
O R I G I N A L A R T I C L E

Differential Regulation of
Counterregulatory Hormone
Secretion and Symptoms
During Hypoglycemia in

Effect of glycemic control

BRENDAN T. KINSLEY, MB, MRCPI
BARBARA WIDOM, MD
DONALD C. SIMONSON, MD

OBJECTIVE — To determine 1) if there was a differential effect of glycemic control
on individual counterregulatory hormone responses to hypoglycemia in patients with
insulin-dependent diabetes mellitus (IDDM), 2) whether these modifications affect
hypoglycemic symptom perception, and 3) if there was a level of glycemic control
below which counterregulatory and symptomatic responses to hypoglycemia become
consistently altered.

RESEARCH DESIGN AND M E T H O D S — W e performed hypoglycemic
clamp studies on 38 patients with IDDM and 38 healthy control subjects. Glucose was
lowered from 5.0 to 2.2 mmol/1 over 3 h in decrements of 0.6 mmol/1 each 30 min.
Epinephrine, cortisol, growth hormone (GH), glucagon, and symptom score were
measured at each glucose plateau.

RESULTS — In IDDM patients, HbAi levels were positively correlated with incre-
mental epinephrine (r = 0.58, P < 0.001) and cortisol (r = 0.52, P < 0.01) responses,
but inversely correlated with GH responses (r = —0.31, P < 0.05). The increase in
symptom score correlated with the epinephrine response in the IDDM patients (r =
0.57, P < 0.001), but not in the healthy control subjects (r = -0.02, NS). In IDDM
patients with HbAx ^7.8% (n = 7), the epinephrine, cortisol, and symptomatic re-
sponses to hypoglycemia were blunted, but GH secretion was preserved.

CONCLUSIONS — These data suggest that 1) there is differential regulation of
counterregulatory hormone secretion that is dependent on the level of glycemic con-
trol, 2) epinephrine is an important determinant of symptom perception in IDDM
patients, but not in healthy control subjects, and 3) multiple defects in counterregu-
latory hormone secretion and symptom perception are consistently observed in pa-
tients with HbAx levels ^7.8%.
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R ecovery from insulin-induced hy-
poglycemia in normal subjects de-
pends on the production of the

counterregulatory hormones glucagon,
epinephrine, cortisol, and growth hor-
mone (GH) (1). In subjects with insulin-
dependent diabetes mellitus (IDDM), the
glucagon response to hypoglycemia is di-
minished within 5 years of diagnosis (2);
therefore, epinephrine becomes the hor-
mone primarily involved in glucose re-
covery during acute hypoglycemia. Previ-
ous studies have shown that the level of
glycemic control can modify the counter-
regulatory hormone responses to hypo-
glycemia (3-8). Typically, a blunted epi-
nephrine response to hypoglycemia and
an elevated threshold (i.e., a lower glu-
cose level) for release of epinephrine are
seen in IDDM patients in good glycemic
control. Studies of cortisol and GH re-
sponses to hypoglycemia have given less
consistent results, with some showing an
effect of glycemic control on the response
to hypoglycemia and others showing little
or no effect (9).

Strict glycemic control of IDDM is
also known to reduce the warning symp-
toms of hypoglycemia and may increase
the risk of severe hypoglycemic reactions
(10,11). Studies have suggested that the
blunted epinephrine response and the el-
evated threshold for epinephrine release
may decrease the typical autonomic
warning symptoms of hypoglycemia in
subjects with well-controlled IDDM and
increase their risk of severe hypoglycemia
(3,7,12). The mechanisms by which these
alterations in counterregulatory hor-
mones are produced remain uncertain,
but adaptation to recurrent episodes of
mild hypoglycemia causing a downregu-
lation of the response to subsequent hy-
poglycemia has been proposed (13-18).

From a clinical perspective, it re-
mains uncertain if there is a level of gly-
cemic control at which the alterations in
counterregulatory hormone responses to
hypoglycemia are consistently observed.
Most of the previous studies on counter-
regulatory hormone responses and glyce-

DIABETES CARE, VOLUME 18, NUMBER 1, JANUARY 1995 17

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/18/1/17/443239/18-1-17.pdf by guest on 11 April 2024



Counterregulation in IDDM

mic control in IDDM have involved small
numbers of patients with widely differing
levels of glycemic control in each study
group. In an effort to obtain a more thor-
ough perspective of the effect of glycemic
control on counterregulatory hormone
responses to hypoglycemia across the en-
tire spectrum of glycemic control, we
studied hypoglycemic clamp data on 38
patients with IDDM and 38 healthy con-
trol subjects to answer the following
questions: 1) Is there differential regula-
tion of the secretion of individual coun-
terregulatory hormones in response to
hypoglycemia in IDDM that is dependent
on the level of glycemic control? 2) Do
these modifications in counterregulatory
hormone production affect symptom per-
ception during hypoglycemia? 3) Is there
a level of glycemic control below which
counterregulatory hormone production
and symptom perception are consistently
impaired?

