Available online at www.sciencedirect.com

science (oineer:

Metabolism Clinical and Experimental 54 (2005) 1259—-1265

Metabolism

Clinical and Experimental

ELSEVIER

www.elsevier.com/locate/metabol

Combined corticotropin-releasing hormone and glucocorticoid
deficiency does not enhance counterregulatory responses
after recurrent hypoglycemia in mice

Lauren Jacobson®*, Karel Pacak®

dCenter for Neuropharmacology and Neuroscience, Albany Medical College, Albany, NY 12208, USA
®Pediatric and Reproductive Endocrinology Branch, National Institute for Child Heath and Development, National Institutes of Health,
Bethesda, MD 20892, US4

Received 29 October 2004; accepted 13 April 2005

Abstract

Glucocorticoids and corticotropin-releasing hormone (CRH) have been proposed to inhibit counterregulatory responses to recurrent
hypoglycemia. We used the CRH knockout (CRH KO) mouse to test the hypothesis that combined CRH and glucocorticoid deficiency would
prevent development of counterregulatory deficits after repeated hypoglycemia. To develop a mouse model of recurrent hypoglycemia, we
first tested the effects of daily lente insulin injection on counterregulatory responses to acute hypoglycemia in male C57BL/6 mice. Treatment
with up to 250 U/kg per day lente insulin resulted in significantly greater decreases in plasma glucose, suggestive of impaired
counterregulation, after hypoglycemia induced by acute insulin injection. Plasma catecholamine responses to hypoglycemia in repeatedly
hypoglycemic C57BL/6 mice were unexpectedly higher than in naive mice, which we interpreted as a compensatory response to the greater
decreases in plasma glucose. Lente insulin doses had to be reduced (50-75 U/kg per day) for CRH KO mice to survive repeated
hypoglycemia. Wild-type (WT) mice treated with 50 to 75 U/kg per day lente insulin exhibited enhanced sympathetic activity after
hypoglycemia, resembling the compensatory responses associated with impaired glucose homeostasis in C57BL/6 mice treated with 250 U/kg
per day lente insulin. During acute hypoglycemia, CRH KO mice maintained higher plasma glucose levels that correlated with higher plasma
norepinephrine and greater glycogen mobilization. Recurrent hypoglycemia did not enhance liver glycogen depletion or the markedly
impaired glucocorticoid and epinephrine responses to hypoglycemia in CRH KO mice. Previously hypoglycemic CRH KO mice also did not
display the further increases in sympathetic activity that in WT mice were suggestive of compensation for impaired counterregulation.
Despite the apparent resistance of CRH KO mice to the counterregulatory effects of repeated hypoglycemia, their greater mortality after
hypoglycemia tolerated by WT mice indicates that combined CRH and glucocorticoid deficiency does not significantly improve
counterregulation after repeated hypoglycemia.
© 2005 Elsevier Inc. All rights reserved.

1. Introduction avoidance of hypoglycemia can reverse many aspects of
hypoglycemia unawareness in TIDM, hypoglycemia-in-
duced glucagon secretion often remains impaired, particu-
larly in long-standing T1DM. Inadequate glucagon secretion
renders the sympathetic nervous system response to
hypoglycemia more important because after glucagon,
epinephrine has the most rapid action to restore blood sugar
[1]. Therefore, identifying factors influencing sympathoa-
drenal responses to hypoglycemia will aid in preserving a
key defense against hypoglycemia in TIDM.

As first demonstrated by Davis et al [2], prior increases

Hypoglycemia unawareness is an increasingly common
and potentially fatal complication of insulin use in type
1 diabetes mellitus (T1DM). Prior hypoglycemia blunts and
lowers the glucose threshold for counterregulatory hormone
and symptomatic responses to subsequent hypoglycemia,
leaving patients with few physiological defenses or sensory
signs to warn of dangerously low blood sugar [1]. Although
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in glucocorticoids can inhibit catecholamine as well as
glucagon responses to additional hypoglycemic episodes.
Such an effect would be of particular concern for
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hypoglycemia unawareness in longer-term T1DM, in which
sympathoadrenal activity may have to compensate for
defective glucagon responses. Davis laboratory findings
have been confirmed by some [3,4], but not all [5-8],
studies. Recently, data from Sherwin’s laboratory have
also implicated the main hypothalamic regulator of gluco-
corticoid secretion, corticotropin-releasing hormone
(CRH), in suppressing sympathoadrenal activity evoked
by hypoglycemia [6].

