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Abstract

To establish the glycemic threshold for onset of neuroglyco-
penia (impaired cognitive function, measured by the latency of
the P300 wave), activation of hormonal counterregulation and
hypoglycemic symptoms, 12 normal subjects were studied ei-
ther under conditions of insulin-induced, glucose-controlled
plasma glucose decrements, or during maintenance of euglyce-
mia. A decrement in plasma glucose concentration from 88±3
to 80±1 mg/dl for 150 min did not result in changes in the
latency of the P300 wave nor in an activation of counterregula-
tory hormonal response. In contrast, a greater decrement in
plasma glucose concentration from 87±3 to 72±1 mg/dl for
120 min caused an increase in the latency of the P300 wave
(from 301±12 to 348±20 ms, P < 0.01), a subsequent increase
in all counterregulatory hormones but no hypoglycemic symp-
toms. Finally, when plasma glucose concentration was de-
creased in a stepwise manner from 88±2 to 50±1 mg/dl within
75 min, the increase in the latency of the P300 wave was
correlated with the corresponding plasma glucose concentra-
tion (r = -0.76, P < 0.001). The glycentic threshold for hypo-
glycemic symptoms was 49±2 mg/dl.

Thus, in normal man the glycemic threshold for neurogly-
copenia (72±1 mg/dl) is greater than currently thought; the
hormonal counterregulation follows the onset of neuroglyco-
penia; the hypoglycemic symptoms are a late indicator of ad-
vanced neuroglycopenia.

Introduction

Although theoretically the brain can oxidize substrates other
than glucose, under normal conditions alternative substrates
are either excluded by the blood-brain barrier or circulate at
concentrations too low to be taken up in substantial quantities
(1). Thus, glucose is the obligate fuel for the brain, and more
than 90 percent ofthe energy needed for brain function derives
from oxidation of glucose (2). Since the brain virtually cannot
store or synthetize glucose, a constant supply of glucose from
the circulation to the central nervous system is essential for
normal brain function and whole body survival (1). Indeed,

Presented in part at the 47th Annual Meeting of the American Dia-
betes Association, 7-9 June 1987 in Indianapolis, IN.

Address reprint requests to Dr. Bolli, Istituto Patologia Medica,
Universita di Perugia, Via E. dal Pozzo, 06100 Perugia, Italy.

Receivedfor publication 8 September 1987 and in revisedform 28
December 1987.

several studies in man have shown that brain function be-
comes impaired when plasma glucose concentration decreases
- 30-50 mg/dl below normal fasting values, as demonstrated
by the abnormalities of neuropsychological tests (3-5), visual
reaction time (6), and electroencephalogram (7, 8). Since the
abnormalities in brain function were not detected in these
studies until plasma glucose concentration had reached a nadir
of - 55 mg/dl, it is presently accepted that brain function
becomes impaired in man only when plasma glucose concen-
tration falls below 55 mg/dl, whereas less severe plasma glu-
cose decrements are generally considered harmless (1, 5).
However, because the potentially deleterious effects of modest
decrements in plasma glucose concentration on brain function
have never been carefully examined, it cannot be excluded that
the glycemnic threshold for the onset of neuroglycopenia and
brain dysfunction is actually greater than what is currently
appreciated.

The present series of studies were undertaken to test the
hypothesis that, first, brain function is sensitive to minor de-
creases in arterial plasma glucose concentration in man and,
second, to establish the relationship between the decrease in
plasma glucose concentration and the impairment in brain
function. For this purpose, brain function was evaluated in
normal subjects by means of auditory event-related potentials
(a sensitive and specific test for cognitive function in man)
during minor decreases in plasma glucose concentration. In
addition, the responses of plasma counterregulatory hormones
and substrates were determined, and the symptoms of hypo-
glycemia recorded.

