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Summary To assess the relative roles of insulin and
hypoglycaemia on induction of neuroendocrine re-
sponses, symptoms and deterioration of cognitive
function (12 cognitive tests) during progressive de-
creases in plasma glucose, and to quantitate glycaemic
thresholds, 22 normal, non-diabetic subjects (11 males,
11 females) were studied on four occasions: prolonged
fast (n = 8, saline euglycaemia study, SA-EU), stepped
hypoglycaemia (plasma glucose plateaus of 4.3, 3.7, 3
and 2.3 mmol/l) or euglycaemia during insulin infusion
at 1 and 2 mU -kg™' -min™ (n =22, high-insulin hypo-
glycaemia and euglycaemia studies, HI-INS-HYPO
and HI-INS-EU, respectively), and stepped hypo-
glycaemia during infusion of insulin at 0.35 mU-
kgt-min? (n =9, low-insulin hypoglycaemia study,
LO-INS-HYPO). Insulin per se (SA-EU vs HI-INS-
EU), suppressed plasma glucagon (~20%) and pan-
creatic polypeptide (~30 % ), whereas it increased plas-
ma noradrenaline (~10%, p <0.05). Hypoglycaemia
per se (HI-INS-HYPO vs HI-INS-EU) induced re-
sponses of counterregulatory hormones (CR-
HORM), symptoms and deteriorated cognitive func-
tion. With the exception of suppression of endogenous
insulin secretion, which had the lowest glycaemic
threshold of 4.44 £ 0.06 mmol/l, pancreatic polypep-
tide, glucagon, growth hormone, adrenaline and corti-
sol had similar glycaemic thresholds (~3.8-3.6 mmol/l);

noradrenaline (3.1+ 0.0 mmol/l), autonomic (3.05+
0.06 mmol/l) and neuroglycopenic (3.05+0.05
mmol/l) symptoms had higher thresholds. All 12
tests of cognitive function deteriorated at a glycaemic
threshold of 2.45 £ 0.06 mmol/l, but 7 out of 12 tests
were already abnormal at a glycaemic threshold of
2.89 £ 0.06 mmol/l. Although all CR-HORM had a
similar glycaemic threshold, the lag time of response
(the time required for a given parameter to increase)
of glucagon (15+1min) and growth hormone
(14 £3 min) was shorter than adrenaline (19 + 3 min)
and cortisol (39 + 4 min) (p < 0.05). With the exception
of glucagon (which was suppressed) and noradre-
naline (which was stimulated), insulin per se (HI-INS-
HYPO vs LO-INS-HYPO) did not affect the respon-
ses of CR-HORM, and did not influence the symp-
toms or the cognitve function during hypoglycaemia.
Despite lower responses of glucagon, adrenaline and
growth hormone (but not thresholds) in females than
males, females were less insulin sensitive than males
during stepped hypoglycaemia. [Diabetologia (1994)
37:797-807]
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Itis well established that normal humans respond to an
acute decrease in plasma glucose concentration, first,
by suppressing endogenous insulin secretion, and, sec-
ond, by increasing counterregulatory hormones. These
responses occur following a plasma glucose decrement
of only ~1 mmol/l below the values of the post-absorp-
tive state. The third response is the appearance of hy-
poglycaemic symptoms, which only occur if the plasma
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glucose concentration decreases further (~1.8 mmol/l).
Finally, with larger decreases in plasma glucose concen-
trations, brain function becomes impaired [1-4].

The hypoglycaemic clamp technique has been used
to quantitate the glycaemic thresholds for release of
counterregulatory hormones, appearance of symptoms
and onset of cognitive dysfunction [1-6]. There is quite
a good agreement among studies, regarding glycaemic
thresholds for release of the counterregulatory hor-
mones glucagon, adrenaline and growth hormone [1-
6]. However, several aspects of physiological responses
to hypoglycaemia are either controversial or have not
been investigated.

For example, different glycaemic thresholds for
responses of plasma noradrenaline and cortisol have
been reported in different studies [1-3, 6]. In addition,
it is controversial as to whether the glycaemic thresh-
old for appearance of autonomic symptoms is lower
than that of neuroglycopenic symptoms (i.e. a smaller
decrease in plasma glucose concentration is sufficient
to elicit the autonomic as compared to neurogly-
copenic symptoms) [2, 3, 6]. Furthermore, the gly-
caemic thresholds of suppression of endogenous in-
sulin secretion and increase in pancreatic polypeptide
in response to insulin-induced hypoglycaemia have
not been studied. In addition, insulin appears to be in-
volved in the responses of some counterregulatory
hormones [7-10] and appearance of symptoms [11].
However, the contribution of insulin, independent of
hypoglycaemia, on glycaemic thresholds and magni-
tude of responses of counterregulatory hormones,
symptoms and deterioration of cognitive function, is
unclear. Finally, it has been proposed that gender in-
fluences the physiological responses to hypoglycaemia
[12-15].