RESEARCH DESIGN AND
METHODS— We examined data
from hypoglycemic insulin clamp studies
performed on 38 patients with IDDM and
38 age- and gender-matched healthy vol-
unteers. Data from some of these patients
have been published previously as part of
our ongoing research in this area (19,20).
Characteristics of the study subjects are
shown in Table 1. Total glycohemoglobin
(HbAx) values in the IDDM patients ex-
hibited a wide range (6.4-15.4%; normal
range 5.4-7.4%) with a mean ± SD of
10.0 ± 2.3%. None of the patients had
clinical evidence of autonomic or periph-
eral neuropathy based on history or phys-
ical examination. Autonomic function
was further assessed using the criteria of
Ewing and Clarke (21) by measuring the
heart rate variation during slow deep
breathing at a rate of 5-6 breaths/min and
in response to a Valsalva maneuver. Pa-
tients with more than one borderline re-
sult were excluded from the study (21).
No patient had clinical or laboratory evi-
dence of nephropathy or preproliferative
or proliferative retinopathy. Diabetic pa-
tients were excluded if they had a history

of severe hypoglycemia as defined by Di-
abetes Control and Complications Trial
criteria, i.e., more than two episodes of
seizure or coma or more than one episode
of severe neurological impairment with-
out warning symptoms of hypoglycemia
during the previous 2 years (12). None of
the 38 healthy volunteers had a family
history of diabetes, and none were taking
any medications. Voluntary written in-
formed consent was obtained from each
subject before the study, and the protocol
was approved by the Joslin Diabetes Cen-
ter Committee on Human Studies.

All studies were performed in the
morning after a 10- to 12-h overnight fast.
Diabetic patients received their usual
dose of insulin on the evening before the
study. Studies were postponed for 1 week
if the subject reported hypoglycemia (de-
fined as symptoms or a measured glucose
level of <3.3 mmol/1) in the 24 h preced-
ing the study. To prevent nocturnal hypo-
glycemia, all patients checked their blood
glucose at 2300 on the evening before
study and consumed a small snack if the
glucose level was <5.6 mmol/1.

On the morning of the study, a
catheter was inserted into an antecubital
vein of the nondominant hand for the ad-
ministration of test substances, and a sec-
ond catheter was placed retrogradely into
a vein on the dorsum of the ipsilateral
hand or wrist for blood sampling. The
hand was placed in a heated box (70°C) to
ensure arterialization of venous blood
(22). In the diabetic patients, the plasma
glucose level was initially stabilized be-
tween 5.0 and 9.0 mmol/1 for 1 h with a
low dose insulin infusion of 0.1-0.2 mU •
kg"1 • min"1. Thereafter, glucose levels
were permitted to slowly decline toward
the target of 5.0 mmol/1 by the beginning
of the clamp study. Three baseline blood
samples were taken and a symptom sur-
vey was administered during the final 30
min before starting the insulin clamp.

We then began a primed continu-
ous infusion (2 mU • kg"1 "min"1) of
crystalline insulin (Lilly, Indianapolis,
IN) for 3 h. Plasma glucose levels were
measured at 5-min intervals, and the glu-

cose clamp technique (19,23) was used to
produce a stepwise decline in the plasma
glucose concentration from 5.0 to 4.4,
3.9, 3.3, 2.8, and 2.2 mmol/1 at 30-min
intervals. During the final 10 min of each
30-min interval, plasma samples were ob-
tained for measurement of epinephrine,
glucagon, cortisol, and GH, and a symp-
tom survey was administered. Subjects
were blinded to their plasma glucose con-
centrations during the entire study.

The symptom survey consisted of
a self-administered checklist for the in-
tensity of 10 symptoms: confusion, diffi-
culty in thinking, faintness, dizziness,
blurred vision, shakiness, sweating,
pounding of the heart, nervousness, and a
feeling of being different in any way
(17,19,24). Subjects rated the intensity of
each symptom from 0 (none) to 10 (se-
vere). The sum of the scores for the first
five items were used to determine a "neu-
roglycopenic symptom score," and the
sum of the scores for the next four items
were used to assess the "autonomic symp-
tom score." The sum of the scores for all
10 items are reported as the "total symp-
tom score." Detailed assessment of the
symptoms of hypoglycemia using princi-
pal components (factor) analysis by Hep-
burn et al. (25,26) and Deary et al. (27)
indicate that the symptoms used in the
questionnaire in the present study are
correctly classified into autonomic and
neuroglycopenic groups, although not all
of the most common symptoms associ-
ated with hypoglycemia are used (27).

