 5). This is followed by increased adrenergic drive,
which reduces muscle glucose uptake (6, 7) and at the same time
increases the release of lactate and alanine from muscle, as well as
glycerol and nonesterified fatty acid (NEFA) from fat, all of which
promote hepatic gluconeogenesis (4, 8). Thus, glucagon and epi-
nephrine are the primary drivers of the acute counterregulatory
response to hypoglycemia, with increases in cortisol and growth
hormone playing lesser roles (3, 9). In the event that the blood glu-
cose level continues to fall, the release of these counterregulatory
hormones increases in a dose-dependent manner (10).

Iatrogenic hypoglycemia continues to be the single most
prominent barrier to the effective management of blood glucose
in people with type 1 diabetes (T1D). In fact, it has been estimated
that overinsulinization in people with T1D leads to approximately
2 symptomatic hypoglycemic episodes per week and an average of
1 severe hypoglycemic episode (requiring assistance) per year (11).
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to be determined whether the risk of iatrogenic hypoglycemia in T1D humans could be lessened by targeting metabolic

In contrast with healthy individuals, patients with T1D are unable
to regulate their circulating insulin levels, and their counterregu-
latory hormone (i.e., glucagon and epinephrine) and hepatic (i.e.,
HGP) responses to hypoglycemia are also diminished (6, 10, 12-
14). 1t is of great importance, therefore, to develop strategies that
might improve hypoglycemic counterregulation so as to limit the
frequency, depth, and duration of hypoglycemia and the comor-
bidities associated with it.

Previous studies have shown that hepatic glycogen levels are
low in people with T1D (15, 16) and that hepatic glycogen mobi-
lization in response to insulin-induced hypoglycemia is markedly
reduced (17). In both the healthy human and the dog, approxi-
mately 70% to 90% of the glucose produced by the liver during
the initial 60 to 90 minutes of hypoglycemia is derived from liver
glycogen (4, 18-20). The purpose of the current study, therefore,
was to determine the impact of acute changes in hepatic glyco-
gen content on net hepatic glucose output (NHGO) in response to
insulin-induced hypoglycemia of approximately 50 mg/dl.

Results
The experimental design and a description of the groups studied
can be found in Figure 1. Briefly, each animal underwent an experi-
ment that consisted of a 4-hour glycogen-manipulation period, a
2-hour control period, and then a 2-hour hyperinsulinemic/hypo-
glycemic experimental period. At the conclusion of each study,
hepatic biopsies were taken for the determination of liver glycogen.
Glycogen-manipulation period. During the glycogen-manip-
ulation period the arterial plasma glucose level was 2x basal in
all but the GlyPoFru group (group receiving intraportal fructose
infusion during euglycemia) (Figure 2A). The hepatic sinusoi-
dal insulin level (Figure 2B), on the other hand, remained basal
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in all groups, as did hepatic blood flow (28 * 1 ml/kg/min; indi-
vidual data not shown). Glucagon remained basal (46 * 2 pg/ml;
individual data not shown) during the glycogen-manipulation
period in all groups except the Gly-- group (group receiving extra
intraportal glucagon). The infusion of fructose intraportally in
the Gly++ and Gly++DEN groups (group receiving intraportal
fructose and group receiving intraportal fructose after hepatic
denervation, respectively) resulted in rates of net hepatic glucose
uptake (NHGU) that were much greater than those seen in any of
the Gly groups (P < 0.001; Figure 2C). As expected, liver glyco-
gen content prior to the hypoglycemic period was much greater
in the Gly++ and Gly++DEN groups (79 + 5 and 80 * 4 mg/g liver,
respectively) than in the Gly group (group receiving intraportal
saline) (45 * 5 mg/g; Figure 2D; P < 0.01) or any other group. In
the Gly- - group, liver glycogen content was lowered by infus-
ing glucagon intraportally at a slowly increasing rate during the
glycogen-manipulation period. This strategy resulted in elevated
arterial glucagon concentrations that were 717, 86 +7,115 + 10,
and 137 £ 10 pg/ml over the 4 hours, respectively, elevated plas-
ma glucose, and reduced liver glycogen, to 29 * 1 mg/g liver by
the outset of the hypoglycemic experimental period (Figure 2D;
P <0.01 compared with Gly).

Hypoglycemic period. In response to the 16-fold increase
in plasma insulin levels, the arterial plasma glucose level was
allowed to fall to a similar value (~50 mg/dl) in each group (Table
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Figure 1. Schematic representation of the study. During the
glycogen-manipulation period, most (see explanation below) animals
underwent a hyperglycemic-pancreatic clamp where both insulin and
glucagon were replaced at basal levels with an intraportal (Po) infu-
sion of the hormones and glucose was clamped using a peripheral
(Pe) infusion of dextrose. One group received an intraportal infusion
of saline (Gly), and a second group received an intraportal infusion

of fructose to increase liver glycogen content (Gly++). The glycogen-
loading period (pd) was followed by a 2-hour control period where the
respective infusions of either saline or fructose were discontinued
and then a 2-hour hypoglycemic/hyperinsulinemic experimental
period during which counterregulatory responses were assessed.

The GlyMatch group did not have increased liver glycogen content,
but glucagon and epinephrine were infused during the hypoglycemic
period to match those seen in the Gly++ group. The role of hepatic
afferent nerves in the increased counterregulatory hormone levels
seen as a result of increased liver glycogen content was assessed

in the Gly++DEN group. To determine the effect of a decrease in

liver glycogen on hypoglycemic counterregulation, another group of
animals received a variable intraportal glucagon infusion during the
glycogen-manipulation period (Gly- -). Finally, to determine the role
of fructose per se on the responses to insulin-induced hypoglycemia,
the sugar was infused into either the carotid and vertebral arteries of
the head (GlyHeadFru), or it was infused intraportally under euglyce-
mic conditions (GlyPoFru).

1). Hypoglycemia caused hepatic blood flow to increase substan-
tially in all groups (Table 1).

In response to hypoglycemia, NHGO was increased 2.3-fold
more in the Gly++ than the Gly group (Figure 3A), reducing the
amount of exogenous glucose required to maintain the plasma
glucose at approximately 50 mg/dl (Figure 3D). The increase in
NHGO in Gly++ relative to Gly was accounted for entirely by a
stimulation of net hepatic glycogenolysis (Figure 3B), since net
hepatic gluconeogenic flux was not different in the 2 groups (Fig-
ure 3C). Interestingly, while plasma glucagon, epinephrine, and
norepinephrine levels increased in response to hypoglycemia in the
Gly animals (Figure 4, B-D), there were markedly greater increases
in the arterial levels of glucagon (3-fold) and epinephrine (2-fold)
and a tendency (P < 0.10) for a larger increase in norepinephrine in
the Gly++ group despite an identical hypoglycemic signal. The rise
in plasma cortisol, on the other hand, was similar in both groups
(Figure 4A) and was unaffected by liver glycogen content.

