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OBJECTIVE — To determine whether reduced hormonal, symtomatic, and/or cog-
nitive responses to hypoglycemia are caused by an increase in the plasma glucose
concentration required to stimulate these counterregulatory parameters after ante-
cedent hypoglycemia.
RESEARCH DESIGN AND METHODS— We studied nine healthy volunteers
during stepped hypoglycemia clamps (plasma glucose targets from 80 to 50 mg/dl in
10 mg/dl steps) on two separate days. The study was preceded either by a 2-h period
of hypoglycemia (plasma glucose 58 ± 2 mg/dl) or a 2-h period of euglycemia
(plasma glucose 94 ± 2 mg/dl) for 90 min.
RESULTS— The plasma glucose that triggered secretion of-plasma norepinephrine
(NE) was lower after antecedent hypoglycemia (control = 74 ± 2 and experimen-
tal = 67 ± 2 mg/dl, respectively, P < 0.005). In contrast, a relatively higher plasma
glucose stimulated secretion of other counterregulatory hormones after antecedent
hypoglycemia: growth hormone (GH) (65 ± 2 to 72 ± 2 mg/dl, P < 0.01); glucagon
(63 ± 2 to 70 ± 2 mg/dl, P < 0.01); and epinephrine (EPI) (68 ± 2 to 76 ± 2
mg/dl, P < 0.01) when comparing control days with experimental days. Hypogly-
cemic symptoms were first observed at a plasma glucose plateau of 59 ± 2 mg/dl.
Motor function reflected by Digit Symbol Substitution deteriorated equally whether
there had been antecedent hypoglycemia or euglycemia. Logical (immediate) memory
deteriorated in the control study at a plasma glucose of 54 ± 2 mg/dl but remained
unchanged at equivalent hypoglycemia in the experimental study (P < 0.03).
CONCLUSIONS— Our conclusions are as follows: ]) symptoms of moderate
hypoglycemia occur at plasma glucose levels averaging —5-15 mg/dl lower than the
plasma glucose concentrations required to trigger counterregulatory hormone release;
2) after acute antecedent hypoglycemia, glucagon, EPI, and GH secretion occur at
higher plasma glucose concentrations and NE is released at lower plasma glucose
concentrations; and 3) there may be CNS adaptation to prior hypoglycemia reflected
in preservation of logical memory function at plasma glucose levels of —50 mg/dl.
These findings suggest that thresholds for hormone secretion and for changes in
cognitive function can be altered very acutely by foregoing hypoglycemia in healthy
humans.
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H ypoglycemia stimulates the secre-
tion of several counterregulatory
hormones that ultimately result in

the recovery of plasma glucose (1). Pre-
vious studies have shown that antecedent
hypoglycemia reduced the magnitude of
the counterregulatory hormone responses,
but did not uniformly alter the glycemic
threshold (defined as the plasma glucose
level at which a significant increment in a
counterregulatory hormone concentration
is first observed [2-4]). The initiation of
symptoms and of counterregulatory hor-
mone release ultimately prevent the devel-
opment of cognitive dysfunction because
of low blood glucose, although some con-
troversy exists as to whether changes in
cognitive function might actually occur at
very early stages of developing hypoglyce-
mia (5,6).

The glycemic thresholds for hor-
mone secretion and for symptoms of hy-
poglycemia have been studied in healthy
subjects because of evidence that these
thresholds may be abnormal in patients
with insulin-dependent diabetes mellitus
(IDDM) in whom defective counterregu-
lation has been described (5-7,8-11).
These defects may be characterized by
decreases in the magnitude of the hor-
monal responses and alterations of the
glycemic thresholds for hormone release
(8,9). It has been shown that in inten-
sively treated IDDM patients, lower
plasma glucose concentrations are
needed to trigger counterregulatory hor-
mone secretion compared with conven-
tionally treated patients (8,12). Because
intensive insulin therapy is associated
with an increased frequency of hypogly-
cemia (13,14), several studies have in-
vestigated the effects of antecedent hypo-
glycemia on counterregulatory responses
(2-4,15-17). Some (but not all) fea-
tures of the defective counterregulatory
response of IDDM have, indeed, been
reproduced by these experimental mod-
els in studies of nondiabetic volunteers.
The goal of this study was to determine
whether alterations in glycemic thresh-
olds for the counterregulatory hormone
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response can occur after a recent period
of hypoglycemia in healthy humans and
whether neurocognitive function also
changes using an experimental model of
mild, recurrent hypoglycemia.