Inhibition of counterregulatory responses by the adreno-
cortical axis is puzzling, given that glucocorticoids are not
only counterregulatory hormones themselves, but are also
key regulators of the synthesis of epinephrine, another
counterregulatory hormone [9]. To discriminate the influ-
ence of glucocorticoids on descending sympathetic vs local
adrenal control of epinephrine synthesis, we studied a
model of glucocorticoid deficiency, the CRH knockout
(CRH KO) mouse. CRH KO mice have negligible
glucocorticoid responses to most stressors, including acute
hypoglycemia [10]. These mice display hallmarks of
glucocorticoid deficiency, including elevated thymus weight
and low body fat content [11-13], indicating that they have
not compensated for chronically low glucocorticoid levels.
CRH KO mice have relatively normal adrenomedullary
morphology [11] and are capable of mounting detectable
epinephrine responses to acute hypoglycemia. This knock-
out mouse is consequently a viable model to investigate the
effects of glucocorticoids on adrenomedullary responses to
recurrent hypoglycemia. We therefore hypothesized that
(1) wild-type (WT) mice would exhibit impaired counter-
regulation after recurrent hypoglycemia, and (2) combined
CRH and glucocorticoid deficiency would prevent CRH
KO mice from developing counterregulatory deficits. To
test these hypotheses, we have compared counterregulatory
responses after repeated lente insulin—induced hypoglyce-
mia or saline injection.

2. Research design and methods
2.1. Animals

All procedures were approved by the Institutional
Animal Care and Use Committee of Albany Medical
College. Mice were housed individually on a 12:12 light
cycle and allowed free access to food and water except
during the final hypoglycemia experiment. In experiment 1,
male C57BL/6 mice (2-3 months old; Taconic Farms,
Germantown, NY) were injected subcutaneously once per
day with progressively higher doses of lente insulin (Lilly,
Indianapolis, Ind) over 4 days, starting at 150 U/kg per day
and finishing at 250 U/kg per day on the 2 days before
challenge. This paradigm is a modification of a rat model of
recurrent hypoglycemia [14,15]. Controls were injected with
an equivalent volume of normal saline. Food intake and
body weight were measured to the nearest 0.01 g on the day
before the final hypoglycemic challenge. Mice were

challenged within 2 hours of lights-on with insulin-induced
hypoglycemia (8.5 U/kg regular insulin, SC). Mice were not
fasted overnight, but were transferred to fresh cages without
food immediately after insulin injection. Mice were bled by
retro-orbital puncture at 0, 45, or 90 minutes after acute
insulin injection. All blood samples were collected within
45 seconds of touching the cage to minimize handling stress
effects on catecholamines and glucocorticoids. Plasma was
separated and frozen at either —80°C (for catecholamines)
or —20°C (for all other analytes) until assay.

For experiment 2, male WT and CRH KO mice were
bred on a C57BL/6 X 129Sv background as previously
described [11,12,16]. Litter- and age-matched WT and CRH
KO mice were studied at 2 to 4 months of age. CRH KO
mice did not survive the doses of lente insulin used in
experiment 1, so repeated hypoglycemia was induced by
injecting all mice subcutaneously with increasing lente
insulin doses from 50 to 75 U/kg, once every 24 hours, for
5 days. Controls were injected with an equivalent volume of
normal saline. Twenty-four hour food intake and body
weight were measured to the nearest 0.01 g on the day
before study. Mice were studied before and after a final,
acute injection of regular insulin, as described above. Mice
were bled by retro-orbital puncture and immediately
decapitated 0 or 60 minutes after insulin injection. A piece
of liver tissue was collected from each mouse at death and
rapidly frozen for glycogen assay.

2.2. Plasma assays

Plasma glucose and corticosterone were measured by
previously reported assays [10,17]. Plasma glucagon was
measured using a kit from Linco (St Louis, Mo), halving all
reagent and sample volumes. Assay performance was not
altered by this modification. The interassay coefficient of
variation of the glucagon assay was 8.4%. Plasma epineph-
rine, norepinephrine, and 3,4-dihydroxyphenylglycol
(DHPG) were measured in extracted plasma by HPLC with
electrochemical detection as previously described; extrac-
tion efficiency was monitored by spiking samples with
3,4-dihydroxybenzylamine [18].

2.3. Liver glycogen content

Liver glycogen content was assayed as reported by
Lopez et al [19]. In brief, liver tissue was subjected to
alkaline hydrolysis at 95°C in the presence of saturating
amounts of sodium sulfate, followed by ethanol precipita-
tion. The precipitated glycogen was dissolved in water and
assayed spectrophotometrically at 490 nm against rabbit
liver glycogen standards after sulfuric acid hydrolysis
(Sigma, St Louis, Mo) and reaction with 5% phenol
(American Bioanalytical, Natick, Mass).