We next determined whether the increase in NHGO in Gly++
relative to Gly groups was solely a result of the enhanced counter-
regulatory hormone response. To address this question, we stud-
ied an additional group of animals (GlyMatch) in which the livers
were not loaded (i.e., portal saline infusion) with glycogen (49 + 4
mg/g liver; Figure 2D) but in which both glucagon and epineph-
rine (Table 2) were infused during the hypoglycemic period so
as to match the counterregulatory hormone levels to those in the
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Figure 2. Data from the glycogen-manipulation period.
Arterial plasma glucose (A), hepatic sinusoidal insulin
(B), and NHGU (C) at the 4-hour time point of the 4-hour
glycogen-loading period. (D) Resultant liver glycogen
content at the beginning of the hypoglycemic/hyperin-
sulinemic experimental period. *P < 0.01, compared with
Gly using repeated measures ANOVA.
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Gly++ group. This hormone-matching strategy increased NHGO
to a rate that was 82% (using the AUC data during the final 90
minutes of the hypoglycemic period; Table 2) of that seen in the
Gly++ group (Figure 3). Predictably, this increase in NHGO was
accounted for by an increase in hepatic glycogenolysis (Table 2).
These data suggest that it was the augmented counterregulatory
hormone response in the Gly++ group that was responsible for the
majority of the increase in NHGO, with the remainder possibly
resulting from the increased glycogen mass per se.

We next determined whether the signal for the increased
counterregulatory hormone response required hepatic innerva-
tion. To accomplish this, we studied a group of animals in which
the livers were loaded with glycogen as in the Gly++ group, but
in which the neural connections between the brain and liver
had been surgically severed several weeks earlier (Gly++DEN).
Despite hepatic denervation (verified by average liver norepi-
nephrine levels of 5 + 3 ng/g liver in denervated dogs versus
658 + 68 ng/g liver in nondenervated animals; ref. 21), NHGU
during the glycogen-manipulation period was increased by fruc-
tose infusion (Figure 2C), leading to hepatic glycogen levels that
were indistinguishable from those in the Gly++ group (79 £ 5 vs
80 + 4 mg/g liver; Figure 2D). In this case, the counterregulatory
hormone responses to insulin-induced hypoglycemia were simi-
lar to those that occurred in the Gly group rather than the Gly++
group (Figure 4). As expected, in the absence of the augment-
ed counterregulatory hormone response, NHGO (Figure 3A)
was similar in Gly and Gly++DEN groups, and as a result, the
glucose infusion rate required to maintain hypoglycemia was
also similar in the 2 groups (Figure 3D). Clearly, the decrease
in hypoglycemia-driven NHGO caused by hepatic denervation
resulted from a reduction in glycogenolysis (Figure 3B). These
data indicate that a neural signal, generated in the liver in asso-
ciation with the increased liver glycogen content, must reach
the brain, where it triggers an enhanced counterregulatory hor-
mone response to hypoglycemia.
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Given that humans with TI1D exhibit approximately 25%
lower liver glycogen content compared with normal individuals,
we set out to determine whether lowering liver glycogen using an
intraportal glucagon infusion during the initial 4-hour glycogen-
manipulation period (Gly--) would impair hypoglycemic counter-
regulation. While the reduction in liver glycogen content did not
reduce the adrenergic (Figure 4, B and C) or cortisol (Figure 4A)
responses to insulin-induced hypoglycemia, it almost complete-
ly abolished the response of glucagon (Figure 4D). In turn, this
reduction in glucagon secretion relative to that which occurred in
the Gly group was associated with a reduction in NHGO (Figure
3A) as a result of reduced glycogen mobilization (Figure 3B).

To determine whether exposure of the brain to fructose could
explain the augmentation of the counterregulatory response to
hypoglycemia, we studied another group of animals in which
fructose was infused into the carotid and vertebral arteries dur-
ing the glycogen-manipulation period (GlyHeadFru) at a rate
designed to match the head fructose level to that seen in the
Gly++ group. This would of course minimize the amount of fruc-
tose reaching the liver, thereby limiting hepatic glycogen deposi-
tion. Indeed, there was no detectable increase in NHGU (Figure
2C) during the glycogen-manipulation period, and liver glycogen
did not increase (48 + 5 mg/g; Figure 2D) in this group. As with
the other groups, the glycogen-manipulation period was followed
by a 2-hour control period during which fructose was not infused,
allowing for the clearance of the sugar from the blood, and then
by a 2-hour hyperinsulinemic/hypoglycemic period. As can be
seen in Table 2, prior exposure of the brain to fructose did not
result in an augmentation of the subsequent counterregulatory
hormone response to hypoglycemia. Predictably, hepatic glu-
cose metabolism in the GlyHeadFru group was similar to that in
the Gly group (Table 2). Thus, elevating the fructose level in the
brain for 4 hours at 2 hours prior to the hypoglycemic challenge
was without effect on the counterregulatory response and cannot
explain the elevations seen in the Gly++ group.
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Table 1. Arterial plasma glucose, hepatic sinusoidal insulin levels, and total hepatic blood flow during the preceding control period (-15

to 0 min) and the hypoglycemic/hyperinsulinemic experimental period (0-120 min)

Control period

Hypoglycemic experimental period

Time (min) -15 0 15 30 45 60 75 90 105 120
Group
Arterial plasma glucose (mg/dI)
Gly 20912 203+3 139+14 59 + 48 +2 49 + 48 49 48 49
Gly++ 209 +3 206 +3 B2+7 54 + 51 49 + 46 49 45 46
Gly++DEN 218+5 206+3 130 £12 62+ 46 + 49 + 47 51+ 49 48
Gly-- 207 +4 208+4 157 + 5 n+ 53+ 53+ 54 51 53 53
GlyMatch 210 +3 208 +4 139+7 57 51 46 + 46 47 47 + 46
GlyHeadFru 2087 208 +7 1328 58 + 51 53+ 50 52 50 + 52
GlyPoFru 107 + 4* 109+ 3* 93 + 8 59+ 49 + 50 + 49 + 48 + 46 +3 47
Hepatic sinusoidal plasma insulin (pU/ml)
Gly 26+2 23+2 51+42 464 + 20 446 +17 468 + 32 430+ 31 411+18 418 £39 388 + 21
Gly++ 2N+1 2041 467 £58 446 + 50 408 +33 419 + 36 391+37 376 + 39 402+ 23 378 + 20
Gly++DEN 28+8 27+5 382+ 60 414 £ 35 383 £38 413+ 24 410 + 24 410 £ 35 411+ 38 400+43
Gly-- 21+3 20+4 547 + 25 426 +51 502 + 54 506 + 43 517 £ 55 496 + 48 486 + 48 481+53
GlyMatch 28+3 29+2 580+ 79 531+33 486 + 29 504 + 31 491+ 26 484 +19 447 +37 419 +34
GlyHeadFru 141 2+7 408 £7 345+ 23 339+19 318+6 336+ 12 33216 359 + 34 318 + 20
GlyPoFru 26+1 201 298 +20 335+12 359 + 15 364 £34 374 16 356 £33 400 £ 25 327+£30
Total hepatic blood flow (ml/kg/min)
Gly 25+3 25 26+ 28 37 43+ 46 46 47 + 47 £3
Gly++ 27+3 28 30+ 32 4 44 + 47 48 + 47 = 48+3
Gly++DEN 30+3 30+ 32 34 44 47 + 49 51 49 + 51+3
Gly-- 27 2 26+ 28 34 38 4 42 42 43+ 4
GlyMatch 27 +2 2842 34 37 44 49 51 49 49 + 50 +
GlyHeadFru 32+1 32+ 35 36 52 58 57 56 58 + 61
GlyPoFru 25+1 26+ 32 37 48 50 53 52+4 50

AP < 0.05, compared with all other groups.