Methods

Informed written consent was obtained from 12 normal volunteers (six
males, six females) aged 27±1 yr (mean±SEM), who were within 10%
of their ideal body weight (99±2%, Metropolitan Life Insurance Co.
Tables, 1959) and had no family history of diabetes mellitus. For at
least three days before the study all subjects consumed a weight main-
tenance diet containing at least 250 g carbohydrate. All subjects were
admitted to the metabolic unit between 8 and 8:30 a.m. after fasting
overnight (10-1 1 h); they were placed at bed rest and maintained in the
supine position throughout experiments. To obtain arterialized-
venous blood samples, a hand vein was cannulated in retrograde fash-
ion with a 19-gauge butterfly needle and maintained at 700C in a
thermoregulated plastic box (9). An antecubital vein of the contralat-
eral arm was cannulated with a 18-gauge catheter and was used for
insulin and glucose infusions.

An initial series of studies were designed to evaluate the threshold
of the arterialized-venous plasma glucose concentration at which cere-
bral function becomes impaired and hormonal counterregulation is
activated (study A). Three sets of experiments were performed in a
single blind in six subjects (three male, three female) on three different
occasions in random order, a week apart. In all studies insulin was
infused intravenously at the rate of 20 mU/Mi2. min for 180 min. On
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one occasion plasma glucose concentration was maintained at the
fasting value by means of the euglycemic clamp technique (10), as
previously described (1 1). In the two other occasions, the glucose infu-
sion rate was decreased to maintain the plasma glucose concentration
- 8 mg/dl on one occasion and 15 mg/dl on the other occasion below
the fasting values for 150 min.

An additional series of studies were designed to assess the relation-
ship between decrements in arterialized-venous plasma glucose con-
centration and cognitive function, and the glycemic threshold at which
hypoglycemic symptoms appear (study B). Two sets of experiments
were performed in the remaining six subjects on two different occa-
sions, in random order, a week apart. Insulin was infused at the rate of
40 mU/M2 * min for 75 min. On one occasion euglycemia was main-
tained by means of the glucose clamp technique, on the other occasion
plasma glucose concentration was allowed to decrease to a hypoglyce-
mic plateau and subsequently to increase and return to normal values.
The glucose infusion rate was varied to achieve the following steps of
plasma glucose concentration after starting the insulin infusion: 70
mg/dl between 20 and 25 min, 60 mg/dl between 35 and 40 min, 50
mg/dl between 45 and 75 min, 85 mg/dl between 105 and 135 min.

In all the studies insulin (Actrapid MC, U-40; Novo Research Insti-
tute, Copenhagen, Denmark) diluted to 0.3 U/ml in 0.9% NaCl con-
taining 0.5% human albumin (Immuno S.p.A., Pisa, Italy) was infused
intravenously using a pump (Harvard Apparatus Co., Inc., The Ealing
Corp., South Natick, MA). Glucose (20% solution) was infused using a
separate Harvard pump at variable rate. Arterialized-venous blood
samples were collected at 2.5-15-min intervals for immediate plasma
glucose determination at bedside (glucose analyzer, Beckman Instru-
ments, Inc., Fullerton, California) and for measurement of plasma
insulin (12), glucagon (13), epinephrine (14), norepinephrine (14),
cortisol (15). growth hormone (16), free fatty acids (FFA)' (17), and
3-beta-hydroxybutyrate (B-OH-B) (18) by previously described
methods. Cognitive function was evaluated every 10-30 min by mea-
suring the latency of the P300 wave, which is the most prominent
component of auditory event related potentials (19). Silver disk elec-
trodes were fixed to the scalp in the positions Fz, Cz, and Pz (10-20
EEG International System) with collodion and referred to linked mas-
toids. An additional electrode was placed lateral to the left eye to
monitor blinks and other electro-oculographic artifacts. For each de-
termination of the latency of P300 wave, 200 tone bursts (intensity 80
db) were given binaurally through earphones at a rate of one every
second; 78-82% ofthe tones had a frequency of 1,000 Hz, and 18-22%
had a frequency of 2,000 Hz. The sequence of the frequent (1,000 Hz)
and rare (2,000 Hz) tones was varied at random. The subjects were
instructed to mentally count the number of the rare but not the fre-
quent tones, and then asked to report the number of rare tones counted
at the end of each run. The event-related potentials averaged 750 ms
and consisted of a 150-ms period before the stimulus onset and a
600-ms period after the stimulus appearance. The peak latency of the
P300 wave was obtained from the potentials evoked by the rare tones
by using the points ofintersection of "best-fit" slope lines on either side
of the component peak (20, 21). All latency measures were derived
from the Cz wave form. In our laboratory, the coefficient of variation
(c.v.) of the determination of latency of P300 wave determined in 30
normal volunteers (17 male, 13 female; 28±0.3 yr) studied in the
fasting state between 9 and 10 a.m. on three different occasions at
2-5-d intervals was 7.2±0.6%. The investigation on the P300 wave was
performed by means of a special apparatus for cognitive evoked po-
tentials (Amplaid MK 7; Amplaid Inc., Rolling Meadows, IL).