Plasma glucose was measured at
the bedside using the glucose oxidase
method (YS1, Yellow Springs, OH).
Plasma insulin was measured by a double
antibody radioimmunoassay (28). In the
diabetic patients, free insulin assays were
performed after treating plasma with
polyethylene glycol to precipitate anti-
body-bound insulin. Total glycosylated
hemoglobin was measured by agar gel
electrophoresis (29) with the GLYTRAC
glycosylated hemoglobin set (Corning
Medical, Palo Alto, CA) after removal of
the labile component. Plasma epineph-
rine levels were determined by radioenzy-
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Table 1—Demographic characteristics of study subjects 8.0 r

1DDM patients

n
Age (years)
Sex (M/F)
Body mass index (kg/m2)
Diabetes duration (years)
H b A ^ )
Fasting plasma glucose

(mmol/1)

Control subjects

38
26.1 ± 4.3

20/18
22.6 ± 1.8

—
— (5.4-7.4)

5.4 ± 0.5

HbAx <7.8%

7
27.7 ± 4.5

3/4
22.7 ± 1.9

10.4 ± 5.0 (3-17)
7.3 ± 0.5* (6.4-7.8)

8.4 ± 4.3f

HbAx >7.8%

31
24.3 ± 5.5

16/15
24.2 ± 3.1t

10.5 ± 6.3 (2-26)
10.6 ± 2.0 (7.9-15.4)

9.4 ± 4.2f

Data are means ± SD (range). *P < 0.001 vs. IDDM patients with HbAj >7.8%. tP < 0.01 vs. control
subjects. fP < 0.001 vs. control subjects.

30 150 18060 90 120

Time (mln)

Figure 1—Plasma glucose levels during hypo-

glycemic clamp studies in 38 healthy subjects

( • • ) and 38 patients with IDDM

(•-—•). *P < 0.01.

matic assay (30). GH (31), glucagon (32),
and cortisol (33) levels were determined
using standard radioimmunoassay proce-
dures.

Data are presented as means ± SE
except for demographic data (Table 1),
which are presented as means ± SD.
Comparisons between groups were as-
sessed by Student's t test for unpaired
data or analysis of variance (ANOVA)
with repeated measures as appropriate.
For data that were not normally distrib-
uted, comparisons between groups were
made using the Mann-Whitney U and
Kruskal-Wallis tests. Correlation coeffi-
cients were determined by linear regres-
sion. Multiple regression analysis was
used to examine the effect of multiple in-
dependent variables (e.g., age, duration
of diabetes, and HbAx) on a single depen-
dent variable (e.g., the counterregulatory
hormone response to hypoglycemia). All
statistical analyses were performed using
the SYSTAT statistical software program
(Evanston, IL).

After initial analysis of counter-
regulatory hormones and symptoms by
ANOVA, we noted that the incremental
epinephrine response observed when the
blood glucose was 2.8 mmol/1 yielded
maximum discrimination among pa-
tients, presumably because this glucose
level produced an adequate but submaxi-
mal hypoglycemic stimulus. Thus, all
data on the correlations between hor-

mone secretion or symptoms and glyco-
hemoglobin are presented using the re-
sponse at 2.8 mmol/1 as the representative
value.

Diabetic patients with epineph-
rine responses at 2.8 mmol/1 that were < 1
SD below the mean of the 38 healthy vol-
unteers were defined as having an im-
paired adrenergic response to hypoglyce-
mia. All IDDM subjects with HbAx levels
^7.8% (n = 7) were noted to be impaired
using this definition, and IDDM subjects
with HbAx values >7.8% had variable
epinephrine responses to hypoglycemia.
We analyzed this subgroup with HbA1

^7.8% separately from the remainder of
the IDDM group to test the hypothesis
that HbAx values ^7.8% may represent
the level of glycemic control below which
all counterregulatory hormonal and
symptomatic responses to hypoglycemia
may be consistently impaired.

The glucose threshold required
for stimulation of release of each counter-
regulatory hormone was determined as
the plasma glucose level at which the hor-
mone achieved a sustained and physio-
logically significant increment above
basal as previously described (5,19). This
predefined increment was 410 pmol/1
above basal for epinephrine, 190 nmol/1
above basal for cortisol, and 7 /u,g/l above
basal for GH. The validity of these criteria
and their comparison with other methods

of calculating thresholds have previously
been discussed in detail (5).

RESULTS

Glucose and insulin
Fasting plasma glucose levels on the
morning of study were 5.3 ± 0.1 mmol/1
in the healthy volunteers and 9.2 ± 0.7
mmol/1 in the IDDM patients (P < 0.001).
Before the start of the clamp study, glu-
cose levels remained unchanged in the
nondiabetic group, while in the diabetic
group, glucose levels were lowered to 6.6
± 0.2 mmol/1 by the basal insulin infu-
sion. After the initiation of the clamp,
achieved glucose levels did not differ sig-
nificantly between groups after the 20-
min sample until the end of the study
(Fig. 1). The nadir level of glucose
achieved during the clamp was 2.4 ± 0.1
mmol/1 in the control group and 2.3 ±
0.1 mmol/1 in the diabetic group (NS).
The insulin levels achieved during the
clamp also did not differ between the
healthy volunteers and diabetic group
(954 ± 39 vs. 822 ± 61 pmol/1; NS).