Finally, we performed experiments to determine whether the
intraportal infusion of fructose (1.3 mg/kg/min) per se during the
glycogen-manipulation period was responsible for the increased
hormonal and hepatic responses to the hypoglycemic challenge.
In these experiments (GlyPoFru), fructose was infused intrapor-
tally at 1.3 mg/kg/min, but glucose levels were not increased (Fig-
ure 2A) so as to deny the liver the substrate required for enhanced
glycogen deposition. NHGU (Figure 2C) during the glycogen-
manipulation period was similar in the Gly and GlyPoFru groups,
as was hepatic glycogen (Figure 2D). Likewise, counterregulatory
responses during the hypoglycemic experimental period were not
elevated in the GlyPoFru group. These data indicate that increas-
ing liver fructose levels during the glycogen-loading period, such
as was done in the Gly++ group to increase liver glycogen, does not
enhance the counterregulatory response to insulin-induced hypo-
glycemia (Tables 2 and 3).

Fat and lactate metabolism. The hyperinsulinemia used to
bring about hypoglycemia had an initial suppressive effect on
both arterial plasma free fatty acid and blood glycerol levels
(Tables 3 and 4). This suppression, however, was short lived,
as hypoglycemic counterregulation caused an increase in both
parameters thereafter. By the end of the hypoglycemic period,
the blood glycerol levels had increased 3- to 6-fold and were rea-
sonably close to a steady state. Consequently, the rates of hepatic

glycerol uptake can be assumed to be roughly equal to the rate of
glycerol production, itself a reflection of adipose tissue lipolysis.
Thus, lipolysis increased markedly (5- to 10-fold) in all groups,
with no obvious difference between them. Plasma NEFA lev-
els were close to or somewhat above baseline by the end of the
hypoglycemic period, and net hepatic NEFA uptake was modestly
increased (40%-100%). Based on a presumed steady state, this
suggests that the production rate of NEFA was increased by no
more than approximately 2-fold in any group, indicating that sig-
nificant reesterification was occurring.

All groups, with the exception of the GlyPoFru group, exhib-
ited net hepatic lactate output (NHLO) (Tables 3 and 4) during
the control period, undoubtedly as a consequence of the prevail-
ing hyperglycemia. Initially (30 minutes), the increase in insulin
caused a marked reduction in NHLO in all groups. Thereafter, net
hepatic lactate balance (NHLB) fell further in response to the rise
in the blood lactate level, indicating that muscle was supplying
lactate to the liver. All Gly groups eventually exhibited net hepatic
lactate uptake that, in turn, provided carbon for gluconeogenesis.
In the 2 Gly++ groups, the liver continued to produce lactate, albeit
atamuch reduced (80%) rate throughout the study. The blood lac-
tate levels were twice as high in the Gly++ and GlyMatch groups,
as opposed to the other groups, and were in line with the larger
increments in epinephrine.
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With the exception of the Gly- - group, blood gluconeogenic
amino acid levels (Tables 5 and 6) were about 2-fold those of nor-
mal in the control period in all groups, which was reflective of the
continued hyperglycemia following the glycogen-manipulation
period. Net hepatic amino acid uptake was increased in all groups
despite a fall in their levels in the blood, indicating an increase in
the fractional extraction of gluconeogenic amino acids by the liv-
er. In response to the insulin infusion, nonhepatic glucose uptake
increased in all of the groups, even though the plasma glucose lev-
els fell (Tables 3 and 4). In the Gly++ and Gly++DEN groups, the
nonhepatic glucose uptake was 6.5 + 0.4 vs 7.7 = 0.7 mg/kg/min,
respectively, with the difference probably attributable to increased
epinephrine in the Gly++ group. Likewise, in the GlyMatch group,
in which epinephrine was augmented, nonhepatic glucose uptake
was only 5.8 £ 0.4 mg/kg/min.

Discussion
Iatrogenic hypoglycemia continues to be the most prominent bar-
rier to the effective treatment of T1D. In addition to not being able
to acutely lower their circulating insulin levels, individuals with
T1D also have markedly attenuated counterregulatory hormone
responses to hypoglycemia (6, 10, 12-14, 17). This, in turn, reduces
HGP and increases the depth, duration, and frequency of hypogly-
Volume 126 Number 6
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Figure 3. Hepatic glucose metabolism during the hypoglycemic period.
Net hepatic glucose balance (A), net hepatic glycogenolysis (GLY) (B), net
hepatic gluconeogenesis (GNG) (C) and the peripheral glucose infusion rate
required to maintain glycemia (D) prior to and during the 2-hour experi-
mental period. To the right of each graph are the respective AUC values
over the final 90 minutes of the hypoglycemic/hyperinsulinemic period.
*P < 0.05, Gly++ compared with Gly; 'P < 0.05, Gly- - compared with Gly;
#P < 0.10, Gly- - compared with Gly, using repeated measures ANOVA.

cemic episodes. People with T1D are also known to have low liver
glycogen stores (15, 17), and their ability to mobilize hepatic glyco-
gen during insulin-induced hypoglycemia is also diminished (17).
Yet despite previous studies showing that increased liver glycogen
content increases glycogenolysis in response to glucagon (22) and
exercise (23), no studies have examined how variations in the size
of the hepatic glycogen mass affect insulin-induced hypoglyce-
mic counterregulation. This is all the more important since rapid
mobilization of hepatic glycogen is critical to the initial response
to a fall in blood sugar.

The present data indicate that increased liver glycogen con-
tent (i.e., 79 vs. 45 mg/g liver in Gly++ and Gly, respectively)
results in an increase in NHGO in response to insulin-induced
hypoglycemia. At the end of the 2-hour control period (i.e., imme-
diately prior to the hypoglycemic period), when the glucose load
to the liver was 2-fold that of basal and insulin and glucagon levels
were clamped at basal values, there was a modest rate of NHGU
in both the Gly and Gly++ groups. Then, in response to a 16-fold
rise in insulin, the plasma glucose level was allowed to fall to
approximately 50 mg/dl, and the livers of animals from the Gly
group transitioned from an NHGU to an NHGO of approximately
1.8 mg/kg/min during the final hour of the 2-hour experimental
period. Livers from the animals with excess glycogen (Gly++), on
the other hand, responded to the same hypoglycemic challenge
with a 2.3-fold (P < 0.01) greater rate of NHGO (4.3 mg/kg/min),
an increment that was accounted for entirely by an increase in gly-
cogenolysis. Likewise, when liver glycogen content was reduced
by 35% in Gly--, NHGO was lowered to approximately 1.3 mg/kg/
min. As was the case in the Gly++ group, the change in NHGO was
explained by a reduction in glycogenolysis.

