Prolactin and B-Endorphin Responses to Hypoglycemia Are Reduced in
Well-Controlled Insulin-Dependent Diabetes Mellitus
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Several p|tu1tary hormones, mcludlng cortlcotropln (ACTH) growth hormone (GH), prolactm and B endorphln (but not
thyrotropm follicle- stlmulatmg hotmone, or luteinizing hormone), are released in response fo hypoglycemla in normal
subjects. In patients with insulin- dependent diabetes mellitus (IDDM), the degree of glycemic control is known to alter ACTH
and GH responses to hypoglycemia. The current study was performed to examine the effect of glycemic control on prolactin
and B-endorphln responses to hypoglycemia in subjects with  IDDM. We performed 3-hour stepped hypoglycemic-
hyperlnsulmemlc clamp studies (12 pmol/kg/mm) durmg which plasma glucose was decreased from 5.0 mmol/L to 2.2
mmol/L in steps of 0.6 mmiol/ L every 30 minutes in 20 subjects with uncomplicated IDDM {12 males and eight females; age,

26+ 2 years; IDDM duration, 10 =1 years; body mass index, 23.6 = 0.6 kg/m?) and 10 healthy subjects (five males and five
females aged 30 1 years) The 10 diabetic sublects in good glycemic control (mean hemoglobm A; [HbAq], 7.5% * 0.3%;

normal range, 5.4% to 7.4%) were compared with the 10 poorly controlled patients (mean HbA;, 12.6% * 0.5%; P < .001 v
well-controlled diabetic group). During hypoglycemla, prolactin levels in the well-controlled diabetic group did not change
(7 £ 1 pg/L at plasma glucose 5.0 mmol/L to 9 + 2 ug/L at plasma glucose 2.2 mmol/L), whereas prolactin levels increased
markedly in the poorly controlled diabetic group {7 + 2 pg/L to 44 + 17 pg/L) and healthy volunteers {12+ 2 pg/Lto 60 = 19
pg/L, P < .05 between IDDM groups) The plasma glucose threshold required for strmulatlon of prolactin secretion was 2.2 +
0.1 mmol/L in well-controlled IDDM, 3.0 * 0.4 mmol/L in poorly controlled IDDM, and 2.4 = 0.1 mmol/L in healthy subjects
(P < .05 between IDDM groups). Responses in males and females were similar. The increase in p-endorphin levels was also
attenuated in well-controlled IDDM patients (4 + 1 pmol/L at plasma glucose 5.0 mmol/L to 11 + 4 pmol/L at plasma glucose
2.2 mmol/L) versus poorly controlled IDDM patnents (5 = 1 pmol/L to 26 + 7 pmol/ L} and healthy subjects {8 = 1 pmol/L to
56 + 13 pmoI/L) The plasma qucose threshold requlred for stimulation of B- endorphln release was again lower in
well-controlled IDDM versus poorly controlled IDDM patients (2.2 + 0.1 v 3.0 = 0.3 mmol/L} and healthy subjects (2.5 + 0.4
mmol/L, P < .05 between IDDM groups). In conclusion, prolactin and B-endorphin responses to a standardized hypoglycemic
stimulus (plasma glucose, 2.2 mmol/L) are reduced and plasma glucose levels required to stimulate release of prolactin and
p-endorphin are lower in well-controlled IDDM compared with poorly controlled IDDM and healthy subjects. Thus, stress
hormones not previously considered to have a primary role in plasma ‘glucose recovery from hypoglycemia are affected by
glycemlc control, suggesting a more generalized alteration of hypothalamlc pituitary responses to hypoglycemia in IDDM
patients with strict glycemic control.
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YTRICT GLYCEMIC CONTROL of insulin-dependent
diabetes mellitus (IDDM) is associated with defective
counterregulatory hormone responses to hypoglycemia.
Many studies have shown that epinephrine and cortisol
responses to hypoglycemia are reduced and/or occur at a
lower glucose level in subjects with well-controlled IDDM.2-6
Some studies .also have shown a reduction in growth
hormone (GH) and corticotropin (ACTH) responses to
hypoglycemia in such subjects.’™ Recurrent exposure to
hypoglycemia is the likely mechanism by which these
adaptations occur, since defective counterregulatory hor-
monal responses and altered glucose thresholds similar to
those seen in IDDM subjects in strict glycem1c control can
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be induced in normal and IDDM subjects by exposing them
to as few as two episodes of hypoglycemia.0-14

The exact mechanism by which these adaptations occur
in humans remains uncertain. Data from animals suggest
that exposure to recurrent hypoglycemia induces adapta-
tions at the blood-brain barrier that maintain glucose
transport to the brain despite peripheral hypoglycemia, and
thus lessen cerebral neuroglycopenia.l*16 Recent studies
suggest that a similar mechanism may occur in humans.!718
These adaptations in counterregulatory hormone responses
appear to be largely spec1ﬁc for hypoglycem1a alone, since
most hormonal responses to nonhypoglycemic stimuli re-
main intact.!%?!