2.4. Statistics

Data were analyzed by analysis of variance with post hoc
testing by ¢ test with Bonferroni correction for multiple
comparisons. Significance was defined as P < .05. Data are
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Table 1
Daily (24-hour) food intake and body weight in C57BL/6 mice subjected to
repeated saline injection (naive; n = 11) or lente insulin-induced
hypoglycemia (prior hypo; n = 10) in experiment 1

Naive Prior hypo
Body weight (g) 24.69 + 0.40 25.56 = 0.45
24-h food intake (g per mouse) 4.17 £ 0.14 4.86 £ 0.41

Measurements were made to the nearest 0.01 g on the day before the final
hypoglycemic challenge.

presented throughout as mean £ SEM; where no error bars
are visible, the scale of the symbol or the figure exceeded
that of the error.

3. Results

3.1. Experiment 1: effects of repeated hypoglycemia on
counterregulation in C57BL/6 mice

Treatment with increasing doses of lente insulin up to
250 U/kg produced sustained hypoglycemia in male
C57BL/6 mice with free access to food. In a subset of
mice, a single lente insulin injection transiently stimulated
feeding (insulin vs saline injection, 1.37 £ 0.16 vs 0.29 *
0.15 g per mouse over 6 hours; P = .0012; n = 4 and
6 per group, respectively), but maintained plasma glucose
at 50 + 8 mg/dL (n = 4) for up to 6 hours. Despite this
hypoglycemia-induced feeding, repeated lente insulin
injection did not alter total daily food intake or body
weight (Table 1).

Although mice subjected to recurrent hypoglycemia had
been hypoglycemic for at least 6 hours the day before,
baseline glucose levels were similar to saline-injected
controls on the day of study (Fig. 1, 0 minutes). However,
plasma glucose fell to significantly lower levels at 45 and
90 minutes after acute hypoglycemic challenge in mice that
had previously been hypoglycemic (naive vs prior hypo:
45 minutes, 50 + 2 vs 30 = 6; 90 minutes, 33 £ 2 vs 12 +
3; data repeated from Fig. 1 to clarify values potentially
obscured by the scale of the graph).

At the time points studied, these lower glucose levels
were not associated with lower counterregulatory hormone
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Fig. 1. Plasma glucose before (0 minutes) or 45 and 90 minutes after acute
hypoglycemic challenge in male C57BL/6 mice from experiment 1. Before
challenge, mice were injected once per day with either saline (naive; open
triangles and dashed lines) or lente insulin (prior hypo; black squares and
solid lines), as described in Research design and methods. n = 3 per group
for 0-minute measurements in both groups and 45-minute measurements in
the prior hypo group; n = 4 in all other groups. *P < .05 vs naive mice.
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Fig. 2. Plasma epinephrine (EPI; panel A), norepinephrine (NE; panel B),
corticosterone (cort; panel C), and glucagon (GGN; panel D), either before
(0 minutes) or 45 or 90 minutes after acute hypoglycemic challenge in male
C57BL/6 mice from experiment 1. Groups and symbols are as described in
Fig. 1. *P < .05 vs naive mice.

levels. Mice subjected to repeated hypoglycemia tended to
have higher plasma epinephrine at 45 minutes (P = .069;
Fig. 2A). Plasma norepinephrine was significantly higher at
45 minutes in this group and tended to be higher (P = .092)
at 90 minutes (Fig. 2B). Hypoglycemia-induced levels of
plasma corticosterone and glucagon were similar between
mice, regardless of prior hypoglycemia exposure (Fig. 2C
and D, respectively).

To determine if the higher hypoglycemia-induced nor-
epinephrine levels in recurrently hypoglycemic mice were
due to increased sympathetic nerve activity, we measured
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Fig. 3. Plasma levels of the norepinephrine metabolite DHPG, either before
(0 minutes) or 45 or 90 minutes after acute hypoglycemic challenge in male
C57BL/6 mice from experiment 1. Groups and symbols are as described in
Fig. 1. *P < .05 vs naive mice.
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Table 2

Daily food intake (g per mouse per 24 hours) in WT and CRH KO mice
after repeated saline injection (naive) or lente insulin—induced hypoglyce-
mia (prior hypo) in experiment 2

Genotype Naive Prior hypo
WT 4.55 £ 024 (n = 10) 5.06 £ 0.19 (n = 16)
CRH KO 528 £023 (n=17) 5.08 £ 0.43 (n = 8)

Food intake was measured to the nearest 0.01 g over the 24 hours preceding
the final hypoglycemic challenge. One food measurement in the CRH KO,
prior hypo group was lost because of spillage.

plasma levels of DHPG, a metabolite primarily reflecting
neuronal norepinephrine turnover [20]. There were signif-
icant main effects of prior hypoglycemia, time, and the
interaction of prior hypoglycemia with time on plasma
DHPG responses to hypoglycemic challenge (Fig. 3).
Plasma DHPG was significantly higher at all times in mice
subjected to prior hypoglycemia (Fig. 3).