While it is tempting to ascribe these variations in glycoge-
nolysis directly to altered glycogen availability, we also observed
an increase in epinephrine and glucagon levels in the Gly++
group compared with the Gly group and a nearly absent gluca-
gon response in the Gly- - group. Because either stimulus (i.e.,
increased glycogen mass or altered counterregulatory hormones)
could affect the rate of glycogen breakdown, it remained unclear
from these experiments which was responsible for the altered gly-
cogen metabolism. To answer this question, we studied another
group of dogs (i.e., GlyMatch) in which fructose was not infused
(so that the liver glycogen level would be similar to that in Gly), but
in which glucagon and epinephrine were infused so as to match
theirlevels to those seen in the Gly++ group. In these experiments,
NHGO was similar to that in the Gly++ group, indicating that the
elevated hormone secretion caused by excess hepatic glycogen
accounted for the majority (82%) of the increase in NHGO dur-
ing hypoglycemia, with the remainder possibly being accounted
for by the presence of increased hepatic glycogen per se. As was
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Figure 4. Counterregulatory hormone responses during the hypogly-
cemic period. Arterial plasma cortisol (A), epinephrine (B), norepi-
nephrine (norepi) (C), and glucagon (D) responses during the 2-hour
hypoglycemic/hyperinsulinemic experimental period. Histogram bars
in the right column represent the AAUC from baseline (0 minute time
point) data. *P < 0.05, compared with Gly; *P < 0.10, compared with
Gly, using repeated measures ANOVA.
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the case in the Gly++ group, the increment in NHGO seen in the
GlyMatch group was due to an increase in glycogenolysis; gluco-
neogenesis was elevated but remained unaffected by the hormone
replacement. The preferential use of glycogen as the primary
source of HGP in the 2-hour observation period of the current
study is consistent with the importance of glycogenolysis to the
initial response to hypoglycemia as reported previously (4).

We next considered the possibility that it was the transmission
of an afferent signal from the liver to the brain that was respon-
sible for the enhanced counterregulatory response. Remarkably,
when a complete hepatic denervation was performed 2 weeks
prior to study (Gly++DEN), the presence of excess hepatic gly-
cogen was unable to augment the counterregulatory response.
This was the case despite the fact that the hepatic glycogen lev-
els were identical in the Gly++ and Gly++DEN groups (79 and 80
mg/g liver, respectively). These results demonstrate the presence
of an axis of communication between the liver and the brain that
can augment both glucagon and epinephrine secretion. Of note,
altered neural feedback from the hepatoportal region to the brain
has been previously shown to alter counterregulatory hormone
secretion in the setting of hypoglycemia, albeit under very differ-

ent experimental conditions. Elegant studies by Donovan and
colleagues (24-27) showed that denervation of the mesenteric
region in the rat can alter the counterregulatory responses to
insulin-induced hypoglycemia. This effect was only observed,
however, when the fall in plasma glucose was slow (i.e., ~0.5
mg/dl/min), whereas disruption of neural input was of no con-
sequence when the fall of the plasma glucose level was rapid

(~1.3 mg/dl/min). The fall in plasma glucose in our study was

approximately 5.0 mg/dl/min, making it unlikely that this

modulatory mechanism was active. Nevertheless, it remains
unclear how the rate of fall of plasma glucose affects counter-
regulatory hormone secretion in the dog. Clearly, however,
both our results and those of Donovan et al. show that the
counterregulatory hormone response to hypoglycemia can be
modified by signals from the splanchnic region.

The proximate cause of the hypoglycemia-induced increase

in counterregulatory hormone secretion was most likely a

change in AMPK activity in the ventromedial hypothalamus

(VMH). Pioneering studies in the rat have established the impor-

tant role that the VMH plays in hypoglycemic counterregulation

(28-30). They have also shown that AMPK plays an important

role in this “energy sensing” and that, when activated, it increas-

es the secretion of both epinephrine and glucagon (31, 32). Of

interest, there was no effect of AMPK activation in the VMH on

corticosterone levels in the above studies (31, 32). This obser-

vation is consistent with the absence of a difference in cortisol

secretion between any of the groups we studied. It also supports

the hypothesis that corticosteroid release during hypoglycemia
is regulated by a different mechanism than epinephrine and gluca-
gon and probably does not involve the VMH (32).

The nature of the afferent signal that is associated with hepat-
ic glycogen and increases the secretion of epinephrine and glu-
cagon during hypoglycemia remains unclear. In response to our
glycogen-manipulation protocol, we were able to increase hepatic
glycogen content by 76% (45 and 79 mg glycogen/g liver in Gly
and Gly++, respectively). It has been suggested that increased liv-
er glycogen causes hepatocyte swelling, which may be capable of
generating a hormonal response to relieve cellular stress (33, 34).
Another potential mechanism involves hepatic AMPK activity. As
noted above, previous studies have demonstrated that AMPK acti-
vation in the VMH is capable of generating a counterregulatory
response to hypoglycemia (31, 32). We have shown that increased
hepatic glycogen content is associated with an increase in hepatic
AMPK phosphorylation at the Thr172 site (35, 36), an event that is
most likely triggered by the enzyme becoming more susceptible
to phosphorylation as a result of binding to intracellular glycogen
(37). Future studies will be required to determine the event or
events that trigger the afferent neural signal and the area or areas
of the brain that coordinate altered hormone secretion.
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Table 2. Counterregulatory hormone levels and hepatic glucose metabolism prior to and during the hyperinsulinemic/hypoglycemic
experimental period in GlyMatch, GlyHeadFru, and GlyPoFru groups