The full extent of the modification in the response of the
hypothalamic-pituitary axis to hypoglycemia in IDDM re-
mains uncertain. Autonomic nervous stimulation of adrenal
medullary epinephrine release appears to be reduced in
well-controlled IDDM subjects.?*?° The effect of strict
glycemigc control of IDDM on GH responses to hypoglyce-
mia appears variable, w1th some stud1es showing a reduc-
tion in response and others sh0w1ng either no effect or an
increased response.®?? Whereas thyrotropin, follicle-
stimulating hormone, and luteinizing hormone levels do not
increase in responsé to hypoglycemia in normal sub-
]ects 2627 both prolactin and B-endorphin are produced in
response to insulin-induced hypoglycemia.?®? We under-
took this study to determine the effect of glycemic control in
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IDDM on prolactin and $-endorphin responses to hypogly-
cemia.

SUBJECTS AND METHODS

Patients and Controls

Twenty patients with IDDM and 10 healthy volinteers were
studied. Ten of the diabetic subjects (six males and four females)
were selected because they had well-controlled diabetes, with a
hemoglobin A; (HbA;) level of 9% or less (nondiabetic range,
5.4% 1o 7.4%). A second group of 10 diabetic subjects (six males
and four females) had poorly controlled diabetes, with a HbA; of
11% or greater. Clinical characteristics of the subjects are shown in
Table 1. Some data from the insulin clamp studies have been
reported previously in other related studies by our group.8920

None of the subjects had clinical evidence of autonomic or
peripheral neuropathy based on history or physical examination.
Autonomic function was further assessed by measuring the heart
rate variation with slow deep breathing at a rate of five breaths per
minute and in response to the Valsalva maneuver. The systolic
blood pressure response to standing and the ratio of the interval
between successive R waves on the electrocardiogram (RR inter-
val) 15 and 30 seconds after standing were also assessed.’® No
patient had dipstick-positive proteinuria or other clinical or labora-
tory evidence of nephropathy, and none were taking medications
other than insulin.

Ten healthy volunteers (five males and five females), none of
whom were taking medications or had a family history of diabetes,
served as controls. The three study groups did not differ statistically
with regard to age or body mass index (Table 1). Voluntary
informed written consent was obtained from each person before
the study, and the study protocol was approved by the Joslin
Diabetes Center Committee on Human Studies.

Procedures

All studies began at 8 am after a 10- to 12-hour overnight fast.
Diabetic subjects received their usual dose of insulin on the day
before the study. To avoid nocturnal hypoglycemia, patients were
instructed to eat a small snack if their bedtime glucose level was
less than 5.6 mmol/L.. Studies in diabetic patients were postponed
for at least 1 week if hypoglycemia (defined as the presence of
symptoms or a measured glucose level of <3.3 mmol/L) occurred
during the previous 24 hours.

On the morning of the hypoglycemic insulin clamp study, a
catheter was inserted into an antecubital vein for administration of
test substances, and a second catheter was placed in a retrograde
manner into a vein on the dorsal side 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.’! In diabetic patients,
plasma glucose was stabilized between 5.0 and 8.9 mmol/L with a
low-dose insulin infusion of 0.6 to 1.8 pmol/kg - min. After collect-

Table 1. Demographic Characteristics of the Study Subjects

IDDM Patients

Healthy

Characteristic Controls ~ Well-Controlled Poorly Controlled
No. 10 ’ 10 10
Age (yr) 306 25+9 27 +7
Sex (male/female) 5/5 6/4 6/4
Body mass index {(kg/m?) 224 x2.7 23.1=x13 24.2 + 3.8
HbA, (5.4%-7.4%) 6.1:x04 75+ 09 12.6 = 1.6*
IDDM duration {yr) - 11£6 8x5

NOTE. Data are expressed as the mean + SD.
*P < .001v other 2 groups.
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ing three baseline blood samples, we administered a primed
continuous infusion (12 pmol/kg - min) of crystalline insulin (Eli
Lilly & Co, Indianapolis, IN) for 3 hours. Plasma glucose levéls
were measured at 5-minute intervals, and the glucose clamp
technique® 1932 was used to produce a stepwise decline in plasma
glucose. Target glucose levels were 5.0, 4.4, 3.9, 3.3, 2.8, and 2.2
mmol/L at 30-minute intervals. During the final 10 minutes of each
30-minute interval, plasma samples were obtained for measure-
ment of insulin, prolactin, and B-endorphin levels.