In all the studies the subjects were unaware of the plasma glucose
concentration and were asked to score at 15-min intervals from 0
(none) to 5 (severe) the following symptoms: hunger, difficulty in
thinking, faintness, dizziness, tingling, blurred vision, sweating, palpi-
tations, anxiety, irritability and tremors. Henceforth, the first six

1. Abbreviations used in this paper: B-OH-B, 3-beta-hydroxybutyrate;
FFA, free fatty acids.

symptoms will be referred to as "neuroglycopenic" and the remaining
five as "adrenergic." The symptom score was calculated both as the
mean of the eleven symptoms and separately for the neuroglytopenic
and adrenergic symptoms.

Data in text and figures are given as mean±SEM. The statistical
significance was evaluated using the analysis of variance corrected for
repeated measures (22). The dependent variables were compared dur-
ing the hypoglycemic and euglycemic clamps to allow variability in the
measurements with time under euglycemic conditions to be factored
into the results. The threshold for onset of neuroglycopenia, activation
of counterregulation and hypoglycemic symptoms was assumed at the
plasma glucose concentration at which the parameter examined
(mean±SEM) was significantly increased as compared to the control
study (euglycemic clamp).

Results

Study A
Effects of minor decrements in plasma glucose concentration
on brain function, hormonal counterregulation and symptoms
ofhypoglycemia. In all these studies plasma insulin concentra-
tion increased to a steady state value of - 50 ,U/ml, with no
differences between the studies in which plasma glucose was
either maintained at baseline values, or allowed to decrease
(Figs. 1 and 2; Tables I and II).
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Figure 1. Cognitive function (latency of P300 wave), and plasma
counterregulatory hormones in response to insulin-induced plasma
glucose decrements from 88±3 to 80±1 mg/dI (full circles) or during
maintenance of euglycemia (glucose clamp technique, open circles)
in six normal subjects.
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In the control study in which plasma glucose decrements
were prevented by the euglycemic glucose clamp technique,
plasma glucose concentration was maintained at 90±1 mg/dl
(P = NS vs fasting plasma glucose values of 89±3 mg/dl, c.v.
2.9±0.1%). In the study in which plasma glucose concentra-
tion was allowed to decrease by 8±1 mg/dl below fasting
values (88±3 mg/dl) within 28±2 min, plasma glucose con-
centration was maintained at 80±1 mg/dl for 150 min (c.v.
2.8±0.1%) (Fig. 1). Finally, in the study in which plasma glu-
cose concentration was allowed to decrease by 15±1 mg/dl
below fasting values within 56±3 min, plasma glucose con-
centration was maintained at 72±1 mg/dl for 120 min (c.v.
3.2±0.1%) (Fig. 2).

The latency of the P300 wave and the plasma counterregu-
latory hormone concentration did not change either in the
control study (euglycemia) or when plasma glucose concen-
tration was allowed to decrease from 88±3 to 80±1 mg/dl (Fig.
1). No subjects referred symptoms of hypoglycemia.