Control period

Hypoglycemic experimental period

Time (min) -15 0 15 30 45 60 75 90 105 120
Group
Arterial plasma glucagon (pg/ml)
GlyMatch 48 £5 52+7 51+9 94 +13 125 +19* 109 +19* 96 + 16* 92 + 16" 90 +15*
GlyHeadFru 4+7 44+ 6 43+6 59+5 74 +18 57+10 51+9 45+ 8 43+6
GlyPoFru 517 51+5 68 +33 9252 67 +24 59 +30 47 + 40 45+ 15 45+ 8
Arterial plasma epinephrine (pg/ml)
GlyMatch 39+22 54 + 24 49 +17 246 +129 830+ 139 1708 £ 620" 1706 +332* 1859 + 451" 1698 + 416" 2227 + 567
GlyHeadFru 78 £ 35 88 +35 108 + 53 168 + 82 653 + 204 727 £155 803 +335 890 + 263 985 + 255 886 + 323
GlyPoFru 32+78 47+ 28 59 +25 97451 305 £117 217 £188 353 + 462 351+ 675 248 +400 373 +£376
Arterial plasma norepinephrine (pg/ml)
GlyMatch N+14 23+ 29+9 70+ 36 1M3+40 164 £ 50 217 +£83 248 £77 182 + 65 277 + 88
GlyHeadFru 138 £+ 25 130 £19 169 + 54 168 + 54 265 + 60 249 +73 32995 272 £ 80 290 £ 62 28070
GlyPoFru 6916 57 +108 97 £19 106 + 48 137 +44 91+51 103 £58 115+ 100 92+ 66 N5+76
Arterial plasma cortisol (pg/dI)
GlyMatch 22+05 2005 36+10 6.7+11 9.7+06 109+0.6 123+£0.7 125405 136408
GlyHeadFru 14+0.2 1604 44412 6.7+0.7 8.7+13 89+09 91+09 101+1.8 10.0+1.0
GlyPoFru 3.0+05 27+06 6.7+12 10.2+0.9 120+09 19+10 Nn5+04 12307 N9+12
Net hepatic glucose balance (mg/kg/min)
GlyMatch -3.7+10 -3.8+03 -25+08 -0.8+1.0 16408 34+10 43+11 35+06 35+07 3.9+0.74
GlyHeadFru -24+0.7 -25+09 -19+0.7 -04+05 14+14 1904 21403 21403 25403 17+£0.2
GlyPoFru -01+£05 0002 -01+£06 -14+23 12+0.6 09+0.6 14+03 0.7+05 12+£0.6 0.8+0.7
Net hepatic glycogenolysis (mg/kg/min)
GlyMatch -31+01 -14£11 19+11 21+0.8
GlyHeadFru -20+09 -0.8+0.6 0.6+0.6 04102
GlyPoFru -01+£0.2 -16+28 0.6+0.6 0.0£05
Net hepatic gluconeogenesis (mg/kg/min)
GlyMatch 0.5+01 09+0.2 17+0.2 21402
GlyHeadFru 0.5+0.1 0.6+0.2 16+0.2 15403
GlyPoFru 0301 0502 11+0.2 1.0+04
Peripheral glucose infusion rate (mg/kg/min)
GlyMatch 48+03 46+04 06+05 0.7+04 23408 2607 2.2+0.6" 2.0+06 20+09 18+09"
GlyHeadFru 44107 45+ 0.6 0.0£00 04104 44+0.7 58+04 53103 54+0.7 57+05 58+0.7
GlyPoFru 14+0.6 16+0.8 0.0+£01 13+04 39415 48+10 53+0.7 54+10 54+10 57+10

AP < 0.05, compared with Gly.

To increase liver glycogen content, we infused fructose intra-
portally on the background of hyperglycemia and euinsulinemia
as we have previously described (35, 36, 38). This was then fol-
lowed by a 2-hour control period during which fructose was not
infused and thereafter by a 2-hour hypoglycemic/hyperinsulin-
emic clamp. This design took into account the studies in humans
by Gabriely et al. (39, 40), which showed that the infusion of
fructose intravenously during insulin-induced hypoglycemia was
associated with a modest increase in the responses of both gluca-
gon (~30%) and epinephrine (~22%). This led those authors to sug-
gest that this may have resulted from an acute effect of fructose on
brain substrate metabolism. In our study, we wanted to avoid such
an effect, so we discontinued the fructose infusion well before (2
hours) the start of the experimental period, thereby allowing the
blood fructose level to return to baseline before the induction of
hypoglycemia. To further explore the potential role of brain fruc-
tose in the counterregulatory response to hypoglycemia, we stud-
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ied another group of animals in which we infused fructose into the
carotid and vertebral arteries during the initial 4-hour glycogen-
manipulation period at a rate that would match the plasma levels
of fructose seen by the brain during the glycogen-manipulation
period in the Gly++ group. In these animals, since fructose was not
infused into the hepatic portal vein, the level of fructose reaching
the liver was low (<15% of that in Gly++) and thus the increase in
NHGU and hepatic glycogen deposition seen in the Gly++ group
did not occur. Despite the exposure of the CNS to elevated plasma
fructose for 4 hours, there was no detectable enhancement rela-
tive to the Gly group of the counterregulatory hormone or hepatic
responses to the hypoglycemic challenge. Thus, we can rule out
the possibility that prior exposure of the brain to fructose led to the
increase in counterregulatory hormone secretion that we saw in
the Gly++ group during insulin-induced hypoglycemia.

The next question became whether fructose in the liver, per se,
could be triggering the response. First, it should be noted that we
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Table 3. The arterial levels and net hepatic balance of selected metabolites in the GlyMatch, GlyHeadFru, and GlyPoFru groups during
the hyperglycemic/normoinsulinemic control period (-15 to 0 min) and the hypoglycemic/hyperinsulinemic experimental period

(0-120 min)
Control period Hypoglycemic experimental period

Time (min) -15 0 15 30 60 75 90 105 120
Group
Arterial blood lactate (umol/1)
GlyMatch 1120 £130 1079 + 139 1011+ 80 1242 £174* 1766 £402* 1784 +397* 1972+ 314" 1897 + 308"
GlyHeadFru 703 +98 697 + 89 561+ 68 899 + 217 852 + 175 886 + 211 958 + 152 979 £ 202
GlyPoFru 40371 381+ 57 434 £176 517 £ 98 657 + 255 696 + 250 695 + 344 710 + 252
NHLB (pumol/kg/min)
GlyMatch 10911 107+18 -22+10 -31+13 -591+23 -103+36  -124+27 -65+18
GlyHeadFru 87112 87116 -09+21 -2.8+34 -5.0+26 -5.0+22 -3.0£3.0 -32+22
GlyPoFru -24£10 -17+0.6 -20+55 -41+19 -5.7+31 -1.0+26 -31+21 -28+33
Arterial blood glycerol (umol/I)
GlyMatch 4145 43+6 40+£14 173+ 28 203 +£26 210 + 27 18 +27 255+ 31
GlyHeadFru 39+5 38+3 181 134+8 168 £ 21 148 + 23 166 £ 14 162 17
GlyPoFru 505 51+8 55+12 13813 140 + 26 148 +7 144 + 20 161+ 26
Net hepatic glycerol balance (wmol/kg/min)
GlyMatch -07+02 -06+0.2 -08+04 -5.0+06 -65107 -6.8+0.8 -65+09 -76+0.9
GlyHeadFru -06+0.2 -08+0.2 -02+01 -46+0.1 -5.8+1.0 -5.0+11 -46+12 64112
GlyPoFru -0.8+01 -1.0+£01 -13+04 -40+0.2 -34+03 -5.0+04 -45+03 -48+09
Arterial plasma free fatty acids (umol/I)
GlyMatch 388 £ 66 401+79 164 + 54 682 +67 742 + 95 657 + 102 718 + 66
GlyHeadFru 207 36 193 +30 2945 382 + 106 391+ 49 394 +6 269 £ 101
GlyPoFru 620 + 202 589 + 219 259 + 88 627 + 228 578 + 168 519 £ 145 5414193
Net hepatic free fatty acid balance (umol/kg/min)
GlyMatch -20+09 -21+09 -07+0.2 -34+03 -3.6+05 -3.0£05 -34+04
GlyHeadFru -0.5+01 -11£0.2 0.0+02 -05+07 -3.0+08 -13+05 -18+0.6
GlyPoFru -1.8+05 -14+07 -07+04 -26+10 -35+06 -28+09 25+07
Nonhepatic glucose uptake (mg/kg/min)
GlyMatch 1.0+03 0.8+03 -01+£09 39+11 6.0+0.8 6.5+0.7 55+05 54+0.6 57+0.6
GlyHeadFru 20104 20+06 -01+0.5 59+14 78+0.5 7406 75+05 82+06 75+06
GlyPoFru 11+06 15403 12+0.6 26+15 59+14 6.2+03 6.7+11 61+0.6 69+10