Counterregulatory hormones
Basal epinephrine levels did not differ be-
tween the groups before the clamp study
(267 ± 40 pmol/1 in the control group vs.
319 ± 33 pmol/1 in the diabetic group
with HbAx >7.8% and 235 ± 40 pmol/1
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8,000 r ^ 15,000

Basal 5.0 4.4 3.9 3.3 2.8 2.2

Target Glucose (mmol/L)

8 10 12

HbA, (%)
Basal 5.0 4.4 3.9 3.3 2.8 2.2

Target Glucose (mmol/L)

Figure 2—A: epinephrine levels during hypoglycemic clamp studies in 38 healthy subjects (H§3), 31
IDDM patients with HbA1 >7.8% ( • ) , and 7 IDDM patients with HbA1 <7.8% ( H ) . *P < 0.05
vs. other two groups; **P < 0.01 vs. other two groups. B: relationship between increment in plasma
epinephrine during hypoglycemia (glucose = 2.8 mmol/l) and HbAx in IDDM patients with HbAj^
>7.8% (O) and HbA} <7.8% (•) . Lines (T) depict mean ± 1 SDfor healthy subjects, r = 0.58, P <
0.001.

in the diabetic group with HbAx ^7.8%)
(Fig. 2A). The mean incremental epi-
nephrine response at a glucose of 2.8
mmol/1 was not different between the
healthy control subjects (2,877 ± 304
pmol/1) and the entire group of 38 IDDM
patients (2,430 ± 438 pmol/1). However,
all seven cases with HbAx levels ^7.8%
had consistently reduced epinephrine re-
sponses when compared with the remain-
der of the diabetic group (Fig. 2A), while
those diabetic patients with HbA: >7.8%
did not always have reduced epinephrine
responses. When the subgroup of pa-
tients with HbA! <7.8% was compared
with the remainder of the diabetic group
and with the control group, the epineph-
rine response to hypoglycemia was signif-
icantly reduced at all blood glucose levels
<4.4 mmol/1 (Fig. 2A). When the rela-
tionship between the incremental epi-
nephrine response at a glucose level of 2.8
mmol/1 and HbAx was examined, a highly
significant positive correlation was found
(r = 0.58, P < 0.001) (Fig. 2B). A similar
strong relationship was observed between
absolute epinephrine levels during hypo-
glycemia and HbAx (r = 0.59, P <
0.0001).

Basal cortisol levels did not differ
between the groups before the clamp
study (432 ± 47 nmol/1 in the control

group vs. 359 ± 30 nmol/1 in the diabetic
group with HbAx >7.8% and 339 ± 47
nmol/1 in the group with HbAx ^7.8%)
(Fig. 3A). There was no correlation be-
tween basal cortisol levels in the diabetic
group and HbAx (r = 0.004, NS; data not
shown). The mean incremental cortisol
response at a glucose level of 2.8 mmol/1
was not different between the healthy
control subjects (81 ± 32 nmol/1) and the
entire group of 38 IDDM patients (147 ±
38 nmol/1). However, the seven subjects
with HbA: <7.8% had blunted incre-
mental cortisol responses to hypoglyce-
mia at all glucose levels <3.9 mmol/1
when compared with the patients with
HbAx >7.8% or the healthy control sub-
jects (Fig. 3A and B), while patients with
HbAx levels >7.8% did not consistently
show a blunted cortisol response (Fig.
3B). The incremental cortisol response
was positively correlated with the HbAx

level in the diabetic patients (r = 0.52, P
< 0.001) (Fig. 3B) and was very highly
correlated with the incremental epineph-
rine response (r = 0.71, P < 0.0001). A
similar strong relationship was observed
between absolute cortisol levels during
hypoglycemia and HbAx (r = 0.44, P <
0.01). Among the normal subjects, mean
basal cortisol was correlated with the in-
cremental cortisol response to hypoglyce-

800 r
B

•400

HbA, (%)

Figure 3—A: cortisol levels during hypoglyce-
mic clamp studies in 38 healthy subjects (&&), 31
IDDM patients with HbAx >7.8% (CD), and 7
IDDM patients with HbA! <7.8% ( H ) . *P <
0.05 vs. healthy subjects; **P < 0.01 vs. healthy
subjects; §P < 0.05 vs. IDDM with HbA1 >7.8%;
§§P< 0.01 vs. IDDM with HbA1 >7.8%. B: re-
lationship between increment in plasma cortisol
during hypoglycemia (glucose = 2.8 mmol/l) and
HbA1 in IDDM patients with HbA! >7.8% (O)
and HbA! <7.8% (%). Lines (T) depict mean ±
1 SDjor healthy subjects, r = 0.52, P < 0.001.

mia (r = 0.60, P < 0.001), whereas this
relationship was not seen in the diabetic
group (r = 0.11, NS).