When plasma glucose concentration was decreased from
87±3 to 72±1 mg/dl for 120 min, the latency ofthe P300 wave
increased from 301±12 ms to 348±20 ms at 60 min (P < 0.01)
and remained increased by approximately 22% throughout the
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Figure 2. Cognitive function (latency of P300 wave), and plasma
counterregulatory hormones in response to insulin-induced plasma
glucose decrements from 87±3 to 72±1 mg/dl (full circles) or during
maintainance of euglycemia (glucose clamp technique, open circles)
in six normal subjects.

study. The plasma concentration of all counterregulatory hor-
mones increased significantly in response to the plasma glu-
cose decrement 30-45 min after the increase in latency of the
P300 wave (Fig. 2). Plasma glucagon increased from 116±10
to 153±16 pg/ml at 90 min (P < 0.05) and remained increased
at 162±10 pg/ml throughout the study. Plasma epinephrine
increased from 54±9 pg/ml to 138±26 pg/ml (P < 0.05) at 90
min and remained increased at 157±18 pg/ml throughout.
Plasma growth hormone increased from 1.1±0.4 to 4.9±1.5
ng/ml (P < 0.05) at 105 min and continued to increase to a
peak value of 10.5±3 ng/ml at 180 min. Plasma cortisol was
greater than in the control study from 150 to 180 min (17±2
,ug/dl vs. 10±2 ,ug/dl, P < 0.05) (Fig. 2). The FFA and B-OH-B
concentration decreased in response to hyperinsulinemia at 45
min in all the studies (Table I). However, in the studies in
which plasma glucose concentration was either maintained at
baseline or allowed to decrease at 80±1 mg/dl, plasma FFA
and B-OH-B concentration continued to decrease throughout
and at 180 min they were suppressed by - 40 and 55 percent,
respectively. In contrast, in the study in which plasma glucose
concentration was allowed to decrease at 72±1 mg/dl, plasma
FFA and B-OH-B initially decreased to nadir values of
0.3±0.05 mM at 75 min and 0.126±0.011 mM at 90 min,
respectively, but subsequently increased despite hyperinsulin-
emia to values no longer different from baseline (FFA at 120
min, B-OH-B at 150 min) (Table I).

In the studies in which plasma glucose concentration was
maintained either at 90±1 and at 80±1 mg/dl and hormonal
counterregulation was not activated, the amount of exogenous
glucose required to maintain the target plasma glucose con-
centration increased continuously with time (peak at 180 min,
Table II), as previously reported (23, 24). On the contrary, in
the study in which plasma glucose concentration was allowed
to decrease at 72±1 mg/dl and hormonal counterregulation
was activated, the glucose infusion rates decreased between 90
and 180 min from 0.9±0.3 mg/kg min to 0.3±0.1
mg/kg. min (P < 0.05). This suggests that the counterregula-
tory hormonal response was efficient in limiting the plasma
glucose lowering effect of insulin. No subjects referred symp-
toms of hypoglycemia throughout the studies.

Study B
Effects ofgreater decrements in plasma glucose concentration
and subsequent glucose recovery on brain function, hormonal
counterregulation and symptoms of hypoglycemia. In these
studies plasma insulin concentration increased from the base-
line value of 11±1 to 86±6 ,uU/ml between 45 and 75 min
with no differences between the study in which plasma glucose
concentration was maintained at baseline values or allowed to
decrease. Following withdrawal of insulin infusion at 75 min,
plasma insulin concentration decreased rapidly and was no
longer statistically different from the baseline values at 105
min in both studies (Figs. 3 and 4; Table III).

In the study in which the decrease in plasma glucose con-
centration was prevented (control study) the steady state
plasma glucose concentration was 88±2 mg/dl (P = NS versus
baseline 88±2 mg/dl, c.v. 3.3±0.1%). There were no changes
in the latency of the P300 wave, nor in the plasma concentra-
tion of counterregulatory hormones. As expected, no subject
referred symptoms of hypoglycemia.