Negative values for net hepatic substrate balance indicate net uptake. #P < 0.05, compared with Gly.

used a small, catalytic infusion of fructose (<10% of total calories
infused during the glycogen-manipulation period) as opposed to
a large amount that would be more likely to have lingering effects
on hepatic glucose metabolism after being withdrawn. In earlier
studies (36, 41), using the same catalytic dose, we showed that the
sugar had no effect on the mRNA or protein levels of key metabolic
enzymes 4 hours after its infusion had ceased. Furthermore, it had
no effect on hepatic AMP or ATP levels at that time. In line with
this, Parks et al. (42) showed in humans that, when a meal made
of 50% fructose was served for breakfast, it did not affect de novo
lipogenesis in the liver 4.5 hours later. Finally, although consump-
tion of large amounts of fructose has been reported to increase cor-
ticosterone levels and gluconeogenesis in rodents (43), we did not
observe a difference in either cortisol or gluconeogenesis between
animals that did or did not receive fructose. Nevertheless, to con-
firm that prior exposure of the liver to increased levels of fructose
(i.e., 1.3 mg/kg/min) per se does not increase the counterregula-
tory response to insulin-induced hypoglycemia, we infused fruc-
tose on a background of euglycemia in the GlyPoFru group. In

this way, the livers of these animals received similar exposure to
fructose during the glycogen-manipulation period, but there was
no increase in liver glycogen content above that in the Gly group
because of the absence of hyperglycemia. These animals did not
display any augmentation in their counterregulatory responses to
hypoglycemia, thereby further supporting our conclusion that it
was the increase in liver glycogen content that caused augmented
counterregulation in the Gly++ group, not prior exposure of the
liver to fructose.

This brings up the issue of whether our finding that liver glyco-
gen can be a determinant of hypoglycemic counterregulation has
clinical relevance. Our data raise the possibility that the reduction
in liver glycogen seen in T1D patients might contribute to their
impaired counterregulatory responses. If this is the case, then it
is possible that the incidence of hypoglycemia could be reduced
in patients with T1D by restoring the normal circadian rhythm of
liver glycogen accretion and utilization. If so, it becomes impor-
tant to develop new means by which liver glycogen deposition can
be increased over the course of the day in such patients.
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Table 4. The arterial levels and net hepatic balances of selected metabolites during the hyperglycemic/normoinsulinemic control
period (-15 to 0 min) and the hypoglycemic/hyperinsulinemic experimental period (0-120 min)

Control period

Hypoglycemic experimental period

Time (min) -15 0 15 30 60 75 90 105 120
Group
Arterial blood lactate (umol/1)
Gly 802+123 751+ 13 641+76 678 + 41 746 + 43 817+ 51 831+ 42 875+ 49
Gly++ 1007 £ 166 1011 + 156 833 +148 Ne6 +177* 1298 +200* 1356 +176* 1484 +186" 1385 + 150"
Gly++DEN 767 + 118 741123 643 £100 639 101 869 + 195 830+ 168 901 £ 161 868 £142
Gly-- 536 +79 542 + 87 627 + 50 536 +70 707 £73 727 + 93 821+ 104 898 £ 105
NHLB (pumol/kg/min)
Gly 79+3.0 87133 1709 -12+18 -3.5+13 -43+14 -56+16 -6.3120
Gly++ 19.7+47 201+5.0 89+34 142+73 95+75 861724 37+6.6 3946.2
Gly++DEN 104 +24 105425 29418 31430 24+£35 0.6+25 15431 14+£32
Gly-- 17+19 18418 12+23 -5.2+11 -6.5+20 -73+16 -8.2+217 -8.7+16
Arterial blood glycerol (umol/I)
Gly 45+7 53+8 1577 167 + 21 172+22 176 + 22 176 +18
Gly++ 35+7 33£6 26+ 128 £23 156 23 17324 183 + 26 201+36
Gly++DEN 36+5 38+5 RS 89116 138 + 23 156 + 16 143 +16 149 + 21
Gly-- 63+6 56+4 47 + 150 + 16 149 + 20 156 + 20 165 + 22 155 + 28
Net hepatic glycerol balance (umol/kg/min)
Gly -0.7+01 -0.8+01 -0.8+0.2 -48+05 -52+05 =512 05 -5.8106 -57+03
Gly++ -0.5+01 -06+01 -06+01 -37+0.6 -47+06 -51+0.6 -51+0.6 -59+08
Gly++DEN -0.8+01 -0.8+0.2 -04+01 -3.0+£07 =47 +1.1 -52+10 -49+0.8 -53+10
Gly-- -13+01 -11+01 -16+05 -47+08 -53+0.7 -56+08 -59+09 -53+10
Arterial plasma free fatty acids (umol/1)
Gly 390 + 68 431+ 84 93+18 624 + 65 637 61 598 + 85 502 + 60
Gly++ 2N+ 71 233 + 55 M+49 306 +78 484 £ 112 459 + 115 493 + 145
Gly++DEN 286+72 280 101 50+13 192+ 83 385+ 160 311+ 98 282 +121
Gly-- 602 +59 556 + 51 126 + 21 568 +97 474 £ 117 475 £ 116 395 +122
Net hepatic free fatty acid balance (pumol/kg/min)
Gly -11+£01 -14+03 -01+£01 -26+03 -23+03 -26+06 -24+0.2
Gly++ -0.8+0.2 -09+01 -04+03 -11+03 -17+0.2 -17+04 -16+05
Gly++DEN -11+0.2 -12+0.2 02102 -1.0+£0.6 -2.0+£08 -19+04 -13+03
Gly-- -33+04 -25+03 -04+03 -43+13 -3.6+£13 -52+15 -44+16
Nonhepatic glucose uptake (mg/kg/min)
Gly 17+0.2 14+04 0907 48+09 6.7+06 6.6+04 6.5+04 6.7+04 66+03
Gly++ 21+£0.7 22104 23+13 64 +11 72106 6.0+05 64 +0.7 6.7+ 0.6 64+03
Gly++DEN 1805 13+05 33+13* 54+14 6.8+0.8 75+£10 8.0+0.7 8.0+£0.7 81+05
Gly-- 1804 14+£03 -01+£03 3.8+0.7 64403 6.7+£05 6.7+04 6.8+03 70+04

Negative values for net hepatic substrate balance indicate net uptake. P < 0.05, compared with Gly.

In summary, our results show that varying levels of liver gly-
cogen can have a marked impact on glycogen mobilization and
NHGO seen in response to insulin-induced hypoglycemia. Even
more interesting, however, is that this effect is mediated primar-
ily by adjustments in glucagon and epinephrine secretion that
require liver innervation. Identification of the cellular mechanism
that regulates this liver-brain counterregulatory axis now deserves
attention. Future studies will be required to determine whether
enhancing liver glycogen deposition lessens the risk of iatrogenic
hypoglycemia in patients with T1D.

Methods

Animals and surgical procedures. Studies were carried out on healthy,
conscious 18-hour-fasted mongrel dogs of either sex with a mean
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weight of 21.9 * 2.7 kg (mean * SD). All animals were maintained on
a diet of meat and chow (34% protein, 14.5% fat, 46% carbohydrate,
and 5.5% fiber based on dry weight; ~1700 kcal/d).