Analyses

Plasma glucose level was measured at the bedside by the glucose
oxidase method using a glucose analyzer (Yellow Springs Instru-
ments, Yellow Springs, OH). Plasma insulin level was measured by
a double-antibody radioimmunoassay.® In diabetic patients, free
insulin was assayed by treating the plasma with polyethylene glycol
to precipitate antibody-bound insulin. Tota] HbA,; was determined
by agar gel electrophoresis with the GLYTRAC glycosylated
hemoglobin kit (Corning Medical, Palo Alto, CA) after removal of
the labile component. Prolactin was assayed using a third-
generation monoclonal immunoassay system (Nichols Institute,
San Juan Capistrano, CA) with an intraassay coefficient of varia:
tion of 3% to 4%. B-Endorphin was determined using a two-site
immunoradiometric assay (Nichols Institute) with an intraassay
coeflicient of variation of 4% to 5%. v

The results are expressed as the mean = SEM except for the
demographic data in Table 1, which are expressed as the mean +
SD. The glucose threshold was determined as the glucose level at
which each hormone achieved a sustained increment greater than 2
SD above the mean basal level for each subject. Data that were
normally distributed were compared using Student’s ¢ test or
ANOVA with repeated measures, as appropriate. For data that
were not normally distributed, the Mann-Whitney U test and
Kruskall-Wallis test were used. Results were analyzed using the
Systat software package (Evanston, IL).

RESULTS
Glucose and Insulin

Glucose levels were significantly higher in well- and
pootly controlled IDDM groups (6.1 = 0.4 and 6.3 = 0.2
mmol/L) at the beginning of the hypoglycemic insulin
clamp protocol compared with the healthy controls
(5.1 £0.1 mmol/L, P < .05 v IDDM groups). However,
glucose values did not differ significantly between study
groups for the remainder of the study, and nadir glucose
levels were 2.3 = 0.1 and 2.4 + 0.1 mmol/L in well- and
poorly controlled diabetic groups and 2.4 = 0.1 mmol/L in
healthy controls. Mean steady-state insulin values were
977 = 92 pmol/L in the healthy volunteers, whereas free
insulin levels were 741 = 83 and 976 + 154 pmol/L in well-
and poorly controlled diabetic groups, respectively (P
nonsignificant among groups).

Prolactin

Glycemic control.  Basal levels of prolactin were 12 + 2
pg/L in healthy controls and 7 + 1 pg/L in diabetic subjects
(P < .01). During hypoglycemia at 2.2 mmol/L, prolactin
increased to 60 + 19 ug/L in healthy volunteers and to 26 +
9 ug/L in diabetic patients (P = .07). When diabetic
subjects were grouped according to glycemic control, basal
prolactin levels were 7 + 1 and 7 + 2 pg/L in well- and
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Prolactin (mcg/l)

Basal 5 39

Target Glucose (mmolll)

poorly controlled patients, respectively (P < .05, healthy
volunteers v each IDDM group; Fig 1). Prolactin levels
during hypoglycemia (plasma glucose, 2.2 mmol/L) were
9 + 2 and 44 + 17 pg/L in well- and poorly controlled
diabetic groups (P < .05, well-controlled v poorly con-
trolled IDDM or healthy volunteers; Fig 1). Glucose
thresholds for prolactin release were 2.4 + 0.1 mmol/L in
healthy volunteers and 2.2 + 0.1 and 3.0 = 0.4 mmol/L in
well- and poorly controlled IDDM groups, respectively
(P < .05 between diabetic groups). In IDDM subjects, the
glucose threshold for release of prolactin was strongly
correlated with glycemic control as assessed by HbA;
(r = .68, P < .001; Fig 2).

Sex differences. Basal prolactin levels were 6 + 1 pg/L
in 12 male IDDM subjects and 8 = 1 ug/L in eight female
IDDM subjects (P nonsignificant between groups). Al-
though prolactin levels at nadir ghicose levels (2.2 mmol/L)
wete higher in female (39 = 22 pg/L) versus male (18 £ 5

Glucose Threshold (mmol/t)

HbA (%)

Flg 2. Relationship between the glucose threshold for release of
prolactin and HbA, in 20 subjects with IDDM (r = .68, P < .001). Short
horizontal line depicts normal range for HbA,.
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Fig 1. Prolactin levels during
hypoglycemic clamp studies in
10 subjects with well-controlled
IDDM (), 10 subjects with poorly
controlled IDDM (), and 10
healthy volunteers (l). *P < .05,
well-controlled IDDM v healthy
volunteers. #P < .05, well-con-
trolled IDDM v other 2 groups.

ug/L) patients, this difference did not reach statistical
significance. In the healthy controls, prolactin levels at
basal euglycemia (15 = 2 v 10 * 2 pg/L) and during nadir
hypoglycemia (76 + 37 v 43 = 6 pg/L) were also slightly
but not significantly higher in five females versus five males.