In the studies in which plasma glucose was allowed to de-
crease, the step-wise plasma glucose decrements observed were
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superimposable to those expected. Plasma glucose decreased
from a baseline value of 85±2 mg/dl to plateau values 68±2
mg/dl between 20 and 25 min; to 57±2 mg/dl between 35 and
40 min; to 50±1 mg/dl between 45 and 75 min. Thereafter,
plasma glucose was allowed to increase to the normal fasting
values (at 105 min 83±2 mg/dl, P = NS versus baseline) and
was maintained at euglycemic levels throughout the remaining
part of the study. The latency of P300 wave increased signifi-
cantly already at 20 min from 296±9 to 347±26 ms (P < 0.05
versus control study) and increased further when plasma glu-
cose concentration continued to decrease between 45 and 75
min (370±26 ms, P < 0.01). When plasma glucose concentra-
tion was normalized at 105 min, the latency of P300 wave was
still greater than in the control study (339±15 vs. 298± 10 ms,
P < 0.05). Only after 30 additional min of euglycemia the
latency of P300 wave was normalized (317±13 ms) as com-
pared both to baseline values (296±9 ms) and to the control
study (309±12 ms) (P = NS). There was a significant (inverse)
correlation between plasma glucose concentration and the
corresponding latency of P300 wave (r = -0.76, P < 0.001)
(Fig. 4). All counterregulatory hormones increased in response
to the plasma glucose decreases. Both plasma glucagon and
epinephrine increased at 35 min (glucagon from 89±9 to
147±15 pg/ml, epinephrine from 42±12 to 157±29 pg/ml,
both P < 0.05), both peaked at 75 min (215±18 and 389±46
pg/ml, respectively) and both remained increased until 90 min
(P < 0.05). Plasma growth hormone increased significantly at
45 min (13±3.5 vs. 0.7±0.2 ng/ml, P < 0.05), peaked at 75
min (26±5.3 pg/ml) and remained increased until 90 min
(20±3.9 ng/ml vs. 2.2±0.5 pg/ml of the control study, P
< 0.05). Plasma cortisol increased at 60 min (23±4 vs. 15±2
,gg/dl, P < 0.05), peaked at 75 min (26±4 tig/dl) and was
increased until 105 min (18±3 vs. 12±2 gg/dl of the control
study (P < 0.05).

The plasma concentration of FFA and B-OH-B was ini-
tially suppressed to a similar extent both in the control study
and in the study in which plasma glucose concentration was
allowed to decrease until 60 min (Table III). Following with-
drawal of insulin infusion, plasma FFA and B-OH-B concen-
tration increased in both studies. However, in the study in
which plasma glucose concentration was allowed to decrease,
plasma FFA and B-OH-B concentration increased at 135 min
approximately by 100 and 65%, respectively, as compared to
baseline. In contrast, in the control study FFA and B-OH-B
concentration just approached the baseline values.

In the study in which plasma glucose was allowed to de-
crease the patients referred both adrenergic and neuroglyco-
penic symptoms at 45 min when plasma glucose concentration
was 49±2 mg/dl. The score peak of both adrenergic and neu-
roglycopenic symptoms occurred at 75 min at the end of the
plateau plasma glucose concentration of 50 mg/dl. Following
normalization of plasma glucose, the hypoglycemia symptoms
were no longer different from those of the control study (neur-
oglycopenic symptoms at 90 min; adrenergic symptoms at
105 min).

.0

0

Discussion

The present study shows that acute, modest decrements in
plasma glucose concentration (- 15 mg/dl below the postab-
sorptive values) result in an early impairment in brain func-
tion, followed by activation of hormonal glucose counterregu-
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Table II Glucose Infusion Rates Required to Maintain Plasma Glucose Concentration at Three Different Steady-state Levels
during Intravenous Insulin Infusion (20 mU/rm2 min for 180 min) in Six Normal Subjects (Study A)

Steady-state plasma
glucose concentration Minutes . . . 0 30 60 90 120 150 180

mg/dI Glucose infusion rates (mg/kg. min)

90±1 0 1.5±0.2 3.8±0.4 4.5±0.4 4.7±0.4 5.1±0.5 5.6±0.4
80±1 0 0.1±0.1 2.5±0.4 3.1±0.4 3.3±0.5 3.7±0.4 4.2±0.4
72±1 0 0 0.5±0.1 0.9±0.3 0.7±0.2* 0.5±0.1* 0.3±0.1*

* P < 0.05 versus the peak value at 90 min.

lation, in the absence of symptoms of hypoglycemia. More
profound decrements in plasma glucose (- 35 mg/dl below
the postabsorptive values) further impair brain function, exag-
gerate hormonal counterregulation and finally result in symp-
toms of hypoglycemia. Thus, it appears that the glycemic
threshold for the onset of neuroglycopenia is greater than cur-
rently appreciated (3-8, 25, 26), and that, although the abso-
lute glycemic threshold for onset of neuroglycopenia and acti-
vation ofhormonal counterregulation is virtually identical, the
onset of the latter follows that of the former.