3.2. Experiment 2: effects of repeated hypoglycemia in WT
and CRH KO mice

As noted in Research Design and Methods, lente insulin
doses had to be reduced to allow survival of CRH KO mice
during repeated hypoglycemia. In a subset of WT and CRH
KO mice monitored during a single episode of lente insulin—
induced hypoglycemia, 75 U/kg lente insulin produced
equivalent hypoglycemia for up to 3 hours (47 = 15 vs
47 £ 10 mg/dL, WT vs CRH KO mice; n = 3 per group),
followed by a return to normal glucose levels within 5 to
8 hours that was indistinguishable between WT and CRH
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Fig. 4. Plasma glucose (A, C) and liver glycogen content (B, D) in WT and
CRH KO mice from experiment 2, either before (initial; panels A and B) or
60 minutes after acute challenge with insulin-induced hypoglycemia (acute
hypoglycemia; panels C and D). Mice were subjected to daily injection of
saline (naive; white bars) or lente insulin (prior hypo; black bars) before
the study, as described in Research design and methods. Group sizes for
data depicted in panels A and B (initial) were 4 (WT, naive), 3 (WT, prior
hypo), 6 (CRH KO, naive), and 5 (CRH KO, prior hypo). Group sizes for
data depicted in panels C and D (acute hypoglycemia) were 6 (WT, naive),
13 (WT, prior hypo), 11 (CRH KO, naive), and 4 (CRH KO, prior hypo).
#P < .05 vs WT in same chronic treatment group. /P < .05 vs naive mice in
same genotype.
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Fig. 5. Plasma epinephrine (EPI; panels A, E), norepinephrine (NE; panels
B, F), corticosterone (cort; panels C, G), and glucagon (GGN; panels D, H)
levels in WT and CRH KO mice from experiment 2, either before (initial;
A-D) or 60 minutes after acute challenge with insulin-induced hypoglyce-
mia (acute hypoglycemia; E-H). Groups and symbols are as described in
Fig. 4. *P < .05 vs WT in same chronic treatment group.

KO mice. Feeding during lente insulin—induced hypoglyce-
mia was similar between genotypes (0.61 + 0.24 vs 0.70 +
0.09 g per mouse for every 3 hours, WT vs CRH KO,
respectively; n = 3 per group). After repeated injection of
lente insulin, total daily food intake was also comparable
between genotypes (Table 2).

After daily injection of either lente insulin or saline, basal
plasma glucose and liver glycogen content did not differ
between genotypes or between naive and repeatedly
hypoglycemic mice within each genotype (Fig. 4A and B,
respectively). Because our initial experiments indicated that
peak counterregulatory hormone responses were maintained
between 45 and 90 minutes after insulin injection (Fig. 2
and unpublished observations), we selected a 60-minute
time point for comparison of WT and CRH KO counter-
regulatory responses. There was a significant main effect of
time on plasma glucose and liver glycogen content (Fig. 4,
initial vs acute hypoglycemia). In contrast to results in
experiment 1, repeatedly hypoglycemia WT mice did not
exhibit significantly lower plasma glucose than their naive
counterparts after acute hypoglycemic challenge (Fig. 4C).
Insulin-induced levels of plasma glucose also did not differ
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between naive and recurrently hypoglycemic CRH KO mice
(Fig. 3C). However, there was a significant main effect of
genotype on plasma glucose after hypoglycemia. Wild-type
mice had lower plasma glucose levels than did CRH KO
mice after both acute and repeated hypoglycemia, although
these genotype differences were not significant by post
hoc testing in either naive or repeatedly hypoglycemic
mice (Fig. 4C).

Insulin-induced decreases in liver glycogen were signif-
icantly affected by both genotype and prior hypoglycemia
(Fig. 4D). After hypoglycemia, liver glycogen content was
significantly higher in naive WT mice than in previously
hypoglycemic WT mice or in either CRH KO group
(Fig. 4D). Hypoglycemia-induced liver glycogen levels in
CRH KO mice were low and indistinguishable between
naive and previously hypoglycemic mice (Fig. 4D).

Before acute hypoglycemic challenge, there was a
significant effect of genotype on preinjection plasma
epinephrine levels, with levels being significantly lower in
CRH KO than in WT mice (Fig. 5A). Initial plasma levels of
norepinephrine, corticosterone, and glucagon were similar
between WT and CRH KO mice (Fig. 5B-D, respectively).