B-Endorphin

Glycemic control.  Basal levels of 8-endorphin were 8 =
1 pmol/L in the healthy volunteers and 5 + 1 pmol/L in 20
diabetic subjects (P < .001). B-Endorphin levels were higher
in healthy controls compared with the entire diabetic group
at all glucose concentrations, and this difference reached
statistical significance at glucose levels of 4.4, 3.9, 2.8, and
2.2 mmol/L (all P < .01). At the 2.2-mmol/L glucose
plateau, B-endorphin levels were 56 + 13 pmol/L in the
healthy control group and 19 + 4 pmol/L in diabetic
subjects (P < .01). When diabetic subjects were grouped
according to glycemic control, basal levels of B-endorphin
were 4 = 1 and 5 = 1 pmol/L in well- and poorly controlled
IDDM groups, respectively (P < .01, healthy volunteers v
each IDDM group; Fig 3). -Endorphin levels were signifi-
cantly higher in healthy volunteers compared with the
well-controlled diabetic group at all levels of plasma glu-
cose from 5.0 to 2.2 mmol/L (.05 < P < .01; Fig 3). At
nadir glucose (2.2 mmol/L), B-endorphin increased to 56 =
13 pmol/L in healthy volunteers and to 12 + 4 and 26 * 7
pmol/L in well- and poorly controlled diabetic groups
(P < .01, heaithy volunteers v well-controlled diabetic
group; Fig 3). Glucose thresholds for a significant increase
in B-endorphin levels were 2.5 £ 0.4 mmol/L in healthy
controls and 2.2 *+ 0.1 and 3.0 = 0.3 mmol/L in well- and
poorly controlled diabetic groups (P < .05 between IDDM
groups). The glucose threshold for release of B-endorphin
was strongly correlated with HbA; (r= .68, P < .001;
Fig 4).



PROLACTIN AND B-ENDORPHIN IN IDDM

50

L S

40

Fig3. pB-Endorphinlevels dur-
ing hypoglycemic clamp studies
in 10 subjects with well-con-
trolled IDDM (&), 10 subjects with
poorly controlied IDDM {CJ) and
10 healthy volunteers (M)}. **P <
.01, healthy volunteers v both
IDDM groups. ##P < .05, healthy
volunteers v well-controlled
IDDM. ***P < .01, heaithy volun-
teers v well-controlled IDDM.
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Sex differences. 'When diabetic subjects (12 males and
eight females) were grouped according to gender, basal
B-endorphin levels were 6 = 1 pmol/L in males and 3 + 1
pmol/L in females (P < .05). At nadir glucose (2.2 mmol/
L), B-endorphin levels did not differ between groups
(20 = 6 pmol/L in males and 16 + 5 pmol/L in females). In
the healthy control group, basal levels of B-endorphin were
9 = 1 and 8 £ 1 pmol/L in five males and five females. At
nadir hypoglycemia of 2.2 mmol/L, levels were 78 + 23 and
34 + 6 pmol/L in males and females (P = .10).

DISCUSSION

The degree of glycemic control in patients with IDDM
has profound effects on hypothalamic-pituitary-adrenal
response to hypoglycemia. Well-controlled diabetic sub-
jects usually exhibit blunted epinephrine and cortisol re-

Glucose Threshold {mmol/l)

a 6 8 10 12 14 16
HbA (%)

Fig 4. Relationship between the glucose threshold for release of
B-endorphin and HbA; in 20 subjects with IDDM (r = .68, P < .001).
Short horizontal line depicts normal range for HbA,.
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sponses to hypoglycemia, and the glucose threshold at
which these counterregulatory hormones are produced in
response to hypoglycemia is also reduced.¢ Conversely,
diabetic subjects in poor glycemic control exhibit increased
catecholamine and cortisol responses and increased glu-
cose thresholds for hypoglycemic counterregulation.* Expo-
sure to recurrent hypoglycemia appears to be the factor that
produces these alterations, since numerous studies have
shown that exposure to as few as two episodes of hypoglyce-
mia may induce modifications in counterregulatory hor-
mone responses and glucose thresholds in normal subjects
similar to those seen in well-controlled IDDM.1%-14 These
blunted counterregulatory responses appear to be revers-
ible by avoidance of hypoglycemia.35-40

The full extent of the effect of recurrent hypoglycemia
and strict glycemic control of IDDM on the hypothalamic-
pituitary stress response to hypoglycemia remains uncer-
tain. In normal subjects, thyrotropin, follicle-stimulating
hormone, and luteinizing hormone do not increase substan-
tially in response to insulin-induced hypoglycemia.?62” Con-
versely, prolactin and B-endorphin do increase during
hypoglycemia,?®2 although these hormones are not gener-
ally believed to play a direct role in glucose counterregula-
tion.

Our results demonstrate a reduction in basal levels of
both prolactin and B-endorphin in IDDM patients com-
pared with healthy control subjects. Moreover, the prolac-
tin response to hypoglycemia was lower in 10 well-
controlled diabetic subjects compared with a matched
group in poor glycemic control or a group of healthy
volunteers. Similarly, B-endorphin levels in the well-
controlled diabetic group were also lower than in the other
study groups. Glucose thresholds for release of both prolac-
tin and B-endorphin occurred at a lower glucose level in the
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well-controlled IDDM group compared with the other
groups. Basal levels of B-endorphin were lower in females
than in males with IDDM, but prolactin and B-endorphin
responses to hypoglycemia did not differ when subjects
were grouped by gender. These results suggest that strict
glycemic control of IDDM causes modifications in hypotha-
lamic-pituitary stress responses to hypoglycemia beyond
those directly involved in glucose counterregulation.