The major finding of the present study, i.e., the exquisite
sensitivity of the brain to minor decreases in ambient plasma

glucose, relies entirely on the assumption that impairment in
cognitive function as measured by means ofthe latency of the
P300 wave, closely reflects impaired brain glucose metabo-
lism, i.e., neuroglycopenia.

The P300 wave is the most prominent component of
event-related potentials (19, 20) and reflects the active cogni-
tive processing of the stimulus information by the subject (27).
The generation of the P300 wave implies both perception and
cognition of task relevant stimuli (acoustic, somatosensorial
and visual) and its latency expresses the time required for the
complete evaluation of the stimulus (28). Several studies sug-
gest that the latency of P300 wave is involved in the process of
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Figure 3. Cognitive function (latency of P300

wave), plasma CR hormones and score of hypo-
glycemic symptoms in response to insulin-in-

duced, glucose-controlled hypoglycemia and sub-

sequent recovery of plasma glucose (full circles),
or during maintenance of euglycemia (glucose
clamp technique, open circles) in six normal sub-

jects.
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storing information, i.e., memory, as indicated by the obser-
vation that the origin of the P300 wave is from the medial
temporal lobe areas (29, 30) that the latency of the P300 wave
increases with the increasing memory load (31) and that it is
closely related to the memory digit span test (32). In addition,
since aging (33), dementia (20), Huntington's disease (34) and
organic cognitive disorders in children (21) are associated with
an increased latency in P300 wave, it is concluded that the
latency of the P300 wave not only is related to some of the
most important brain cortical functions in man, but also that
such a parameter might be used as a measure of physiological
integrity of cognitive function.

In the present studies the latency of the P300 wave evoked
by acoustic stimuli was found to be highly reproducible in the
same subjects tested several times in euglycemic conditions.
Consequently, the fact that the latency of the P300 wave in-
creased in a proportional mode to the magnitude ofthe plasma
glucose decrements (Fig. 4), strongly supports the concept that
the changes in the latency ofP300 observed in this study were
specifically caused by, and not simply associated with, the cor-
respondent changes in plasma glucose concentration. Thus,
the assumption that the latency of P300 wave is a specific and
sensitive measure of cortical cognitive function, which is in
turn influenced by brain metabolism, is validated.

It should be pointed out that the glycemic threshold for
onset of neuroglycopenia found in this study (- 72 mg/dl,
arterialized-venous plasma) applies to conditions ofshort-term
fasting of normal individuals in whom acute decreases in arte-
rial plasma glucose concentration were induced. Clearly, fur-
ther studies are needed to establish the glycemic threshold for
onset of neuroglycopenia under different experimental condi-
tions, such as for example prolonged fasting state in normal
subjects, which result in a plasma glucose decrease > 15 mg/dl
below the postabsorptive values (35), or diabetes mellitus. In
addition, the threshold for onset of neuroglycopenia in the
present studies was based on measurement of arterialized
venous plasma glucose during combined insulin and glucose
infusion. Since under these experimental conditions there is a
substantial arteriovenous gradient in plasma glucose concen-
tration (9), the glycemic threshold for neuroglycopenia would

be lower if venous rather than arterialized-venous blood were
drawn for plasma glucose measurement.

Theoretically, the changes in plasma concentration of
counterregulatory hormones and substrates other than glu-
cose, which occurred during the hypoglycemic clamp studies
rather than the changes in plasma glucose concentration itself
might have been responsible for, or at least contributed to the
increased latency ofthe P300 wave. However it is unlikely that
this was the case in our study. First, the increased latency ofthe
P300 wave did actually precede and not followed the response
of counterregulatory hormones (Figs. 2 and 3). Second, al-
though theoretically the brain can oxidize ketones, and the
plasma B-OH-B concentration decreased at the same time at
which the latency of the P300 wave increased during insulin-
induced hypoglycemia, there was no increase in the latency of
the P300 wave in the experiment in which the plasma B-OH-B
was decreased to a much greater extent, but decreases in
plasma glucose concentration from baseline were prevented
(hyperinsulinemic-euglycemic clamp, Figs. 2 and 3, Tables I
and III). Finally, although lactate may be potentially oxidized
by the brain (36) and changes in its plasma concentration
might affect cerebral function, it is unlikely that this substrate
contributed to the onset of the increased latency of the P300
wave, because plasma lactate concentration does not change in
an early phase of hypoglycemia, but increases only in the re-
covery phase (37).