The present series of studies were undertaken to
assess, first, the relative roles of insulin, hypogly-
caemia and gender on induction of neuroendocrine re-
sponses, symptoms and deterioration of cognitive
function during progressive decrease in blood glucose,
and second, to quantitate the glycaemic thresholds of
these responses.

Subjects and methods

Subjects. Institutional Review Board approval was obtained
for these studies. Informed consent was given by 22 (11 males,
11 females) healthy, non-obese (body mass index, BMI,
22.3 £ 0.6 kg/m?) volunteers aged 31 £+ 3 years. Male and female
subject groups did not differ regarding age and BMI. The sub-
jects were studied on three different occasions, separated by at
least 10-14 days. All 22 subjects participated in the first two
studies in which insulin was infused at a high rate (high-insulin
euglycaemia and high-insulin hypoglycaemia studies, respec-
tively). Eight subjects (four male, four female) participated in a
third study which consisted of a prolonged fast (saline eugly-
caemia). Nine subjects (five males, four females) participated in
a third study in which hypoglycaemia was induced by a low dose
of insulin (low-insulin hypoglycaemia).

C. Fanelli et al.: Physiological responses to hypoglycaemia

Study design. Subjects were admitted to the Clinical Research
Center of the Dipartimento di Medicina Interna e Scienze Endo-
crine e Metaboliche, University of Perugia, the morning of the
studies between 07.00 and 07.30 hours after a 12-h overnight fast.
They were put to bed and maintained in the supine position
throughout the experiments. An 18-gauge catheter needle was
inserted into a superficial vein of a forearm for infusion of 0.9 %
Nadl, insulin and glucose. A 19-gauge butterfly needle was in-
serted retrogradely into a dorsal vein of the contralateral hand,
with the hand maintained in a plexiglass thermoregulated box
(65°C) for sampling of arterialized-venous blood [16]. Both
forearm and hand venous lines were kept patent by infusion of
0.9% NaCl, 0.5 ml/min, by means of two separate peristaltic
pumps (VM 8000M, Vial Medical, St-Martin-Le-Vinoux,
Grenoble, France). In all studies, the time “zero” was
09.00 hours. In all studies the subjects remained on a fast, and
were studied according to the following four designs.

Saline euglycaemia. Subjects (n = 8) were monitored for 360 min
while receiving only i.v. 0.9% NaCl. These studies were per-
formed first in order to define the plasma glucose concentration
to be reproduced in the subsequent studies.

High-insulin euglycaemia and high-insulin hypoglycaemia. Sub-
jects (n =22) received a continuous intravenous infusion of
regular insulin (Actrapid HM 40 U/ml, Novo Nordisk, Den-
mark, diluted to 1 U/ml in 2 ml of the subject’s whole blood and
0.9% NaCl to a final volume of 100 ml), by means of a syringe
pump (Harvard, South Ealing, Mass., USA) at a rate of 1
mU kg™ -min™! for 270 min, followed by 2 mU-kg™ -min! for
an additional 90 min to reach the lowest hypoglycaemic plateau
(see below). Subjects were studied on two occasions. On the first
occasion, plasma glucose concentration was maintained at the
euglycaemic levels observed in the previous saline euglycaemia
studies by means of the glucose clamp technique [17], as pre-
viously reported [18] (high-insulin euglycaemia). On the other
occasion, plasma glucose was clamped by variable glucose infu-
sion at sequential target concentrations of 4.3, 3.7, 3, 2.3 mmol/l,
as previously described [1-3]. Plasma glucose concentration was
allowed to decrease by about, 0.6~0.7 mmol/l over 30-45 min,
and a plateau was maintained for 45 min before the next de-
crease. The sequence of high-insulin euglycaemia and high-in-
sulin hypoglycaemia studies was varied at random.