There was a significant main effect of time on all
counterregulatory hormones (Fig. 5, initial vs acute hypo-
glycemia). Wild-type mice subjected to prior hypoglycemia
tended to have higher hypoglycemia-induced plasma levels
of all counterregulatory hormones than did their naive
controls, although these differences were not significant
(Fig. 5E-H). Wild-type mice injected acutely with subcuta-
neous saline did not exhibit significant increases in counter-
regulatory hormones (not shown). Naive CRH KO mice
exhibited significantly lower epinephrine, higher norepi-
nephrine, and lower corticosterone after acute hypoglycemia
than did naive WT mice. However, unlike WT mice,
recurrently CRH KO mice did not show any tendency to
increase counterregulatory hormones further after repeated
exposure to hypoglycemia (Fig. SE-H).

Both the trend toward greater hypoglycemia-induced
epinephrine and norepinephrine in recurrently hypoglyce-
mic WT mice and the significant norepinephrine responses
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Fig. 6. Plasma DHPG in WT and CRH KO mice from experiment 2, either
before (initial; left) or 60 minutes after acute challenge with insulin-induced
hypoglycemia (acute hypoglycemia; right). Groups and symbols are as
described in Fig. 4. *P < .05 vs WT in same chronic treatment group.
TP < .05 vs naive mice in same genotype.

to acute hypoglycemia in naive CRH KO mice suggested
that sympathetic nerve activity was elevated in these groups.
To evaluate this possibility, we also analyzed plasma DHPG
[20]. There were significant main effects of genotype as well
as time on plasma DHPG (Fig. 6). Baseline DHPG levels
were significantly higher in naive CRH KO than in naive
WT mice, but were not influenced by prior hypoglycemia
(Fig. 6, initial). After hypoglycemic challenge, WT mice
subjected to prior hypoglycemia had significantly higher
plasma DHPG than did their naive counterparts (Fig. 6,
acute hypoglycemia). As with plasma norepinephrine, naive
CRH KO mice also exhibited significantly higher plasma
DHPG after acute hypoglycemia than did naive WT mice,
but recurrent hypoglycemia did not further increase DHPG
levels in CRH KO mice (Fig. 6, acute hypoglycemia).

4. Discussion

We have shown that counterregulatory deficits can be
produced in male mice by several episodes of prior
hypoglycemia. After more severe repeated hypoglycemia,
these deficits were primarily evident as greater insulin-
induced decreases in plasma glucose; counterregulatory
hormones were normal or (in the case of norepinephrine)
elevated, most likely as a compensatory response to greater
hypoglycemia. After less severe antecedent hypoglycemia,
mice did not sustain greater hypoglycemia after acute
insulin challenge, but still had elevated sympathetic activity
resembling that associated with impaired glucose homeo-
stasis after more severe prior hypoglycemia. CRH KO mice
have markedly reduced glucocorticoid and epinephrine
responses to repeated as well as acute hypoglycemia, but
also appear insensitive to the effects of prior hypoglycemia
on counterregulation.

Male C57BL/6 mice exposed to recurrent hypoglycemia
in experiment 1 were less able to defend plasma glucose
after insulin challenge. Lower glucose levels occurred in
these mice despite higher plasma norepinephrine at
45 minutes and comparable levels of counterregulatory
hormones at all other times relative to naive controls.
Elevated norepinephrine responses in recurrently hypogly-
cemic mice were borne out by enhanced hypoglycemia-
induced increases in DHPG, a metabolite closely linked to
neuronal norepinephrine turnover [20]. Higher DHPG levels
after hypoglycemia were not solely due to elevated baseline
DHPG in previously hypoglycemic mice, since the signif-
icant analysis of variance interaction effect indicated that
prior hypoglycemia enhanced the effects of acute hypogly-
cemia on plasma DHPG.

Although lower insulin-induced glucose levels in exper-
iment 1 suggested that recurrent hypoglycemia impaired
counterregulation, the unexpected preservation or enhance-
ment of counterregulatory hormone responses indicated that
counterregulatory defects were incomplete. These results
could be due to limitations of the experimental design or to
the possibility that the mouse is not a good model for
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counterregulatory failure in humans. It is unlikely that prior
hypoglycemia was inadequate to impair counterregulation
because our model was comparable to previous approaches
producing counterregulatory failure in rodents [14,15].
However, it is possible that greater insulin-induced
decreases in glucose, caused by at least transient deficits
in counterregulation, could have triggered compensatory
hormone responses that obscured further evidence of
counterregulatory impairment. We believe this explanation
is more likely than the possibility that counterregulation in
the mouse is not relevant to that in humans.