Plasma prolactin peaks approximately 45 minutes after
an intravenous bolus injection of insulin.*! The mechanism
of prolactin release in response to hypoglycemia has not
been fully elucidated, but Woolf et al*? showed that
intracellular neuroglycopenia, not increased insulin per se,
is the primary stimulus. Prolactin release from pituitary
lactotropes is mainly under tonic inhibitory dopaminergic
control. However, the prolactin response to hypoglycemia is
reduced by atropine, suggesting that autonomic inputs may
be involved.*

Previous studies have suggested that prolactin dynamics
are abnormal in subjects with IDDM. Iranmanesh et al*
found reduced mean 24-hour prolactin levels in 11 men
with poorly controlled IDDM compared with a group of
healthy control subjects. Djursing et al® reported lower
basal prolactin levels in 28 women with IDDM compared
with normal healthy subjects, a finding confirmed by our
data. These data may reflect increased central nervous
system dopaminergic activity in IDDM subjects. There are
few data on prolactin responses to hypoglycemia in IDDM
subjects. Frier et al® found no difference in prolactin
responses to hypoglycemia in 16 IDDM subjects grouped
according to disease duration; the degree of glycemic
control was not addressed. Our results confirm that basal
prolactin levels are lower in subjects with IDDM, and
suggest that strict glycemic control significantly reduces the
prolactin response to hypoglycemia. The analysis also
suggests that these differences cannot be explained on the
basis of gender. To date, there are few data on the effect of
recurrent hypoglycemia on prolactin responses in healthy
subjects or IDDM patients, although a single study showed
no effect of preceding mild hypoglycemia (3.3 or 3.7
mmol/L) on the prolactin response to subsequent hypogly-
cemia at 2.2 mmol/L in healthy subjects.*®

B-Endorphin, an endogenous opioid, is derived with
B-lipotropin and ACTH from the precursor molecule,
pro-opiomelanocortin. Insulin-induced hypoglycemia causes
prompt release of both B-endorphin and ACTH in normal
subjects.?84750 BEvidence exists that B-endorphin may play a
role in glucose homeostasis, but the exact nature and
importance is uncertain.’5? Intracerebroventricular instil-
lation of g-endorphin causes hyperglycemia, which is pre-
vented by naloxone administration or adrenal gland dener-
vation in rats.>® Similarly, Ipp et al®* showed that
intracerebroventricular naloxone reduces the hyperglyce-
mic response to central nervous system glucose deprivation,
suggesting that B-endorphin augments glucose counterregu-
lation. Suda et al*®> showed that administration of B-endor-
phin into the lateral ventricle in rats decreased basal
corticotropin-releasing factor levels and inhibited basal and
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hypoglycemia-induced ACTH secretion. This inhibitory
effect of B-endorphin was reversed by treatment with
naloxone. Nash et al’® showed that treatment with naloxone
reduces B-endorphin and epinephrine responses to hypogly-
cemia in dogs. In contrast, El-Tayeb et al’’ reported that
blockade of opiate receptors with intravenous infusion of
naloxone increases counterregulatory hormone responses
to hypoglycemia in normal dogs, suggesting an inhibitory
role for B-endorphin in glucose counterregulation.

Frier et al,28 in a study of 16 subjects with type I diabetes
mellitus, reported basal levels of B-endorphin similar to
those seen in our study. f-Endorphin responses to hypogly-
cemia in their IDDM patients were lower than those seen in
the healthy control group, a finding also confirmed by our
data. Wanke et al’® studied 11 subjects with IDDM and also
reported that basal B-endorphin levels were lower in the
IDDM group compared with healthy controls. They also
found that the B-endorphin response to a nonhypoglycemic
stimulus (breathing against resistive loads) was reduced in
IDDM versus healthy subjects. Based on these two studies
and the data from our study, it appears that basal B-endor-
phin levels and the responses to hypoglycemic and nonhypo-
glycemic stimuli may be reduced in subjects with IDDM.
Our data also suggest that B-endorphin levels are lowest in
IDDM subjects in good glycemic control.

Caprio et al®® studied counterregulatory responses to
hypoglycemia following intravenous naloxone in healthy
volunteers and eight well-controlled IDDM subjects. When
naloxone was infused during hypoglycemia, the responses
of epinephrine, cortisol, GH, and glucose production were
greater than with hypoglycemia alone. It was suggested that
as endogenous opiates are released during hypoglycemia,
they might exert a modulatory effect on glucose counterregu-
lation by attenuating adrenal medullary hormone re-
sponses. Our data suggest an alternate hypothesis, since
B-endorphin levels in response to hypoglycemia were low-
est in our well-controlled IDDM group and the glucose
threshold for release of B-endorphin was equal to or less
than that reported for epinephrine in well-controlled IDDM
patients.® Thus, release of B-endorphin is not likely to affect
the epinephrine response to hypoglycemia. Although B-en-
dorphin may have a minor modulatory role in the hypotha-
lamic-pituitary and sympathoadrenal responses to hypogly-
cemia, our data suggest that the degree of glycemic control
is a more important direct regulator of the B-endorphin
response to hypoglycemia.