Low-insulin hypoglycaemia. Insulin was infused at a rate of 0.35
mU-kg-min? in nine subjects, and plasma glucose was
clamped by variable glucose infusion at sequential target con-
centrations of 4.3, 3.7, and 3 mmol/l. Because of the relatively
low rate of insulin infusion in these studies it was not possible to
decrease the plasma glucose concentration below 3 mmol/l,
Arterialized-venous blood samples were drawn every 30 min
(every 15 min in the high-insulin euglycaemia and high-insulin
hypoglycaemia studies) from -30 to 360 min for determination
of glucoregulatory hormones and pancreatic polypeptide. A
semiquantitative symptom questionnaire was compiled every
15 min. Subjects scored from 0 (none) to 5 (severe) for each of
the following symptoms: dizziness, tingling, blurred vision, diffi-
culty in thinking, faintness, anxiety, palpitations, hunger, sweat-
ing, irritability, and tremor. In accordance with previous classifi-
cations [1-3, 19], the first five symptoms were considered neu-
roglycopenic and the last six, autonomic. The sum of each of
these constituted the symptom score. In addition, at baseline and
during the last part of each plateau (60-90 min of each glycaemic
step), the following standard cognitive tests were compiled:
Trail-making part B, verbal fluency, interference subtest from
the Stroop test, simple and choice visual reaction time, word and
colour subtest from the Stroop test, digit vigilance test, trail-
making part A, verbal memory test and forward and backward
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digit span, as previously described [3]. The evening before the
study, subjects extensively practiced each test. For the actual
study, six alternate forms were prepared. Subjects were not in-
formed of their plasma glucose and insulin level during experi-
ments.

Analytical methods. Plasma glucose was measured using a Beck-
man Glucose Analyzer (Beckman Instruments, Palo Alto,
Calif., USA). Plasma insulin, C-peptide, growth hormone, corti-
sol, adrenaline and noradrenaline [20] and pancreatic polypep-
tide [21] were measured by previously described assays. Plasma
glucagon was measured by radioimmunoassay using a commet-
cially available kit (ICN, Biomedical, Inc., Costa Mesa, Calif.,
USA).

Statistical analysis

Glycaemic thresholds for a given parameter were defined as the
plasma glucose concentration at which the parameter first ex-
ceeded the 95% confidence limit observed for changes in that
parameter at the corresponding time point in euglycaemic con-
trol experiments. Lag time of response for a given parameter was
calculated as time taken for each parameter to increase (as com-
pared to euglycaemic experiments) once the glycaemic thresh-
old of response had been reached. Data are given as means
+ SEM. Because of differences in units of measurements, re-
sults of cognitive tests were transformed to zscores (for each, the
individual value minus the mean value, divided by the standard
deviation of the group mean) [22] to permit their summation to
obtain one unitless value for evaluation [3], and expressed as
percent change from baseline. A commercially available soft-
ware package (CSS, Stasoft, Tulsa, O.K., USA) was used for
statistical analysis. The differences among the groups were anal-
ysed by using either analysis of variance followed by the Least
Significant Different test or the Chi-square test [22].

Results

Effect of insulin on neuroendocrine responses,
symptoms and cognitive function in euglycaemia
(saline euglycaemia vs high-insulin euglycaemia
studies, Tables 1 and 2).

When subjects were monitored during a 360-min fast
(saline euglycaemia), plasma glucose, insulin and C-
peptide concentrations decreased progressively. Plas-
ma glucagon, adrenaline, noradrenaline, pancreatic
polypeptide and growth hormone concentrations did
not change, whereas plasma cortisol decreased (Ta-
bles 1 and 2). There was a slight, but non-significant in-
crease in the symptom score (Table 2).

When subjects were infused with insulin and glucose
to maintain euglycaemia (high-insulin euglycaemia
studies), plasma insulin concentration increased to
plateau values of ~445pmol/l (0270 min), and to
~925 pmol/l (300-360 min), plasma C-peptide was sup-
pressed by ~25% and plasma glucagon concentration
decreased by ~13% between 30-270 min, and by
~23% between 300-360 min. Plasma adrenaline did
not change; plasma noradrenaline increased by ~7 %
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and glucose infusion
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between 90-270 min, and by ~14% between 300-
360 min (p < 0.05) (Table 1). Plasma polypeptide con-
centration was suppressed by ~30% between 90-
360 min, growth hormone increased slightly, but not
significantly after 270 min, cortisol decreased
throughout. Autonomic, neuroglycopenic and total
symptoms increased slightly, but not significantly.

Effects of hypoglycaemia on neuroendocrine responses,
symptoms and cognitive function (high-insulin
hypoglycaemia vs high-insulin euglycaemia studies)

Plasma insulin and C-peptide concentrations, and glu-
cose infusion rates (Fig. 1). Following insulin infusion,
plasma insulin concentrations increased to similar pla-
teau values in both the high-insulin euglycaemia and
high-insulin hypoglycaemia studies. Plasma C-peptide
decreased more in the hypoglycaemia than the eugly-
caemia study (p < 0.05). The amount of glucose infused
in the euglycaemia study was greater than that
throughout the hypoglycaemia study after 90 min.