Glucose clamp techniques would have prevented uncon-
trolled decreases in plasma glucose that might stimulate, and
therefore confound interpretation of, counterregulatory
hormone responses. Glucose clamp studies of antecedent
hypoglycemia in rats [7,14] have replicated the decreases in
plasma catecholamines, glucagon, and glucocorticoids
reported in humans [21], indicating that rodents are likely
to be appropriate models of hypoglycemia-induced counter-
regulatory failure in humans. However, many glucose clamp
studies showing evidence of counterregulatory failure in rats
have also corroborated aspects of our results, in that some
counterregulatory hormones are either not inhibited or are
even stimulated [4,6-8]. We suspect that discrepancies
between rodent and human models of counterregulatory
failure reflect the difficulty of collecting frequent blood
samples in rodents to match the timing of counterregulatory
events. Common techniques for glucose clamps in mice,
which involve either acute surgery, anesthesia, or tail nicks
for blood collection [22,23], are also probably too stressful
to evaluate catecholamines and glucocorticoids any more
accurately than our current techniques. Thus, the limitations
of the current experiments are no greater than those of other
animal models.

In experiment 2, WT mice exposed to shorter episodes of
antecedent hypoglycemia did not exhibit lower glucose
levels after acute hypoglycemic challenge, but still tended to
have higher levels of counterregulatory hormones. Although
increments in individual hormones were not significant,
their impact was indicated by significantly greater hypo-
glycemia-induced glycogen depletion in recurrently hypo-
glycemic vs naive WT mice. Significantly greater
hypoglycemia-induced levels of DHPG also indicated that
plasma norepinephrine was probably higher in previously
hypoglycemic WT mice at earlier times after insulin
injection. The enhanced DHPG response to hypoglycemia
was similar to that associated with impaired defense of
plasma glucose in previously hypoglycemic mice in
experiment 1. This apparent compensatory sympathetic
overactivation suggests that early stages of counterregula-
tion were also impaired in WT mice in experiment 2,
although we did not detect differences in plasma glucose.

CRH KO mice had higher plasma glucose levels relative
to WT mice after both acute and repeated hypoglycemia.
This result could be due either to lower insulin sensitivity or
to greater secretion of and/or sensitivity to other counter-

regulatory factors in CRH KO mice. Insulin resistance
seems unlikely. In keeping with their glucocorticoid
deficiency, CRH KO mice exhibit characteristics of in-
creased insulin sensitivity, including lower levels of plasma
insulin and body fat [12,13].

Instead, greater glycogen mobilization after acute hypo-
glycemia suggests that counterregulatory hormone responses
or actions were enhanced in CRH KO mice. Augmented
hypoglycemia-induced glycogen depletion in naive CRH
KO mice correlated most closely with evidence of enhanced
sympathetic nerve activity, as indicated by elevated plasma
levels of plasma norepinephrine and DHPG. Such elevations
in sympathetic tone would be consistent with the effects of
glucocorticoid deficiency [20]. Norepinephrine can directly
stimulate hepatic glycogenolysis [24,25]; although it may be
less effective than epinephrine in this regard [25], it might
have a more significant influence in CRH KO mice whose
epinephrine secretion was substantially reduced. Greater
glycogen depletion was not associated with higher glucagon
levels in CRH KO mice, although it is also possible that
CRH KO mice are more sensitive to the glycogenolytic
actions of glucagon.

Unlike WT mice, CRH KO mice did not display further
increases in counterregulatory hormones after recurrent
hypoglycemia. As discussed above, the enhanced responses
in WT mice, particularly for DHPG, are likely to reflect
compensation for earlier deficits in counterregulation. The
apparent lack of compensatory sympathetic overactivation,
combined with the ability to maintain higher glucose levels
during hypoglycemia, suggest that counterregulation is not
impaired by prior hypoglycemia in CRH KO mice. Thus,
CRH and glucocorticoid deficiency might, as hypothesized
[2,4,6], protect against the counterregulatory deficits in-
duced by repeated hypoglycemia.

However, this seeming resistance to the effects of prior
hypoglycemia could also be ascribed to the possibility that
counterregulatory responses are already maximal in CRH
KO mice. Glycogen depletion and peripheral noradrenergic
activity were pronounced in hypoglycemic CRH KO mice
regardless of prior hypoglycemia and resembled the
enhanced responses of recurrently hypoglycemic WT mice.
The fact that CRH KO did not survive the more severe and
prolonged hypoglycemia tolerated by WT mice indicates
that even if CRH KO mice are capable of enhanced
counterregulation, they have only a limited ability to sustain
this counterregulatory effort.