Strict glycemic control of IDDM has now been shown to
be associated with altered responses and glucose thresholds
for epinephrine, norepinephrine, cortisol, GH, ACTH, and
(in the current study) prolactin and B-endorphin. Boyle et
al'718 demonstrated that exposure to prolonged hypoglyce-
mia in normal volunteers or strict glycemic control in
IDDM patients is associated with alterations in brain
glucose uptake. Brain glucose uptake is maintained at the
peripheral glucose levels at which it had been compromised
before hypoglycemic exposure. This modification limits
cerebral neuroglycopenia and thus reduces the neuroglyco-
penic stress at a given peripheral glucose level. This
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adaptation results in decreased hormonal counterregula-
tion to a given degree of hypoglycemia. Data from animal
studies suggest that upregulation of GLUT-1 transporter
number at the blood-brain barrier may be the mechanism
by which the hypoglycemic adaptation occurs.5%6! Our data
on prolactin and B-endorphin responses suggest that the
adaptation in hypothalamic-pituitary-adrenal and central
autonomic responses to hypoglycemia in IDDM subjects in
strict glycemic control is not limited to the hormones
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directly involved in glucose counterregulation. It remains to
be determined whether B-endorphin plays a significant role
in glucose counterregulation in IDDM.

ACKNOWLEDGMENT

We thank Susan Fritz, RN, CDE, and Inga Liberman for expert
assistance with the clinical protocols, and Irene Reske and Marta
Grinbergs for careful performance of the laboratory assays.

REFERENCES

1. White NH, Skor DA, Cryer PE, et al: Identification of type 1
diabetic patients at increased risk for hypoglycemia during inten-
sive therapy. N Engl J Med 308:485-491, 1983

2. Simonson DC, Tamborlane WV, DeFronzo RA, et al: Inten-
sive insulin therapy reduces the counterregulatory hormone re-
sponses to hypoglycemia in patients with type 1 diabetes. Ann
Intern Med 103:184-190, 1985

3. Amiel SA, Tamborlane WV, Simonson DC, et al: Defective
glucose counterregulation after strict glycemic control of insulin-
dependent diabetes mellitus. N Engl J Med 316:1376-1383, 1987

4, Bolli GB, De Feo P, De Cosmo S, et al: A reliable and
reproducible test for adequate glucose counterregulation in type 1
diabetes mellitus. Diabetes 33:732-737, 1984

5. Heller SR, Herbert M, MacDonald 1A, et al: Influence of
sympathetic nervous system on hypoglycaemic warning symptoms.
Lancet 2:359-363, 1987

6. Amiel SA, Sherwin RS, Simonson DC, et al: Effect of
intensive insulin therapy on glycemic thresholds for counterregula-
tory hormone release. Diabetes 37:901-907, 1988

7. Lingenfelser T, Renn W, Sommerwerck U, et al: Compro-
mised hormonal counterregulation, symptom awareness, and neu-
rophysiological function after recurrent short-term episodes of
insulin induced hypoglycemia in IDDM patients. Diabetes 42:610-
618, 1993

8. Kinsley BT, Simonson DC: Evidence for a hypothalamic-
pituitary versus adrenal cortical effect of glycemic control on
counterregulatory hormone responses to hypoglycemia in insulin-
dependent diabetes mellitus. J Clin Endocrinol Metab 81:684-691,
1996

9. Kinsley BT, Widom B, Simonson DC: Differential regulation
of counterregulatory hormone secretion and symptoms during
hypoglycemia in IDDM: Effect of glycemic control. Diabetes Care
18:17-26, 1995

10. Widom B, Simonson DC: Intermittent hypoglycemia impairs
glucose counterregulation. Diabetes 41:1597-1602, 1992

11. Heller SR, Cryer PE: Reduced neuroendocrine and symp-
tomatic responses to subsequent hypoglycemia after 1 episode of
hypoglycemia in nondiabetic humans. Diabetes 40:223-226, 1991

12. Davis MR, Shamoon H: Counterregulatory adaptation to
hypoglycemia in normal humans. J Clin Endocrinol Metab 73:
995-1001, 1991

13. Veneman T, Mitrakou A, Mokan M, et al: Induction of
hypoglycemia unawareness by asymptomatic nocturnal hypoglyce-
mia. Diabetes 42:1233-1237, 1993

14. Davis MR, Mellman M, Shamoon H: Further defects in
counterregulatory responses induced by recurrent hypoglycemia in
IDDM. Diabetes 41:1335-1340, 1992

15. McCall AL, Fixman LB, Fleming N, et al: Chronic hypogly-
cemia increases brain glucose transport. Am J Physiol 251:
E442-E447, 1986

16. Pelligrino DA, Segil LJ, Albrecht RF: Brain glucose utiliza-

tion and transport and cortical function in chronic vs acute
hypoglycemia. Am J Physiol 259:E729-E735, 1990

17. Boyle PJ, Nagy RJ, O’Connor A, et al: Adaptation in brain
glucose uptake following recurrent hypoglycemia. Proc Natl Acad
Sci USA 91:9352-9356, 1994