Plasmaglucose, glucagon, adrenaline andnoradrenaline
concentrations (Fig. 2). In the high-insulin euglycaemia
studies, plasma glucose concentration was maintained
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Fig.4. Symptom scores (total, autonomic, and neuroglycopenic)
in response to either euglycaemia or stepped hypoglycacmia

(upper panel, plasma glucose), during combined insulin and glu-
cose infusion

240 300 360

superimposable to the values of the saline euglycaemia
study. Inthe high-insulin hypoglycaemiastudies, plasma
glucose concentration was decreased to plateaus of
4310.02,3.6+0.02,3+0.02,and 2.4 + 0.02 mmol/l, be-
tween 45-90, 135-180, 225-270, and 315-360 min, re-
spectively. In the high-insulin hypoglycaemia studies,
afterinitial suppression, plasmaglucagonincreasedpro-
gressively after 120 min to a peak of 185 + 14 pg/ml at
360 min; plasma adrenaline concentration increased
after 150 min to a peak of 5.1 £ 0.3 nmol/l at 360 min;
noradrenaline increased only after 300 min.

Plasma pancreatic polypeptide, growth hormone and
cortisol concentrations (Fig. 3). In the high-insulin hy-
poglycaemia studies, pancreatic polypeptide, after ini-
tial suppression, increased at 150 min and reached a
peak of 206 + 24 pmol/l at 360 min; growth hormone in-
creased after 150 min to a peak of 32.9+4.9 ug/ at
360 min; cortisol increased after 150 min to a peak of
786 £ 56 nmol/l at 360 min.

Total, autonomic, and neuroglycopenic symptoms
(Fig. 4). The neuroglycopenic symptom score in-
creased after 180 min to a peak of 9.2 £ 0.9 at 360 min,
and the autonomic symptom score increased after
210 min to a peak of 8.3 £ 1.1 at 360 min.
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Fig.5. Cognitive function in response to either euglycaemia or
stepped hypoglycaemia (upper panel, plasma glucose) during
combined insulin and glucose infusion. Deterioration in cogni-
tive function is represented as decrease in the percentage of sum
of z scores of psychomotor tests (see “method” section) from
baseline

Cognitive tests (Fig. 5). In the high-insulin euglycaemia
studies, the sum of z scores did not change over time. In
contrast, in the high-insulin hypoglycaemia studies, the
percentage change from baseline of the sum of z scores
increased by 6.0+5.2% (p <0.05) for 7 out of the 12
psychomotor tests (Trail making part B, verbal fluency,
simple and choice visual reaction time, word and colour
subtest from the Stroop test, trail making part A), be-
tween 240 and 270 min. All 12 psychomotor tests dete-
riorated between 330 and 360 min, as indicated by the
increase in the percentage of the sum of the z scores of
20.6 £5.0% (p <0.05).

Glycaemic thresholds and activation times for neuro-
endocrine responses, symptoms and deterioration of
cognitive function (Table 3). Among the glucoregula-
tory hormones, pancreatic endogenous insulin secre-
tion (as reflected by plasma C-peptide) exhibited the
lowest glycaemic threshold and the shortest time of ac-
tivation. The counterregulatory hormones, glucagon,
adrenaline, cortisol and growth hormone all had simi-
lar glycaemic thresholds, but the lag time of responses
of cortisol and adrenaline were greater than those of
growth hormone and glucagon (p <0.05). The thre-
shold of pancreatic polypeptide was no different from
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Fig.6. Plasma glucose, insulin and C-peptide concentrations,
and rates of glucose infusion required to produce stepped hypo-
glycaemia during infusion of insulin at low and high rates in nor-
mal, non-diabetic volunteers

that of the counterregulatory hormones. The glycaemic
thresholds of neuroglycopenic and autonomic symp-
toms were similar (p = NS). Plasma noradrenaline had
the same glycaemic threshold as autonomic symptoms,
but greater lag activation time. Deterioration of cogni-
tive function was already evident at a glycaemic thresh-
old of 2.89 £ 0.06 mmol/l for 7 out of 12 psychomotor
tests, whereas all 12 tests deteriorated at a glycaemic
threshold of 2.45 £ 0.06 mmol/l.