Two weeks prior to being studied, each dog underwent general
anesthesia and a laparotomy to permit placement of catheters for
intraportal infusion of hormones and substrates and for blood sam-
pling across the liver (44). At the same time, ultrasonic flow probes
(Transonic Systems) were placed around the hepatic portal vein and
the hepatic artery as described elsewhere (44).

Two days before each experiment, blood was drawn to determine
the leukocyte count and hematocrit for each animal. Animals were
only studied if they had a leukocyte count of less than 16,000/mm?, a
hematocrit count of more than 35%, a good appetite (as evidenced by
consumption of the entire daily ration), and normal stools.
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tal peri to 120 min). Each iment initi-
Table 5. Arterial concentrations and net hepatic balances of select amino mental period (0 to 120 min). Each experiment was initi

acids in Gly, Gly++, Gly++DEN, and Gly- - groups ated at minute -360 by the infusion of somatostatin (SRIF)

(0.8 nug/kg/min; Bachem) into a peripheral vein to disable
the endocrine pancreas. This was accompanied by the

Control period Hypoglycemic experimental period

Time (min) 0 30 60 120 intraportal replacement of both insulin (0.3 mU/kg/min;
Group Eli Lilly & Co.) and glucagon (0.55 ng/kg/min; Glucagen,
Arterial blood alanine (pmol /1) Novo Nordisk) at basal rates (except in the Gly- - group).
Cly 458 + 76 370 + 54 303 + 41 223+28 At the same time, the hepatic glucose load was doubled
Gly++ 637 + 88* 483 + 67 405 + 54 311+39 (with the exception of the GlyPoFru group) by infusing a
Gly++DEN 597 + 46 456 + 42 37727 288 +18 50% dextrose solution into a peripheral vein as needed
Gly-- 299 + 414 270 £ 34 230+ 26 194 +19 and either 0.9% saline (Gly; n = 7) or fructose (1.3 mg/
Net hepatic alanine balance (umol/kg/min) kg/min; Gly++; n = 7) concomitantly into the hepatic por-
Gly -29+£05 -3.0+06 -53£08 -37+04 tal vein. The latter causes the translocation of glucoki-
Gly++ -3107 -35+10 -50+14 -51£1 nase (GK) in hepatocytes from the nucleus to the cytosol
Gly++DEN -36£06 3708 44111 44105 (where glucose phosphorylation occurs), thereby stimulat-
Gly-- -22£0.2 27403 4005 35102 ing NHGU and glycogen deposition even in the absence
Arterial blood glycine (umol/) of a rise in plasma insulin (36, 38, 41). Thus, by the start
E:XH 12;?3 1:? i 1; ::2 i 12 :223;1111 of the experimental period (i.e., at min 0), the hepatic gly-
Gly++DEN N0+ 17 184+ 16 184+ 16 144 11 cogen content was either modestly (Gly group) or mark-
Gly-- 150 + 13 B35+ B1+1 101+9 edly (Gly++ group) elevated relative to the level seen after
Net hepatic glycine balance (yumol/kg/min) an 18-hour fast in the dog (~36 mg/g liver; ref. 45). The
Gly ~0.8+01 ~0.8+02 19402 15402 4-hour glycogen-manipulation period was followed by a
Gly++ -07+01 ~0.8+01 16+04 17404 2-hour hyperglycemic control period during which fruc-
Gly++DEN -1.0+0.1 11402 -17+05 -17+02 tose was not infused, thereby allowing blood fructose con-
Gly-- -09+0.2 -11+03 -16+03 -14+01 centrations and hepatic glucose metabolism in the Gly++
Arterial blood serine (umol/I) group to return to values similar to those in the Gly group.
Gly 98+ 1 93+9 98+ 1 During this control period, the basal hormone levels were
Gly++ 102 +12 94+ 97+12 87+ maintained. At the outset of the final 2-hour experimental
Gly++DEN 108 7 99+6 1Mm0+7 93+8 period (0-120 min), the SRIF infusion was discontinued,
Gly-- = 9743 : 0+6 1003 841 as was the intraportal infusion of glucagon. At the same
gle'f hepatic serine ba|3"f_"30(P5lT°0|/1kg/m'") 07+ 01 6402 0402 time, hypoglycemia (~50 mg/dl) was allowed to occur in
Gle _0'5 ; 0'1 _0'7 ; 0'1 : 3 +_Ul‘1 : 3 +_l].2 response to an intraportal infusion of insulin (5.0 mU/
Gly++DEN —0:6 ; 0:1 _0:7 ; 0:1 —‘i.3_i 0'2 _1'.3_1 0'.2 kg/min; ~16-fold basal). In all groups, 50% dextrose was
Gly-- 04401 06401 13+03 12402 infused peripherally to clamp the plasma glucose level at
Arterial blood threonine (umol/1) approximately 50 mg/dl and to control the rate of fall in
Gly 176 416 1415 168 +15 19+ 11 glucose such that it was equal in all groups. Animals in the
Cly++ 217 +30 189 + 26 187 + 28 164 + 16 Gly and Gly++ groups each underwent 2 experiments in
Gly++DEN 203+19 177 £19 169 + 20 150 + 15 a randomized fashion; one under Gly conditions and one
Gly-- 204 + 20 175 +17 185 + 21 136+12 under Gly++ conditions. At the conclusion of each ani-
Net hepatic threonine balance (umol/kg/min) mal’s first experiment, their infusion and sampling cathe-
Gly -04+01 -04+01 -11+04 -0.8+04 ters were replaced in a subcutaneous pouch so that the ani-
Gly++ -03+01 -03+01 -0.8+04 -0.7+03 mals could undergo the second experiment 2 weeks later.
Gly++DEN -0.2£0.2 -0.2£02 -02£0.2* -02+01 To determine the importance of the increased counter-
Gly-~ -06+01 -0.7+02 -10£03 -07+02 regulatory hormone secretion seen in the Gly++ group to

Negative values for net hepatic balance indicate net uptake. *P < 0.05, compared with Gly.  the increase in NHGO, a third group of animals was studied

inwhich liver glycogen was not increased (i.e., they received
saline rather than fructose infusion during the initial 4-hour
glycogen-manipulation period), but in which the endog-

On the morning of each experiment, catheters and flow probe
leads were exteriorized from subcutaneous pockets under local anes-
thesia (2% lidocaine, Hospira). Angiocatheters (Deseret Medical, BD)
were inserted into a cephalic and a saphenous vein to allow infusion
into the peripheral vasculature as desired. The animals stood comfort-
ably in a Pavlov harness throughout the experiment.

Experimental design. Each experiment consisted of a 4-hour liver
glycogen-manipulation period (-360 to -120 min), a 2-hour control
period (-120 to O min; Figure 1) and a 2-hour hypoglycemic experi-

enous counterregulatory hormone responses were supplemented with
exogenous hormone infusions in order to match the levels seen in the
Gly++ group (GlyMatch; n = 6). Thus, in this group (GlyMatch), when
the SRIF infusion was discontinued at the start of the 2-hour hypogly-
cemic period, glucagon was infused intraportally and epinephrine was
infused peripherally at the rates required to match the plasma levels of
these hormones to those that occurred in the Gly++ group.