Basal GH levels before the clamp
study were slightly higher in the diabetic
group with HbAx >7.8% compared with
the control group (6.0 ± 1.1 vs. 3.3 ± 0.6
jag/1), but similar to the patients with
HbAx <7.8% (5.9 ± 2.3 jug/1). GH re-
sponses to hypoglycemia were slightly
greater in the group with HbAj ^7.8% at
blood glucose values <3.3 mmol/1, but
these differences did not reach statistical
significance (Fig. 4A). In contrast to the
results obtained for epinephrine and cor-
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Figure 4—A: GH levels during hypoglycemic clamp studies in 38 healthy subjects Q^i), 31 IDDM

patients with HbA} >7.8% (CD), and 7 IDDM patients with HbAx <7.8% ( H ) . B: relationship

between increment in plasma GH during hypoglycemia (glucose = 2.8 mmol/l) and HbAx in IDDM

patients with HbA} >7.8% (O) and

subjects, r = -0.31, P < 0.05.

<7.8% ( • ) . Lines (T) depict mean ± 1 SD for healthy

tisol, the increment in GH in the 38 dia-
betic patients during hypoglycemia at 2.8
mmol/l was inversely correlated with the
HbAj level (r = -0 .31 , P < 0.05) (Fig.
4B). A similar relationship was observed
between absolute GH levels during hypo-
glycemia and HbAx (r = —0.31, P <
0.05).

Basal glucagon levels before the
hypoglycemic clamp were 51 ± 12 ng/1 in
the diabetic group and 75 ± 12 ng/1 in the
control group (NS). Incremental gluca-
gon response to hypoglycemia at 2.8
mmol/l was reduced in the 38 diabetic
patients compared with the control group
(4 ± 4 vs. 80 ± 13 ng/1; P < 0.001). In
the diabetic subjects, incremental gluca-
gon response to hypoglycemia at 2.8
mmol/l was not correlated with HbAx (r
= 0.20, NS; data not shown).

The glycemic thresholds required
for stimulation of each of the counter-
regulatory hormones are shown in Table
2. The glucose levels required for epi-
nephrine and cortisol secretion were both
significantly reduced in the well-con-
trolled IDDM compared with the poorly
controlled group and healthy volunteers.
In contrast, the threshold for GH secre-
tion did not differ among the three groups
of patients (Table 2).

Symptom perception
Basal symptom scores for total, auto-
nomic, and neuroglycopenic symptoms

did not differ between groups. Total
symptom scores were significantly re-
duced in the diabetic group with HbAx

<7.8% at the 2.8 mmol/l and 2.2 mmol/l
plateaus (P < 0.05 vs. other groups) (Fig.
5A). The increment in total symptom
score correlated with HbAx in the IDDM
subjects (r = 0.37, P < 0.05) (Fig. 5B). A
similar, but weaker, relationship was ob-
served between absolute symptom scores
during hypoglycemia and HbAx (r =
0.29, P = 0.08).

When autonomic and neurogly-
copenic symptom scores were examined
separately, autonomic symptom scores
were again significantly reduced in the di-
abetic group with HbAx <7.8% at 2.8
mmol/l and 2.2 mmol/l (P < 0.05) (Fig.
5C). Conversely, the neuroglycopenic
symptom score was greater in the diabetic

group with HbAx >7.8% at the 3.9, 3.3,
and 2.8 mmol/l glucose plateaus (Fig.
5D). Neuroglycopenic symptom score
was lower in the diabetic group with
HbAx <7.8% at the last two glucose
steps, but the differences did not reach
statistical significance.

Incremental epinephrine re-
sponse to hypoglycemia was highly cor-
related with the increment in total symp-
tom score in the diabetic group (r = 0.62,
P < 0.001) (Fig. 6A). Of interest, epi-
nephrine was independently significantly
correlated with both autonomic (r =
0.67, P < 0.001) and neuroglycopenic (r
= 0.50, P < 0.01) symptoms. There was
no such correlation in the healthy control
group for total symptom score (r =
—0.02, NS) (Fig. 6B), autonomic symp-
toms (r = 0.11, NS), or neuroglycopenic
symptoms (r = 0.13, NS).

After controlling for the effects of
age and duration of diabetes using multi-
ple regression analysis, significant corre-
lations remained between HbAx and each
of the counterregulatory hormone re-
sponses and symptom scores.