Effect of gender (Table 4). Plateau plasma glucose, in-
sulin and C-peptide concentrations in males and fe-
males were superimposable. Baseline and hypogly-
caemia-stimulated plasma adrenaline concentrations
were lower in females than males. Also plasma gluca-
gon and growth hormone responses to hypoglycaemia
were lower in females than in males (Table 4), whereas
glycaemic thresholds were no different. In contrast,
the responses of noradrenaline, pancreatic polypep-
tide and cortisol in females and males were no differ-
ent (p = NS, data not shown). Despite lower counter-
regulatory hormone responses, the amount of glucose
needed to maintain a hypoglycaemic plateau was
lower in females than males (Table 4). In addition,
despite lower adrenaline responses, the score of au-
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Table 3. Glycaemic thresholds and corresponding plasma glucose decrease from baseline, and lag time of response of counterregula-
tion, initiation of symptoms and onset of deterioration of brain function

Glycaemic Plasma glucose decrease Lag time of
threshold from baseline of 4.72 £ 0.06 response
(mmol/l) (min)
C-Peptide 4.44 +0.06* 0.28 £0.02¢ 0£0
Pancreatic polypeptide 3.83+£0.06 0.89£0.03 15+2
Glucagon 3.7240.06 1.00 £0.02 15£1
Growth hormone 3.66 +:0.06 1.06 £0.04 14+3
Adrenaline 3.66 £ 0.06 1.06 £0.03 19+ 3°
Cortisol 3.61 +0.06 1.11+0.04 39+4°
Neuroglycopenic symptoms 3.16 £ 0.06° 1.56 £ 0.03¢ 11£1
Overall symptoms 3.11+0.06° 1.61 £0.05° 11+2
Autonomic symptoms 3.05 £ 0.06° 1.67 £0.04° 12+1
Norepinephrine 3.05 £ 0.06° 1.67 +0.04° 40£3°
Cognitive deterioration
7 out of 12 tests 2.89£0.06 1.83 £0.04 NC
all 12 tests 2.45+0.06 2.27+0.03 NC

2 p <0.05 vs all parameters; ®p <0.05 vs growth hormone and
glucagon; °p <0.05 vs all hormones. NC, Not calculated

Glycaemic threshold was calculated as plasma glucose concen-
tration at which each parameter of the subject exceeded 95%
confidence limit observed in euglycaemic experiments. Lag time

of response was calculated as the time it took to each parameter
to change (as compared to euglycaemic experiments) since the
glycaemic threshold of response had been reached. Values are
mean + SEM

Table 4. Neuroendocrine responses to stepped hypoglycaemia, and rates of glucose infusion (GIR) needed to maintain hypogly-
caemic plateaus in the male (M, n = 11) and female (F, n = 11) volunteers of the study

Plateau plasma glucose 5 43 3.7 3 23
(mmol/1)

GIR M 0 28.7%£2.8 35.6+2.9 29.6+3.2 20633
(umol -kg~!-min) F 0 247 +3.0° 29.4£2.9¢ 23.8+2.7° 16.6+3.4
Glucagon M 170 +21 141420 156 +28 166 +32 219+41
(pg/ml) F 172 +£25 137+18 142 +19 164 £25 174 +£23
Adrenaline M 0.35+£0.04 0.35+0.04 0.65£0.1 23103 4.81+0.6
(nmol/l) F 0.24 +£0.07 0.23 £0.04° 0.4 £0.09 1.79+£0.3# 4.4 £0.45°
Growth hormone M 22+11 15+11 1.93+0.86 25.8+4.9 43.0+£7.95
(uglny F 29+1.93 1.72+11 2.79+0.7 14.0+2.36° 22.8+4.94¢

# p <0.05 females vs males

tonomic (and neuroglycopenic) symptoms in males
and females was superimposable, both in terms of
threshold as well as magnitude (p = NS, data not
shown).

Effect of insulin on neuroendocrine responses,
symptoms and cognitive function in hypoglycaemia
(high- vs low-insulin hypoglycaemia, Figures 6-8,
Table 5)

Plasma insulin and C-peptide concentrations, and glu-
cose infusion rates (Fig. 6). In the low-insulin hypogly-
caemia studies, plasma insulin concentration in-
creased to plateau values of only ~140 pmol/l as com-
pared to ~450pmol/l of the high-insulin hypo-
glycaemia studies. Plasma C-peptide concentra-
tion was ~20% less suppressed in the low-insulin

hypoglycaemia studies as compared to the high-
insulin hypoglycaemia studies (0.30+0.06 pmol/l vs
0.23 £0.04 pmol/l, p <0.05). The rate of glucose infu-
sion in the low-insulin hypoglycaemia studies was
lower than that of the high-insulin hypoglycaemia
studies.