To determine the importance of neural communication between
the liver and the brain to the increased counterregulatory response
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Table 6. Arterial concentrations and net hepatic balance of select amino
acids in GlyMatch, GlyHeadFru, and GlyPoFru groups

Control period

Hypoglycemic experimental period

Time (min) 0 30 60
Group
Arterial blood alanine (umol/l)
GlyMatch 609 + 74 472 + 46 408 + 29
GlyHeadFru 404 £ 35 316 £ 31 278 £ 35
GlyPoFru 494 + 85 357+ 71 294 + 49
Net hepatic alanine balance (umol/kg/min)
GlyMatch -33+07 -43+12 -61+0.8
GlyHeadFru -1.8+11 -29+04 -43+16
GlyPoFru -25+07 -2.8+08 -46+14
Arterial blood glycine (pumol/1)
GlyMatch 177+13 158 £ 8 156 £6
GlyHeadFru 137 £17 123+£12 126 £17
GlyPoFru 213+£20 176 +18 163 + 12
Net hepatic glycine balance (umol/kg/min)
GlyMatch -0.6+01 -12+03 -19+03
GlyHeadFru -09+0.2 -0.8+0.2 -0.7+06
GlyPoFru -05+03 -09+03 -21+£06
Arterial blood serine (umol/I)
GlyMatch 86+7 8215 95+7
GlyHeadFru 84 +£15 76 £13 87+17
GlyPoFru 130+M 1M4+9 Nn5+7
Net hepatic serine balance (wmol/kg/min)
GlyMatch -03+01 -06+02 -16+0.2
GlyHeadFru -0.7+0.2 -05+01 -12+05
GlyPoFru -02+01 -0.7+0.2 -15+03
Arterial blood threonine (umol/1)
GlyMatch 179 + 15 162 + 13 179+ 13
GlyHeadFru 152+ 21 130 £14 140+ 19
GlyPoFru 272 +44 245 + 43 232+33
Net hepatic threonine balance (uumol/kg/min)
GlyMatch 0.0£01 -04+03 -0.8+03
GlyHeadFru -04+01 -0.1+01 -11+06
GlyPoFru -05+04 -06+0.2 -0.7+01
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longed fast given the changes in glucose metabolism (e.g.,
lower basal HGP and insulin levels, etc.) that accompany
fasting, which would have complicated data interpreta-
tion. After the 4-hour glucagon infusion period, the hor-

120 mone’s infusion rate was returned to a basal rate for the
control period, after which it was turned off completely as
in the other groups.

291+ 36 In order to ensure that there was no effect of the prior
187+23 fructose infusion on hypoglycemic sensing by the brain
226 £33 during the hypoglycemic period, we studied an additional
group of animals (GlyHeadFruc; n = 4) in which fructose
-49£06 was infused into both the carotid and vertebral arteries
2607 during the glycogen-manipulation period (rather than the
-33:10 hepatic portal vein) at a rate (0.16 mg/kg/min) that would
bring about a fructose concentration in the head arteries
10424 similar to that seen in the Gly++ group. Because fructose
87 12 . . . . .
18 +10 was infused directly into the head instead of the hepatic
portal vein, it could be infused at a much lower rate than
15402 was used in the Gly++ group (1.3 mg/kg/min), where it
~09+04 was infused directly into the liver. As a result, the brain
14+05 was exposed to a similar elevated blood fructose level in
the Gly++ and GlyHeadFruc groups, but with only a small
70+6 rise in fructose levels at the liver (i.e., ~15% of that in
64 +12 Gly++), which failed to increase NHGU. In another group
94+7 (GlyPoFruc; n = 3), fructose was infused intraportally dur-
ing the glycogen-manipulation period at a rate identical to
-0.9£01 that in the Gly++ group (1.3 mg/kg/min), but on the back-
10403 ground of euglycemia. In this way, the liver was exposed to
-12+03 an identical amount of fructose as in the Gly++ group, but
in the absence of the hyperglycemia so that liver glucose
12410 uptake and glycogen resembled those in the Gly group,
97+
M not the Gly++ group. At the conclusion of each study, the
animal was euthanized with an overdose of pentobarbital,
06404 the abdomen was opened, and the positions of the cath-
~01+02 eter tips were verified. Liver biopsies were immediately
~01+03 freeze clamped and stored at -80°C for the determination
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Negative values for net hepatic balance indicate net uptake.

of glycogen content.
Processing and analysis of samples. The processing

seen in the Gly++ group relative to the Gly group, we studied a group
of animals with livers that were completely denervated during the sur-
gery for catheter placement (Gly++DEN; n = 6). On the day of study,
the animals from this group underwent the same experiment as did
the Gly++ animals.

Given that humans with T1D exhibit approximately 25% lower
fasting liver glycogen content compared with non-T1D individuals,
it was important to establish whether acutely lowering liver glycogen
content would impair hypoglycemic counterregulation (Gly- - n =
9). To lower the liver glycogen content, we used a protocol identical
to that used with the Gly group, with the exception that glucagon was
infused intraportally at a progressively increasing rate (3x, 5x, 7x,
and 8x basal each hour over the 4-hour glycogen-manipulation peri-
od) to mobilize liver glycogen and keep the glucose level at approxi-
mately 200 mg/dl. This strategy, which lowered liver glycogen and
created a hyperglycemic signal indistinguishable from that present
in the other groups, was preferable to lowering glycogen using a pro-
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of blood samples has been described previously (46).

Plasma glucose was analyzed using the glucose oxidase
method (Analox Instruments). Insulin, glucagon, cortisol, catechol-
amines, amino acids, lactate, glycerol, and NEFA concentrations
were measured as previously described (47, 48). Liver samples were
pulverized under liquid nitrogen and assayed for liver glycogen as
described previously (49).

Calculations and data analysis. Hepatic blood flow was measured
using ultrasonic flow probes (Transonic Systems). Because of our
study design (a 4-hour period of hepatic glycogen manipulation),
we were unable to use 3-*H glucose to measure whole body glucose
turnover; instead we assessed net hepatic glucose balance (NHGB) as
described previously (50). Net hepatic gluconeogenesis and glycoge-
nolysis were calculated as previously described (35) and liver glycogen
content just prior to the hypoglycemic experimental period was calcu-
lated as the postexperimental glycogen content (which was measured
via biopsy) plus the amount of glycogen mobilized during the experi-
mental period. The sinusoidal insulin and glucagon levels were cal-
culated as described previously (50), and plasma glucose levels were
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converted to whole blood values for the calculation of NHGB (51, 52).
Nonhepatic glucose uptake was calculated as the sum of NHGB and
the exogenous glucose infusion rate after correcting for the change in
the glucose mass (53).

Statistics. All data are presented as mean * SEM, and statistical
analyses were performed using SigmaStat (Aspire Software Interna-
tional) software. Data were analyzed using repeated measures ANO-
VA. Post-hoc comparisons were made as appropriate, and statistical
significance was defined as P < 0.05.

Study approval. The animals were housed in a facility that met
American Association for Accreditation of Laboratory Animal Care
guidelines, and the study was approved by Vanderbilt University’s
Institutional Animal Care and Use Committee.
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