CRH KO mice were vulnerable to hypoglycemia despite
having relatively normal baseline levels of hepatic glycogen
and plasma glucagon and elevated levels of plasma
norepinephrine. Our available evidence suggests that this
vulnerability is most readily attributable to glucocorticoid
deficiency and to inadequate epinephrine synthesis second-
ary to glucocorticoid deficiency [9,26,27]. Although central
CRH has also been suggested to be involved in sympathetic
responses to hypoglycemia [28], findings in this regard have
been contradictory [29]. Sympathoadrenal responses to
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other stimuli in CRH KO mice are also consistent with a
primary effect of glucocorticoid rather than CRH deficiency
on adrenomedullary regulation [27].

In light of a recent report that prior glucocorticoid
exposure significantly enhanced hypoglycemic symptom
awareness [5], our data collectively suggest that glucocorti-
coids may have a more complex role in defenses against
hypoglycemia, including supportive as well as inhibitory
effects. To the extent that epinephrine is a critical substitute
for glucagon in TIDM patients at risk for hypoglycemia
unawareness [1], potential inhibitory effects of glucocorti-
coids on sympathetic activity should be balanced against
their role in maintaining adrenomedullary epinephrine
synthesis [9].

Acknowledgment

We are grateful to Drs Louis Muglia (Washington
University, St Louis, Mo) and Joseph Majzoub (Children’s
Hospital, Boston, Mass) for providing mice to establish a
CRH KO mouse colony at Albany Medical College. We are
also grateful to Brian Mooney and Rebecca Kittell for
technical assistance, and to Dr Owen McGuinness (Vander-
bilt University, Nashville, Tenn) for helpful comments on
the manuscript.

References

[1] Cryer PE. Hypoglycemia-associated autonomic failure in diabetes.
Am J Physiol 2001;281:E1115-21.

[2] Davis SN, Shavers C, Costa F, Mosqueda-Garcia R. Role of
cortisol in the pathogenesis of deficient counterregulation after
antecedent hypoglycemia in normal humans. J Clin Invest 1996;98:
680-91.

[3] McGregor VP, Banarer S, Cryer PE. Elevated endogenous cortisol
reduces autonomic neuroendocrine and symptom responses to
subsequent hypoglycemia. Am J Physiol 2002;282:E770-7.

[4] Sandoval DA, Ping L, Neill AR, Morrey S, Davis SN. Cortisol acts
through central mechanisms to blunt counterregulatory responses to
hypoglycemia in conscious rats. Diabetes 2003;52:2198-204.

[5] Raju B, McGregor VP, Cryer PE. Cortisol elevations comparable to

those that occur during hypoglycemia do not cause hypoglycemia-

associated autonomic failure. Diabetes 2003;52:2083 -9.

Flanagan DE, Keshavarz T, Evans ML, Flanagan S, Fan X, Jacob RJ,

et al. Role of corticotropin-releasing hormone in the impairment of

counterregulatory responses to hypoglycemia. Diabetes 2003;52:

605-13.

[7] Evans SB, Wilkinson CW, Bentson K, Gronbeck P, Zavosh A,
Figlewicz DP. PVN activation is suppressed by repeated hypoglyce-
mia but not antecedent corticosterone in the rat. Am J Physiol
2001;281:R1426-36.

[8] Shum K, Inouye K, Chan O, Mathoo J, Bilinski D, Matthews SG,

et al. Effects of antecedent hypoglycemia, hyperinsulinemia, and ex-

cess corticosterone on hypoglycemic counterregulation. Am J Physiol
2001;281:E455-65.

Finotto S, Krieglstein M, Schober A, Deimling F, Lindner K, Brithl B,

et al. Analysis of mice carrying targeted mutations of the glucocor-

ticoid receptor gene argues against an essential role of glucocorticoid

signaling for generating adrenal chromaffin cells. Development 1999;

126:2935-44.

[6

—_

[9

—

[10] Jacobson L, Muglia LJ, Weninger SC, Pacak K, Majzoub JA. CRH
deficiency impairs but does not block pituitary-adrenal responses to
diverse stressors. Neuroendocrinology 2000;71:79-87.

[11] Muglia L, Jacobson L, Dikkes P, Majzoub JA. Corticotropin-releasing
hormone deficiency reveals major fetal but not adult glucocorticoid
need. Nature 1995;373:427-32.

[12] Muglia LJ, Jacobson L, Luedke CE, Vogt SK, Schaefer ML, Dikkes P,
et al. Corticotropin-releasing hormone links pituitary adrenocortico-
tropin gene expression and release during adrenal insufficiency. J Clin
Invest 2000;105:1269-77.