Plasma glucose, glucagon, adrenaline and noradre-
naline (Fig. 7). Plateau plasma glucose decrements in
the low- and high-insulin hypoglycaemia studies were
superimposable. Plasma glucagon concentration ini-
tially was less suppressed between 60 and 90 min
(146 +12 pg/ml) in the low-insulin hypoglycaemia
studies than in the high-insulin hypoglycacmia studies
(124 £ 14 pg/ml, p <0.05). Then, plasma glucagon in-
creased more in the low-insulin hypoglycaemia studies
than in the high-insulin hypoglycaemia studies be-
tween 120270 min (176 +13 pg/ml vs 141 £ 15 pg/ml,
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Table 5. Score of autonomic, neuroglycopenic and total symptoms, and changes in cognitive function in nine subjects during identical
decreases in plasma glucose concentrations induced by high low and insulin (HI-INS or LO-INS, respectively)

(Min) 0 90 180 270

Autonomiic HI-INS 0.1+£0.02 0.3+0.03 0904 35+0.4°
symptom score LO-INS 0.1£0.01 025£02 1+£03 3.3+0.5°
Neuroglycopenic HI-INS 04+02 14+03 29+04 55%1.1°
symptom score LO-INS 0.3+0.2 1.3+£03 28+0.5 59+1.0°
Total HI-INS 0.5+0.08 1.6£0.1 47+02 92+0.7°
symptom score LO-INS 0.4£0.07 1.5+03 3.8£03 94108
Cognitive function HI-INS 100£0 99+1 96.5+3 93+£54
(% of sum of z score) LO-INS 100+0 98+2 97+3.5 94+52

2 p < 0.05 vs baseline

Cognitive function is expressed as percent of the sum of z scores of psychomotor tests (decrease indicates deterioration). Mean + SEM
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Fig.7. Plasma glucagon, adrenaline and noradrenaline concen-
trations during stepped hypoglycaemia (plasma glucose, upper
panel), induced by infusion of insulin at low and high rates in nor-
mal, non-diabetic subjects

p <0.05). Plasma adrenaline and noradrenaline con-
centrations in the low- and high-insulin hypoglycaemia
studies were superimposable.

Plasma pancreatic polypeptide, growth hormone and
cortisol (Fig. 8). In the low-insulin hypoglycaemia
studies, plasma polypeptide concentration was initially
less suppressed than in the high-insulin hypoglycaemia
studies between 30-90min (20+2.4 pmol/ll vs
14 £2.9 pmol/l, p < 0.05); then it increased to values
superimposable to those of the high-insulin hypogly-
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Fig.8. Plasma pancreatic polypeptide, growth hormone and cor-
tisol concentrations during stepped hypoglycaemia (plasma glu-
cose, upper panel), induced by infusion of insulin atlow and high
rates in normal, non-diabetic subjects

caemia studies. Growth hormone and cortisol respon-
ses in the low- and high-insulin hypoglycaemia studies
were no different.

Autonomic, neuroglycopenic and total symptom score,
and cognitive function (Table 5). There were no dif-
ferences in the responses of autonomic, neurogly-
copenic and total symptoms, either in the deterioration
of cognitive function or during decreases in plasma glu-
cose concentrations induced by high- and low-insulin,
respectively (p = NS).
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Discussion

The present studies confirm and extend previous re-
ports [reviewed in 23], which indicate that, in response
to progressive decrements in plasma glucose concen-
tration, the first event is activation of the counterregu-
latory mechanisms; that the second, should hypogly-
caemia progress, is appearance of the symptoms and, if
hypoglycaemia becomes more severe, third, cognitive
function deteriorates. In addition, the present studies
also demonstrate several original findings.

In the present studies, the most sensitive glucoregu-
latory mechanism activated in defense against decre-
ments in plasma glucose concentration was suppres-
sion of pancreatic insulin secretion which yielded a
glycaemic threshold of 4.44 +0.06 mmol/l. Thus, a
plasma glucose decrement of only ~0.28 mmol/l below
the values of the post-absorptive state was sufficient to
initiate suppression of endogenous insulin secretion.
Although the concept of suppression of endogenous
insulin secretion during hypoglycaemia is not new at
all, it is surprising that previous studies [1-6] have
ignored the glycaemic threshold for suppression of
insulin secretion in response to insulin-induced hypo-
glycaemia. The only available data are those of Cryer
[23] based on the studies of Schwartz et al. [1]. Interes-
tingly, the glycaemic threshold of suppression of plas-
ma C-peptide reported by Cryer (4.6 +0.2 mmol/l)
[23] is very similar to that found in the present studies.
Teleologically, the low glycaemic threshold of sup-
pression of pancreatic insulin secretion in response to
a decrement in plasma glucose, is important in limiting
portal hyperinsulinaemia and favouring the rebound
increase in hepatic glucose production in response to
the subsequent secretion of counterregulatory hor-
mones [24].