18. Boyle PJ, Kempers SF, O’Connor AM, et al: Brain glucose
uptake and unawareness of hypoglycemia in patients with insulin-
dependent diabetes mellitus. N Engl J Med 333:1726-1732, 1995

19. Hirsch BR, Shamoon H: Defective epinephrine and growth
hormone responses in type 1 diabetes are stimulus specific.
Diabetes 36:20-26, 1987

20. Kinsley BT, Widom B, Utzschneider K, et al: Stimulus
specificity of defects in counterregulatory hormone secretion in
insulin dependent diabetes mellitus: Effect of glycemic control. J
Clin Endocrinol Metab 79:1383-1389, 1994

21. Rattarasarn C, Dagogo-Jack S, Zachwiega JJ, et al: Hypogly-
cemia induced autonomic failure in IDDM is specific for stimulus
of hypoglycemia and is not attributable to prior autonomic activa-
tion. Diabetes 43:809-818, 1994

22. Mokan M, Mitrakou M, Veneman T, et al: Hypoglycemia
unawareness in IDDM. Diabetes Care 17:1397-1403, 1994

23. Hepburn DA, Patrick AW, Brash HM, et al: Hypoglycemia
unawareness in type 1 diabetes: A lower plasma glucose is required
to stimulate sympatho-adrenal activation. Diabetic Med 8:934-945,
1991

24. Clarke WL, Gonder-Fredrick LA, Richards LE, et al:
Multifactorial origin of hypoglycemic symptom unawareness in
IDDM. Association with defective glucose counterregulation and
better glycemic control. Diabetes 40:680-685, 1991

25. Dagogo-Jack S, Craft S, Cryer P: Hypoglycemia-associated
autonomic failure in insulin dependent diabetes. J Clin Invest
91:819-828, 1993

26. Guansing AR, Leung Y, Ajlouni K, et al: The effect of
hypoglycemia on TSH release in man. J Clin Endocrinol Metab
40:755-758, 1975

27. Bing-You RG, Spratt DI: Serum estradiol but not gonadotro-
pin levels decrease acutely after insulin-induced hypoglycemia in
cycling women. J Clin Endocrinol Metab 75:1054-1059, 1992

28. Frier BM, Fisher BM, Gray CE, et al: Counterregulatory
hormonal responses to hypoglycemia in type 1 (insulin dependent)
diabetes: Evidence for diminished hypothalamic-pituitary hor-
monal secretion. Diabetologia 31:421-429, 1988

29. Iranmanesh A, Lizarralde G, Veldhuis JD: Coordinate
activation of corticotrophic axis by insulin-induced hypoglycemia:
Simultaneous estimates of beta-endorphin, adrenocorticotropin
and cortisol secretion and disappearance in normal men. Acta
Endocrinol (Copenh) 128:521-528, 1993

30. Ewing DJ, Clarke BF: Diagnosis and management of dia-
betic autonomic neuropathy. Br Med J 285:916-918, 1982

31. McGuire EA, Helderman JH, Tobin JD, et al: Effects of



1440

arterial versus venous sampling on analysis of glucose kinetics in
man. J Appl Physiol 41:565-573, 1976

32. DeFronzo RA, Tobin JD, Andres R: Glucose clamp tech-
nique: A method for quantifying insulin secretion and resistance.
Am J Physiol 237:E214-E223, 1979

33. Soeldner IS, Slone D: Critical variables in the radio-
immunoassay of serum insulin using the double antibody tech-
nique. Diabetes 14:771-779, 1965

34. Boyle PJ, Schwartz NS, Shah SD, et al: Plasma glucose at the
onset of hypoglycemia in patients with poorly controlled diabetes
and in non-diabetics. N Engl J Med 318:1487-1492, 1988

35. Fanelli CG, Epifano L, Rambotti AM, et al: Meticulous
prevention of hypoglycemia normalizes the glycaemic thresholds
and magnitude of most neuroendocrine responses to, symptoms of,
and cognitive function during hypoglycemia in intensively treated
patients with short-term IDDM. Diabetes 42:1683-1689, 1993

36. Fanelli C, Pampanelli S, Epifano L, et al: Long-term
recovery from unawareness, deficient counterregulation and lack
of cognitive dysfunction during hypoglycemia following institution
of rational intensive insulin therapy in IDDM. Diabetologia
34:1265-1276, 1994

37. Cranston I, Lomas J, Maran A, et al: Restoration of
hypoglycemia awareness in patients with long-duration insulin-
dependent diabetes. Lancet 344:283-287, 1994

38. Davis M, Mellman M, Friedman S, et al: Recovery of
epinephrine response but not hypoglycaemic symptom threshold
after intensive therapy in type 1 diabetes. Am J Med 97:535-541,
1994

39. Lingenfelser T, Buettner U, Martin J, et al: Improvement of
impaired counterregulatory hormone response and symptom per-
ception by short-term avoidance of hypoglycemia in IDDM. Diabe-
tes Care 18:321-325, 1995