[13] Jacobson L. Lower weight loss and food intake in protein-deprived,
CRH-deficient mice correlates with glucocorticoid insufficiency.
Endocrinology 1999;140:3543-51.

[14] Powell AM, Sherwin RS, Shulman GI. Impaired hormonal responses
to hypoglycemia in spontaneously diabetic and recurrently hypogly-
cemic rats. J Clin Invest 1993;92:2667-74.

[15] Borg MA, Borg WP, Tamborlane WV, Brines ML, Shulman GI,
Sherwin RS. Chronic hypoglycemia and diabetes impair counter-
regulation induced by localized 2-deoxy-glucose perfusion of the
ventromedial hypothalamus in rats. Diabetes 1999;48:584-7.

[16] Jacobson L. Glucocorticoid replacement, but not CRH deficiency,
prevents adrenalectomy-induced anorexia in mice. Endocrinology
1999;140:310-7.

[17] Solano JM, Jacobson L. Glucocorticoids reverse leptin effects on food

intake and body fat in mice without increasing NPY mRNA. Am J

Physiol 1999;277:E708 - 16.

Holmes C, Eisenhofer G, Goldstein DS. Improved assay for

plasma dihydroxyphenylacetic acid and other catechols using high-

performance liquid chromatography with electrochemical detection.

J Chromatogr B Biomed Appl 1994;653:131-8.

[19] Lopez MF, Dikkes P, Zurakowski D, Villa-Komaroff L. Insulin-like
growth factor II affects the appearance and glycogen content of
glycogen cells in the murine placenta. Endocrinology 1996;1996:
2100-8.

[20] Pacak K, Palkovits M, Kopin 1J, Goldstein DS. Stress-induced
norepinephrine release in the hypothalamic paraventricular nucleus
and pituitary-adrenocortical and sympathoadrenal activity: in vivo
microdialysis studies. Front Neuroendocrinol 1995;16:89-150.

[21] Heller SR, Cryer PE. Reduced neuroendocrine and symptomatic
responses to subsequent hypoglycemia after 1 episode of hypoglyce-
mia in nondiabetic humans. Diabetes 1991;40:223 -6.

[22] Pacini G, Thomaseth K, Ahren B. Contribution to glucose tolerance of

insulin-independent vs. insulin - dependent mechanisms in mice. Am J

Physiol 2001;281:E693-E703.

Broznick JT, McCoid SC, Reynolds TH, Nardone NA, Hargrove DM,

Stevenson RW, et al. GLUT4 overexpression in db/db mice dose-

dependently ameliorates diabetes but is not a lifelong cure. Diabetes

2001;50:593 -600.

[24] Bollen M, Keppens S, Stallmans W. Specific features of glycogen
metabolism in the liver. Biochem J 1998;336:19-31.

[25] Chu CA, Sindelar DK, Neal DW, Allen EJ, Donahue EP, Cherrington
AD. Effect of a selective rise in sinusoidal norepinephrine on HGP is
due to an increase in glycogenolysis. Am J Physiol 1998;274:E162-71.

[26] Muglia LJ, Jacobson L, Weninger SC, Karalis KP, Jeong K, Majzoub
JA. The physiology of corticotropin-releasing hormone deficiency in
mice. Peptides 2001;22:725-31.

[27] Jeong K-H, Jacobson L, Pacdk K, Widmaier EP, Goldstein DS,
Majzoub JA. Impaired basal and restraint-induced epinephrine
secretion in corticotropin-releasing hormone—deficient mice. Endocri-
nology 2000;141:1142-50.

[28] Brown MR, Gray TS, Fisher LA. Corticotropin-releasing factor

receptor antagonist: effects on the autonomic nervous system and

cardiovascular function. Regul Pept 1986;16:321-9.

Goldstein DS, Garty M, Bagdy G, Szemeredi K, Sternberg EM,

Litwak S, et al. Role of CRH in glucopenia-induced adrenomedullary

activation in rats. J Neuroendocrinol 1993;5:475 - 86.

[18

[}

[23

[t}

[29

—



	Combined corticotropin-releasing hormone and glucocorticoid deficiency does not enhance counterregulatory responses after recurrent hypoglycemia in mice
	Introduction
	Research design and methods
	Animals
	Plasma assays
	Liver glycogen content
	Statistics

	Results
	Experiment 1: effects of repeated hypoglycemia on counterregulation in C57BL/6 mice
	Experiment 2: effects of repeated hypoglycemia in WT and CRH KO mice

	Discussion
	Acknowledgment
	References