The present studies indicate that the parasympa-
thetic and sympathoadrenal systems are activated at
the same time during decrements in plasma glucose
concentrations. This is indicated by the similar gly-
caemic thresholds of increase in pancreatic polypep-
tide (3.83+0.06 mmol/l) — a hormone which is not
autonomic itself, but largely under vagal control
during hypoglycaemia [25] — and adrenaline (3.66 £
0.06 mmol/l). Regarding the classic counterregulatory
hormones glucagon, adrenaline, cortisol and growth
hormone [24], in the present studies all exhibited the
same glycaemic threshold of response (~3.7-
3.6 mmol/l). However, growth hormone and glucagon
increased in plasma about 5 min earlier than adren-
aline, and about 25 min earlier than cortisol. Regard-
ing the glycaemic thresholds of glucagon, growth hor-
mone and adrenaline, the results of the present studies
confirm previous reports [1, 3]. On the other hand, the
glycaemic thresholds of cortisol found in the present
study (3.61 £ 0.06 mmol/l) are lower, i.e. a smaller de-
crease in plasma glucose is sufficient to elicit a re-
sponse, as compared to previous studies {1, 3] using a
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similar methodological approach. However, such a dis-
crepancy may be more apparent than real, because the
response of cortisol is delayed due to the activation of
the adrenal cortex by ACTH, a fact which may lead to
an overestimation of the threshold if the glycaemic pla-
teau is not sufficiently prolonged [2, 26].

A point raised by the present study regarding the
increase in the counterregulatory hormones, is the lag
time of response, i.e. the time it takes for a physiologi-
cal response to increase after the plasma glucose con-
centration has reached the threshold of response. In
the present studies, glucagon and growth hormone in-
creased within approximately 15 min after reaching
the glycaemic threshold, whereas adrenaline, and to a
larger extent cortisol, increased later, approximately
19 and 40 min, respectively, in response to the same
plateau plasma glucose of approximately 3.7 mmol/l.
Thus, although both glucagon and adrenaline play a
similar key role in a very early phase of counterregula-
tion [27, 28], the fact that glucagon increases slightly
earlier than adrenaline in response to hypoglycaemia,
suggests that glucagon may be a more important
counterregulatory hormone than adrenaline. Simi-
larly, although both growth hormone [29] and cortisol
[30] play an important role in defense against pro-
longed hypoglycaemia, growth hormone is probably
more important than cortisol because it increases ear-
lier.

In the present studies, the glycaemic thresholds of
neuroglycopenic (3.16 £0.06 mmol/l) and autonomic
symptoms (3.05 +0.06 mmol/l) were similar (p = NS).
This is different as compared to a previous study [3], in
which the glycaemic threshold for autonomic symp-
toms was reported to be lower than that for neurogly-
copenic symptoms. The reasons for such a discrepancy
are not evident. However, our results are in agreement
with the majority of previous studies [1, 2], including
those of Vea et al. [6]. These authors demonstrated that
the glycaemic thresholds of autonomic and neurogly-
copenic symptoms are identical (~3.5 mmol/l) and re-
producible on different days. If the glycaemic thresh-
olds of neuroglycopenic and autonomic symptoms are
identical, as the studies of Vea et al. [6] and the present
studies indicate, it can be concluded that the appear-
ance of neuroglycopenic symptoms does not indicate a
more severe hypoglycaemia, as compared to that in-
ducing autonomic symptoms, as previously suggested
[3]. Thus, although less specific than the autonomic,
the neuroglycopenic symptoms might be used by sub-
jects with IDDM who have lost the autonomic symp-
toms, a condition referred to as hypoglycaemia un-
awareness [28], to alert them to impending hypogly-
caemia.

The glycaemic threshold of plasma noradrenaline
was greater than that of the counterregulatory hor-
mones (3.05 £ 0.06 vs 3.65 + 0.06 mmol/l, p < 0.05), but
interestingly identical to the glycaemic threshold of
the autonomic symptoms, which are induced by sym-
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pathetic activation [31]. This should not be surprising,
because noradrenaline is a neurotransmitter, not a
hormone [32]. However, the lag time of response of
plasma noradrenaline is greater than the autonomic
symptoms (40+3 vs 12+ 1 min, p <0.05), a finding
which may be explained by the fact that plasma nor-
adrenaline is only a remote indicator of the sympath-
etic activity [33].