Previous studies which have examined brain function by
means of neuropsychological tests (3-5), visual reaction time
(6), and electroencephalography (7, 8) have not reported ab-
normalities for minor asymptomatic plasma glucose decre-
ments. It is likely that the different plasma glucose threshold
for neuroglycopenia found in those studies (- 50-55 mg/dl)
and in the present study (- 72 mg/dl) may be explained by the
different methodological approach used to investigate brain
function. In fact, the latency of the P300 wave appears as a
much more sensitive index ofbrain cortical function and onset
of neuroglycopenia as compared to the methods used in those
studies.

Under normal conditions, the activity ofthe enzyme hexo-
kinase and not the glucose carrier transport system through the
blood-brain barrier is the rate limiting step for glucose oxida-
tion by the brain (36). Previous studies in rats have shown that
only for a 50% decrease in plasma glucose concentration, the
glucose substrate availability becomes the rate limiting step for
glycolysis in the brain (2). The present study in which only a
16% decrease in postabsorptive plasma glucose concentration
impaired cortical brain function as a result of impaired oxida-
tive metabolism, indirectly suggests that the brain becomes
substrate dependent for glucose oxidation at a glycemic thresh-
old greater than currently thought (3-8, 38). Thus, prevention
of even modest decreases in plasma glucose concentration in
man is critical for maintenance of normal brain metabolism
and function.

The findings of the present studies, i.e., that a minor de-
crease in plasma glucose concentration already impairs corti-
cal function, are potentially relevant to the definition of the
safety of the glycemic threshold in diabetic patients treated
either with insulin and/or oral hypoglycemic agents. Accord-
ing to findings of the present study, a conservative criteria to
prevent neuroglycopenia in treated diabetic patients would be
prevention of fall of plasma glucose concentration below the
postabsorptive values of nondiabetic individuals. However,
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the extent to which brain metabolism in diabetics is similar to
that of normal subjects is presently unknown. Since the ante-
cedent glycemic level influences brain glucose transport, i.e.,
chronic hyperglycemia reduces (39, 40) and chronic hypogly-
cemia increases (41) glucose transport to the brain, the results
of the present study in normal nondiabetic subjects do not
necessarily establish the glycemic threshold for onset ofneuro-
glycopenia, activation of counterregulatory hormones and
symptoms of hypoglycemia in diabetic patients. Actually, it
has been shown that the glycemic threshold for activation of
counterregulation and symptoms ofhypoglycemia is increased
in diabetic subjects chronically hyperglycemic (42), whereas it
is decreased in diabetics treated with regimens of intensive
insulin therapy (42-47) which result in chronically subnormal
plasma glucose concentrations (48). Nevertheless, the present
study suggests that any therapeutic regimen which causes even
modest decreases in plasma glucose concentration below the
postabsorptive values of nondiabetic subjects might be poten-
tially dangerous for brain function of diabetic subjects.