CONCLUSIONS— Counterregula-
tory hormone responses to hypoglycemia
in IDDM are modified by glycemic con-
trol. However, it is uncertain whether
each of the counterregulatory hormone
responses is altered to a similar degree or
whether there is a level of glycemic con-
trol at which these changes are consis-
tently observed. To address these issues,

Table 2—Glucose threshold for release of counterregulatory hormones in patients with
well-controlled IDDM (HbA1 <7.8%), poorly controlled IDDM (HbA1 >7.8%), and in
nondiabetic control subjects

IDDM patients

Control subjects <7. HbAi >7.{

Epinephrine
Cortisol
GH

38
3.2 ± 0 . 1
2.6 ± 0.1
3.0 ± 0 . 1

2.5 ± 0.2**
2.1 ±0.1*t
2.8 ± 0.2

31
3.3 ± 0.7
2.8 ±0.1
3.2 ±0.1

Data are means ± SE in mmol/l. See text for definitions of thresholds. *P < 0.01 vs. IDDM patients with
HbAj >7.8%. tP < 0.005 vs. control subjects. fP < 0.001 vs. control subjects.
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Figure 5—A: total symptom score during hypoglycemic clamp studies in 38 healthy subjects (IH3), 31
IDDM patients with HbA1 >7.8% (CD), and 7 IDDM patients with HbA1 <7.8% ( • ) . *P < 0.05
vs. other two groups. B: relationship between increment in total symptom score during hypoglycemia
(glucose = 2.8 mmolA) and HbA1 in IDDM patients with HbA: >7.8% (O) and HbA2 <7.8% (•) .
Lines (T) depict mean ± 1 SDfor healthy subjects, r = 0.37, P < 0.05. C: adrenergic (autonomic)
symptom score (see text for definition) during hypoglycemic clamp studies in 38 healthy subjects (J^^),
31 lDDMpatients with HbAx > 7.8% (CD), and 7 IDDM patients with HbAx < 7.8% ( • ) . *P < 0.05
vs. healthy subjects; **P < 0.01 vs. healthy subjects; §P < 0.05 vs. IDDM with HbA1 >7.8%. D:
neuroglycopenic symptom score (see text for definition) during hypoglycemic clamp studies in 38 healthy
subjects (P i ) , 31 IDDM patients with HbAx >7.8% ( • ) , and 7 IDDM patients with HbA1 <7.8%
( H ) . *P < 0.05 vs. healthy subjects; **? < 0.01 vs. healthy subjects.

this study presents data on a large group
of subjects with diabetes across a wide
spectrum of glycemic control.

Epinephrine responses to hypo-
glycemia (2.8 mmol/1) in the entire group
of diabetic patients did not differ when
compared with the control group. How-
ever, when individual epinephrine re-
sponses in the diabetic group were com-
pared with glycohemoglobin values, a
strong direct correlation was seen across
the range of glycohemoglobin. This is
similar to the findings of Davis et al. (34),
who also found a direct correlation be-
tween epinephrine responses to hypogly-
cemia and HbAx in a recent study of 13
diabetic subjects.

The mechanism for the reduction
in epinephrine is uncertain. Data from an-
imal studies have shown an increase in
glucose transport across the blood-brain
barrier in models of chronic hypoglyce-
mia and a decrease in hyperglycemia (35-
37), suggesting that the central nervous
system may be receiving adequate glucose
despite peripheral hypoglycemia. More-
over, recent studies in humans have
shown that defects in counterregulatory
hormone responses to hypoglycemia sim-
ilar to those seen in well-controlled IDDM
subjects can be induced in both normal
and diabetic subjects by exposing them to
as few as one or two episodes of hypogly-
cemia (15-18). Similar responses have re-

cently been observed in patients with in-
sulinoma (38). These studies suggest that
a central neural adaptation to recurrent
hypoglycemia may be involved in the
modified epinephrine responses seen in
subjects with IDDM, but it is less clear
whether similar alterations exist for neu-
roglycopenic symptoms.

A significant correlation between
incremental cortisol response to hypogly-
cemia and HbAx was also observed in the
diabetic patients (Fig. 3). However, little
data exists on the mechanisms by which
glycemia affects hypothalamic-pituitary-
adrenal axis responses to hypoglycemia in
diabetes. A centrally mediated adaptation
similar to that proposed for epinephrine
has been suggested (13,14). However, in
a study by Frier et al. (39), no difference
was seen in the corticotropin response to
hypoglycemia in a diabetic group in good
glycemic control when compared with a
group of healthy subjects. In studies on
normal volunteers, DeCherney et al. (40)
showed that the pituitary gland receives
maximal stimulation from endogenous
corticotropin-releasing hormone (CRH)
in response to hypoglycemia, and Her-
mus et al. (41) showed that corticotropin
and cortisol responses to CRH were di-
rectly modulated by the basal cortisol
level. Among the normal subjects in our
study, mean basal level of cortisol was
correlated with the incremental cortisol
response to hypoglycemia, whereas this
relationship was not seen in the diabetic
group. These findings suggest that al-
though the level of glycemic control does
not appear to modify basal cortisol levels
in subjects with diabetes, it may influence
the modulating effect of basal cortisol lev-
els on the response to hypoglycemia.