In this study a battery of cognitive function tests
was used to assess the effects of hypoglycaemia on
cerebral function [3]. Seven out of the 12 cognitive
tests deteriorated at a glycaemic threshold of
2.89 + 0.06 mmol/l, whereas all tests deteriorated at a
glycaemic threshold of 2.45+0.06 mmol/l. This con-
firms previous findings by Mitrakou et al. [3]. On the
other hand, fasting, and insulin per se did not affect
cognitive function.

In the present studies, physiologic hyperinsulin-
aemia in the range of 150-500 pmol/l, did not appreci-
ably influence thresholds of responses of adrenaline,
growth hormone and cortisol to hypoglycaemia, and
did not affect either symptoms or deterioration of cog-
nitive function during hypoglycaemia. It was not
possible in the present studies to examine the magni-
tude of responses because with the insulin infusion rate
of 0.35 mU-kg!-min"!, plasma glucose did not de-
crease below 3 mmol/l. However, physiological hyper-
insulinaemia suppressed plasma glucagon response to
hypoglycaemia. Previous reports have described either
a suppression [7], or an enhancement [10, 34] of adre-
naline and growth hormone responses to hypogly-
caemia by insulin. Kerr et al. [11] found in nine patients
with IDDM of long duration, but apparently no hypo-
glycaemia unawareness, that supraphysiological
hyperinsulinaemia (~1300 pmol/1) blunts the auto-
nomic symptoms, and the counterregulatory responses
of cortisol and growth hormone, whereas those of adre-
naline and cognitive function were not impaired at all.
It should be noted that in the study [10] in which sup-
pressive effects of insulin on adrenaline and growth
hormone was found, plasma insulin concentration was
increased to supraphysiological levels (~2600 pmol/l).
More recently, similar findings have been reported also
when plasma insulin was increased at physiological
levels [34]. In contrast, the present studies indicate that
plasma glucose, not insulin concentration regulates the
responses of adrenaline and growth hormone. On the
other hand, the present studies point out that physio-
logical hyperinsulinaemia suppresses glucagon in eu-
glycaemic and hypoglycaemic conditions. Although
this contrasts with a previous report of ours [35], it is in
accordance with several recent reports [7-9]. The fact
that insulin does not affect responses of adrenaline and
growth hormone, but suppresses those of glucagon,
suggests that it is unlikely that insulin impairs central
recognition of hypoglycaemia [7], and indicates that in-
sulin directly suppresses the secretion of glucagon by
the pancreatic alpha cells.
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In the present studies, physiological hyperinsuli-
naemiasuppressed plasma pancreatic polypeptide con-
centration proportionally to hyperinsulinaemia. Al-
though previous studies have suggested the possibility
that pancreatic polypeptide is suppressed by endoge-
nous insulin secretion in vivo [36], or modulated by
hyperinsulinaemia in vitro [37], to the best of our
knowledge, this is the first report clearly describing
such an effect in vivo.

The present studies confirm that physiological
hyperinsulinaemia activates the sympathetic nervous
system, as indicated by the increase in plasma noradre-
naline in the hyperinsulinaemic-euglycaemic clamp
studies. This issue has recently been discussed in detail
[38]. The fact that plasma noradrenaline concentration
increased directly in response to hyperinsulinaemia
under euglycaemic conditions, is relevant to the calcu-
lation of the glycaemic threshold of plasma noradre-
naline in hypoglycaemia. In fact, the threshold could be
underestimated if the hyperinsulinaemic-euglycaemic
experiments were not taken into account. A qualita-
tively similar comment can be extended to calculations
of thresholds of plasma glucagon and pancreatic poly-
peptide.

Finally, the present studies point out the differences
in counterregulatory responses to insulin-induced hy-
poglycaemia in male as compared to female subjects
[12-15]. The responses of glucagon, adrenaline and
growth hormone, but not thresholds, were lower in fe-
males than males. On the other hand, neither thresh-
olds nor maximal responses of symptoms were dif-
ferent in females as compared to males. Similarly, the
responses of noradrenaline, pancreatic polypeptide
and cortisol were no different, neither were the symp-
tom scores different. These data are partly at variance
with those of Widom et al. [13] who found higher
thresholds for all counterregulatory hormones and
symptoms in female as compared to male subjects, and
those of Amiel et al. [12] who found lower adrenaline,
but not glucagon responses in females as compared to
males, but are largely in agreement with those of
Davis et al. [15]. In the present studies, despite the fact
that males and females did not differ regarding age
and BMI, and despite lower counterregulatory hor-
mone responses in females, less glucose was required
in females than in males to clamp plasma glucose con-
centration at the same insulin-induced hypoglycaemic
plateaus. This suggests that females are less insulin
sensitive as compared to males, at least under hypogly-
caemic conditions, as previously reported by Amiel
et al. [12].
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