40. Dagogo-Jack S, Raftarasarn C, Cryer PE: Reversal of
hypoglycaemic unawareness, but not defective glucose counterregu-
lation, in IDDM. Diabetes 43:1426-1434, 1994

41. Copinschi G, L’Hermite M, Leclerque R, et al: Effects of
glucocorticoids on pituitary hormonal responses to hypoglycemia.
Inhibition of prolactin release. J Clin Endocrinol Metab 40:
442-449, 1975

42. Woolf PD, Lee LA, Leebaw W, et al: Intracellular glycope-
nia causes prolactin release in man. J Clin Endocrinol Metab
45:377-383, 1977

43. Fisher BM, Hepburn DA, Frier BM, et al: Pancreatic and
pituitary hormonal responses to insulin induced hypoglycemia
during muscarinic cholinergic blockade in man. Eur J Clin Invest
22:614-618, 1992

44, Tranmanesh A, Veldhuis JD, Carlsen EC: Attenuated pulsa-
tile release of prolactin in men with insulin-dependent diabetes
mellitus. J Clin Endocrinol Metab 71:73-78, 1990

45. Djursing H, Carstensen L, Hagen C: Possible altered dopa-
minergic modulation of pituitary function in normal-menstruating
women with insulin dependent diabetes mellitus (IDDM). Acta
Endocrinol (Copenh) 107:450-455, 1984

46. Moriarty KT, Simpson EJ, Brown NS, et al: Effect of acute

KINSLEY, LEVY, AND SIMONSON

mild hypoglycemia on counterregulatory responses to moderate
hypoglycemia induced immediately afterwards in healthy men. Clin
Sci 85:537-542, 1993

47. Nakao K, Nakai Y, Jingami H, et al: Substantial rise of
plasma beta-endorphin levels after insulin induced hypoglycemia
in human subjects. J Clin Endocrinol Metab 49:838-841, 1979

48. Evans PJ, Dieguez C, Rees LH, et al: The effect of
cholinergic blockade on the ACTH, beta-endorphin and cortisol
responses to insulin induced hypoglycemia. Clin Endocrinol (Oxf)
24:687-691, 1986

49. Iranmanesh A, Lizarralde G, Veldhuis JD: Coordinate
activation of the corticotropic axis by insulin-induced hypoglyce-
mia: Simultaneous estimates of beta-endorphin, adrenocorticotro-
pin and cortisol secretion and disappearance in normal men. Acta
Endocrinol (Copenh) 128:521-528, 1993

50. Radosevich PM, Lacy DB, Brown LL, et al: Effect of insulin
induced hypoglycemia on plasma and cerebrospinal fluid levels of
ir-beta-endorphin, ACTH, cortisol, norepinephrine, insulin and
glucose in the conscious dog. Brain Res 458:325-338, 1988

51. Serri O, Rasio E, Somma M: Effects of naloxone on insulin
induced release of pituitary hormones. J Clin Endocrinol Metab
53:206-208, 1981

52. Bright GM, Kaiser DL, Rogol AD, et al: Naloxone attenu-
ates recovery from insulin induced hypoglycemia in normal man. J
Clin Endocrinol Metab 57:213-216, 1983

53. Van Loon G, Alel N: 8-Endorphin-induced hyperglycemia
is mediated by increased central sympathetic outflow to adrenal
medulla. Brain Res 204:236-241, 1981

54. Ipp E, Garberoglio C, Richter H, et al: Naloxone decreases
centrally induced hyperglycemia in dogs. Diabetes 33:619-621,
1984

55. Suda T, Sato Y, Sumitomo T, et al: Beta-endorphin inhibits
hypoglycemia induced gene expression of corticotropin-releasing
factor in the rat hypothalamus. Endocrinology 130:1325-1330, 1992

56. Nash JA, Radosevich PM, Lacy DB, et al: Effects of
naloxone on glucose homeostasis during insulin induced hypoglyce-
mia. Am J Physiol 257:E367-E373, 1989

57. El-Tayeb KMA, Brubaker PL, Lickley HLA: Effect of opiate
receptor blockade on normoglycemic and hypoglycemic glucoregu-
lation. Am J Physiol 250:E326-E342, 1986

58. Wanke T, Lahrmann H, Auinger M, et al: Endogenous
opioid system during inspiratory loading in patients with type 1
diabetes. Am Rev Respir Dis 148:1335-1340, 1993

59. Caprio S, Gerety G, Tamborlane WV, et al: Opiate blockade
enhances hypoglycaemic counterregulation in normal and insulin
dependent diabetic subjects. Am J Physiol 260:E852-E858, 1991

60. Pardridge WM, Boado RJ, Farrell CR: Brain-type glucose
transporter (GLUT 1) is selectively localized to the blood-brain
barrier. Studies with quantitative Western blotting and in situ
hybridization. J Biol Chem 265:18035-18040, 1990

61. Kumagai AK, Kang YS, Boado RJ, et al: Upregulation of
blood-brain barrier GLUT1 glucose transporter protein and mRNA
in experimental chronic hypoglycemia. Diabetes 44:1399-1404,
1995