The seven diabetic subjects with
an HbAx <7.8% had consistently blunted
cortisol responses (Fig. 3B). These were
the same seven subjects with impaired
epinephrine responses (Fig. 2B). For the
entire diabetic group, incremental epi-
nephrine and incremental cortisol re-
sponses were very highly correlated (r =
0.71, P < 0.0001). This relationship sug-
gests that both epinephrine and cortisol
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Figure 6—A: relationship between increment in
total symptom score and increment in epinephrine
during hypoglycemia (glucose = 2.8 mmol/l) in
IDDMpatients with HbA1 >7.8% (O) and HbA1

<7.8% (•) . r = 0.62, P < 0.001. B: relationship
between increment in total symptom score and in-
crement in epinephrine during hypoglycemia (glu-
cose = 2.8 mmol/l) in healthy subjects, r =
-0.02, NS.

responses to hypoglycemia may be mod-
ified in a similar manner by central adap-
tations to hypoglycemia as proposed pre-
viously, although adaptation at the level
of the adrenal gland cannot be excluded.
Case reports have suggested that epi-
nephrine responses to hypoglycemia are
reduced in diabetic patients with selective
corticotropin deficiency, and that the epi-
nephrine response is restored once corti-
sol is replaced (42). Furthermore, evi-
dence from animal studies suggests that
the adrenal medullary enzyme phenyleth-
anolamine-N-methyltransferase, which
catalyzes the conversion of norepineph-
rine to epinephrine, is glucocorticoid de-
pendent and that in glucocorticoid-defi-
cient situations, the production of
epinephrine is reduced (43). To date,

there is not sufficient evidence in humans
to confirm or refute this mechanism as
contributing to the modifications in cor-
tisol and epinephrine in patients with
IDDM.

In our study, basal GH levels be-
fore the hypoglycemic insulin clamp
study were slightly higher in both dia-
betic groups compared with control
subjects. Among the diabetic patients,
GH responses showed a weak inverse cor-
relation with HbAl5 suggesting that good
glycemic control and the associated in-
creased frequency of hypoglycemic epi-
sodes do not result in decreased GH re-
sponse. This is in contrast to the blunted
responses to epinephrine and cortisol in-
duced by improved glycemic control and
suggests differential regulation of the ad-
aptations in counterregulatory hormone
responses to recurrent hypoglycemia.

Studies in diabetic subjects have
produced conflicting results on how gly-
cemic control affects the GH responses to
hypoglycemia, with some studies sug-
gesting that GH responses are blunted by
improved glucose control (3) and other
studies showing no effect or even an in-
crease (9,18,44,45). The mechanism by
which the adaptation in GH responses oc-
curs is uncertain and may involve a GH-
releasing hormone-independent mecha-
nism (46) or decreased somatostatinergic
tone allowing a rebound release of GH
(47). Recent preliminary data from a
study of nine insulinoma patients by
Baum et al. (48) showed a reduction in
epinephrine and cortisol responses to hy-
poglycemia compared with normal con-
trol subjects but no effect on GH re-
sponses. In contrast, Mitrakou et al. (38)
found a decrease in GH secretion in pa-
tients with insulinoma that corrected after
removal of the tumor. In an analogous
study, Fanelli et al. (49) recently reported
that all counterregulatory hormone re-
sponses (including GH) could be en-
hanced in IDDM patients by meticulous
avoidance of hypoglycemia. Thus, there is
conflicting data on whether exposure to
recurrent hypoglycemia results in a sub-
sequent decrease in the GH response to

hypoglycemia, but avoidance of hypogly-
cemia appears to consistently improve the
response. These differences in results be-
tween patients with insulinoma versus in-
sulin-treated diabetes maybe due, in part,
to the independent effects of the chronic
hyperglycemia of diabetes, since GH
alone among the counterregulatory hor-
mones is regulated in response to both
increases and decreases in circulating glu-
cose levels.

It is interesting to speculate on the
importance of the preserved GH response
in the diabetic subjects with good glyce-
mic control. In these subjects, GH may be
the sole remaining counterregulatory
mechanism available because of the de-
creased glucagon, epinephrine, and corti-
sol responses. Normally, GH is involved
in the recovery from prolonged hypogly-
cemia (50), but in this select patient
group, it may assume greater importance
in response to acute reduction in circulat-
ing glucose levels.

The increment in total symptom
score was positively correlated with HbAx

in the diabetic patients, and total and au-
tonomic symptom scores were signifi-
cantly reduced in the diabetic subjects
with HbAi ^7.8%. This is consistent
with previous data from Amiel et al. (6)
and our group (19) demonstrating a re-
duction in symptom perception in dia-
betic patients with good glycemic control.
Of the autonomic symptoms in our sur-
vey, shakiness, pounding of the heart,
and nervousness are thought to be medi-
ated by epinephrine, and the intensity of
these symptoms is considered propor-
tional to the circulating epinephrine level.
Thus, it is interesting to note that al-
though the increment in total symptom
score during hypoglycemia was corre-
lated with the increment in epinephrine
in the diabetic group, this relationship
was not seen in the nondiabetic control
group. The reason for this difference is
unclear but could be explained by the fact
that diabetic patients have learned to fo-
cus on the autonomic warning signs of
hypoglycemia and can accurately quan-
tify the severity based on the epinephrine
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responses, while control subjects who are
experiencing their first episode of hypo-
glycemia could not relate symptom sever-
ity to the counterregulatory hormone re-
sponse. This difference also raises
questions regarding the validity of com-
parisons of symptomatic responses to hy-
poglycemia in diabetic patients versus
nondiabetic control subjects that needs to
be addressed in future studies.