The definition of glycemic threshold for activation of
counterregulatory hormones deserves comment. When in the
present studies the glycemic threshold for hormonal counter-
regulation was evaluated in the step-wise plasma glucose dec-
rement protocol (study B) in which a given plateau plasma
glucose concentration was maintained for several minutes,
plasma glucagon and epinephrine increased at plasma glucose
concentration of - 60 mg/dl, and growth hormone and corti-
sol at - 50 mg/dl. However, when the glycemic threshold for
activation ofhormonal counterregulation was evaluated in the
protocol of single-step decrease in plasma glucose, which was
held for at least 120 min (study A), the glycemic threshold was
found to be greater (- 72 mg/dl) and, most important, it was
identical for all counterregulatory hormones. Thus, it appears
that the duration of plasma glucose decrements and not only
the absolute plasma glucose concentration is an important
factor in inducing the responses of counterregulatory hor-
mones. It is likely that such a factor accounts for the differ-
ences in glycemic thresholds for increased plasma cortisol be-
tween this study (72±1 mg/dl) and that of Schwartz et al.
(58±3 mg/dl) (26). In the present study the glycemic threshold
was calculated as the plasma glucose concentration at which
P300 wave latency and counterregulatory hormones signifi-
cantly increased or hypoglycemic symptoms were recorded as
compared to the control study. In the study of Schwartz et al.
thresholds were calculated at the glucose values during the
plasma glucose reduction at which a given parameter exceeded
the 95% confidence interval from the euglycemic studies.
Noneless, the threshold estimated for symptoms of hypoglyce-
mia in the protocol of rapid step-wise decrease in plasma glu-
cose concentration (49±2 mg/dl) are remarkably similar and
confirmatory of Schwartz et al. (53±2 mg/dl) (26).

In the present study the glycemic threshold for adrenergic
and neuroglycopenic symptoms was identical. Thus, the ob-
servation that significant neuroglycopenia developed and hor-
monal counterregulation was activated in the absence of
symptoms of hypoglycemia, reinforce the concept that the
"hypoglycemic symptoms" are a late indicator of plasma glu-
cose decrements below normal values, as recently reported by
Schwartz et al. (26).

The relationship found in this study between plasma glu-
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mia. At present, hypoglycemia is defined as a plasma glucose
concentration at which symptoms and signs of brain dysfunc-
tion appear, i.e., 55-50 mg/dl (3-7). In contrast, the present
study shows for the first time in man that the glycemic thresh-
old for acute netiroglycopenia is - 15 mg/dl below the postab-
sorptive values. Consequently, since the most relevant meta-
bolic consequence of decreased plasma glucose concentration
is neuroglycopenia, the term hypoglycemia should be used to
indicate the glycemic threshold for onset of neuroglycopenia,
i.e., 70-75 mg/dl after a short-term fast (postabsorptive state)
in normal man.

In previous studies, the glycemic threshold for hormonal
counterregulation (26, 35, 49) has been found to be greater
(- 70 mg/dl) than that of neuroglycopenia (- 55-60 mg/dl)
investigated by means ofneuropsychological tests (3-5), visual
reaction time (6), and electroencephalography (7, 8). In the
present study in which a more sensitive approach to evaluate
brain function was used the activation ofhormonal counterre-
gulation followed rather than preceded the onset of neurogly-
copenia, although the absolute glycemic threshold for onset of
neuroglycopenia and activation of counterregulation is vir-
tually identical. Thus, this is the first physiological demonstra-
tion of the long-term thought, but never proven hypothesis
that activation of counterregulatory responses of epinephrine,
growth hormone and cortisol to hypoglycemia follows the
onset of neuroglycopenia in man. Nevertheless, it should be
noted that the absolute glycemic threshold for onset of neur-
oglycopenia and activation of counterregulation was identical
and that it is likely that the time interval elapsing between
increased latency of the P300 wave and the increase in plasma
epinephrine (30 min, Fig. 2) might have been overestimated
because ofthe higher sensitivity ofthe technique used to detect
neuroglycopenia (negligible interval of the stimulus response
for P300 wave latency) as compared to detection of increased
epinephrine in plasma (which involves neural signaling and
increase in hormone release sufficient to increase the plasma
concentration).

In conclusion, the present study demonstrates that the gly-
cemic threshold for onset of neuroglycopenia in normal man is
much greater than currently appreciated, and that the coun-
terregulatory hormones increase in plasma only after the onset
of neuroglycopenia to prevent more severe brain dysfunction.
Further studies are needed to investigate the glycemic thresh-
old for neuroglycopenia in diabetic patients and its relation-
ship with threshold for activated hormonal counterregulation
and symptoms of hypoglycemia. However, until this informa-
tion is not available, great care should be taken in diabetic
patients treated with regimens of intensive insulin therapy to
prevent decreases in plasma glucose concentration potentially
below the glycemic threshold for neuroglycopenia.
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