Neuroglycopenic symptoms were
slightly, but not significantly, lower in the
diabetic group with HbAĵ  ^7.8%. Of in-
terest, however, is the increase in neuro-
glycopenic symptom scores seen in the
diabetic group withHbAj^ >7.8% at
blood glucose levels of 3.9, 3.3, and 2.8
mmol/1 compared with the nondiabetic
group. This suggests that diabetic patients
with moderate to poor control recognize
neuroglycopenic symptoms at higher
blood glucose values. The literature is
conflicting on how glycemic control af-
fects neuroglycopenic symptom percep-
tion. In a previous study, we failed to find
a difference in the threshold for neurogly-
copenic symptoms between patients in
good and poor glycemic control (19).
However, there were fewer patients in
that study, and we did not examine the
full spectrum of HbAx values. A recent
study by Zeigler et al. (51) suggests that
the threshold for symptom perception
and alteration in P300 wave latency oc-
curs at a lower blood glucose level in a
diabetic group having strict glycemic con-
trol compared with a group with poor
glycemic control. Taken together with the
results of the current study, these findings
suggest that the effect of glycemic control
on neuroglycopenic symptoms is gener-
ally less striking than the effect on auto-
nomic symptoms and that such differ-
ences may require a large sample size or
more sensitive neurophysiological mea-
sures to detect on a consistent basis.

It remains uncertain if there is a
level of glycemic control at which a signif-
icant reduction in counterregulatory hor-
mone responses to hypoglycemia occurs.
Our data suggest that at an HbA1 level
^7.8%, which is above the normal range

used in our laboratory (5.4-7.4%), sub-
jects with diabetes show a consistently
blunted epinephrine response to hypo-
glycemia. The cortisol and symptomatic
responses to hypoglycemia were also re-
duced in these same patients, but GH se-
cretion was well preserved. Thus, glyco-
hemoglobin values close to the upper
limit of normal may be the threshold for
significant and consistent downregula-
tion of the adrenomedullary and adreno-
cortical response to hypoglycemia.

We did not control glucose values
on the day before study, other than to
exclude symptomatic or measured hypo-
glycemia. Thus, we cannot exclude the
possibility that asymptomatic episodes of
hypoglycemia during that time may have
contributed to the reduction in epineph-
rine and cortisol responses seen in the
well-controlled subjects. However, be-
cause previous studies have shown that
even a single episode of hypoglycemia can
reduce both the counterregulatory hor-
mone and symptom response to subse-
quent hypoglycemia (17,18), the exclu-
sion of patients with mild or subclinical
hypoglycemic episodes would obscure
the very phenomenon we are attempting
to study and would not reflect the true
clinical situation for these patients.

Because subjects with severe hy-
poglycemia were specifically excluded
from this study, we cannot determine
whether there is a level of glycemic con-
trol below which hypoglycemia unaware-
ness invariably occurs. However, the
study by Fanelli et al. (49) suggests that
diabetic patients with hypoglycemic un-
awareness and a mean HbAlc of 5.8% sig-
nificantly improve hormone secretion
and symptom perception after an increase
in HbAlc to 6.9%. Thus, from a clinical
perspective, if hypoglycemia unaware-
ness is a problem in a patient with glyco-
hemoglobin values close to or within the
normal range, deliberate elevation of the
glycohemoglobin may allow an improve-
ment in the hormonal and symptomatic
responses to hypoglycemia.

In conclusion, this study of a large
group of patients with IDDM suggests

that even though epinephrine and corti-
sol responses to hypoglycemia are re-
duced in patients in strict glycemic con-
trol, GH responses are not affected. These
data are consistent with a differential reg-
ulation of the major counterregulatory
hormones based on the level of glycemic
control in IDDM. All diabetic patients in
this study with HbAx <7.8% had a con-
sistent reduction in epinephrine and cor-
tisol responses to hypoglycemia, suggest-
ing that an HbAx level just above the
normal range may be the critical level at
which strict glycemic control induces
suppression of the adrenomedullary and
adrenocortical counterregulatory re-
sponse to hypoglycemia. Consistent with
the findings of other studies, our data also
suggests that the main effect of strict gly-
cemic control of IDDM is a reduction in
the autonomic symptoms of hypoglyce-
mia, while the perception of the neuro-
glycopenic symptoms of hypoglycemia is
less severely impaired.
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