RESEARCH DESIGN AND
METHODS— Nondiabetic subjects
who were in good health, nonobese, and
taking no medications were studied.
Seven men and two women 26 ± 4 years
of age (means ± SE) were studied ran-
domly on two occasions (Table 1). Writ-
ten informed consent was obtained, and
the protocol was approved by the Albert
Einstein College of Medicine Committee
on Clinical Investigation.

The subjects were studied after
an overnight fast and remained supine
throughout the experiments. An intrave-
nous catheter was inserted in an antecu-
bital vein for a primed continuous infu-
sion of short-acting insulin (crystalline
zinc, Humulin Regular® [Lilly, Indianap-
olis, IN]) at 80 mU • m"2 • min"1 for 10
min followed by a continuous infusion at
45 mU • m~2 • min"1. A retrograde cath-
eter was inserted in a contralateral hand
vein for sampling of arterialized blood by
keeping the hand in a Plexiglas box
heated to 55°C. A modified glucose
clamp using 20% dextrose in water was
used to maintain euglycemia and hypo-
glycemia at desired concentrations (18).
The glucose infusion rate was based on
previously measured glucose concentra-
tion in the infusate.

The protocol for the experiments
was as follows: On one occasion (exper-
imental), plasma glucose was clamped at
a target plasma glucose concentration of
90 mg/dl for 30 min and was followed by
a 2-h period of hypoglycemia (50 mg/dl,
HYPO 1). This was, in turn, followed by
a 90-min period of euglycemia (target 90
mg/dl) and then a stepped hypoglycemic
clamp (18) consisting of 40-min steps
(each at target plasma glucose levels of
80, 70, 60, and 50 mg/dl). On a second
day (control), plasma glucose was
clamped at 90 mg/dl for a total of 4 h
followed by the stepped clamp as de-

Table 1—Clinical characteristics
subjects

Subject
(number)

1
2
3
4

5
6
7
8
9

Age
(years)

25
24
24
28
27
35
24
22
22

Sex

M
M
F
M
M
M
M
M
F

of stucfy

BMI

24.7
25.2
18.6
28.8
25.0
28.0
22.3
26.3
23.3

scribed above (Fig. 1). The studies were
performed in random order.

Blood was withdrawn at 5- to 10-
min intervals, centrifuged at 4°C, and the
plasma frozen for subsequent analyses.
Plasma glucose was sampled every 5 min
and immediately measured with a glu-
cose analyzer (Beckman, Fullerton, CA).

The subjects were questioned
about adrenergic and neuroglycopenic
symptoms at hourly intervals and cumu-
lative symptom scores were generated
from this questionnaire as described pre-
viously (2). A neuropsychological battery
was administered containing two cogni-
tive function tests that measure immedi-
ate memory and motor abilities. The tests
were given three times: once during eu-
glycemic recovery after either hypoglyce-
mia or euglycemia, then during the 70
mg/dl plasma glucose step, and finally
during the most severe hypoglycemia
(the 50 mg/dl step of the clamp). The
two cognitive function tests were the
Logical Memory from the Wechsler
Memory Scale, which consists of imme-
diate recall of a short paragraph read
orally to the subject (19), and the Digit
Symbol Substitution from the Wechsler
Intelligence Scale-Revised. This latter
task measures eye-hand coordination as
speed in writing the correct symbol for a
number (20). Complete neurobehavioral
data was available for six of the subjects.

The methods used to measure
plasma glucose, insulin, glucagon, corti-
sol, growth hormone (GH), epinephrine

(EPI), and norepinephrine (NE) and
their intra- and interassay variations have
been reported previously (21). The anti-
serum for the glucagon radioimmunoas-
say (G15, University of Chicago) pre-
dominantly recognizes 3,500 MW
glucagon (22). Plasma free fatty acids
(FFA) were measured using a colorimet-
ric method (23).

The glycemic thresholds for in-
creases in counterregulatory hormones
were defined as the plasma glucose level
at which each hormone increased by at
least 2 SDs above the average of its am-
bient level before the stepped clamp (8).
For glucagon, EPI, and NE, the plasma
hormone concentrations of the final 60
min of euglycemia before the initiation of
the stepped clamp portion of both the
control and experimental studies were
averaged for this calculation. In the case
of cortisol and GH, the interval used for
the calculation of baseline values was
modified because of the delay in clear-
ance of these hormones after initial stim-
ulation during HYPO 1. Thus, we used
the nadir values for these hormones in
calculating the baseline, with the period
overlapping, in some cases, the first por-
tion of the stepped clamp.

Statistical analysis
Statistical analyses were performed using
an analysis of variance with repeated
measures and a paired Student's t test for
comparison of each subjects' response
when appropriate (24). A value of
P < 0.05 was considered significant.
Data in the text and figures are presented
as means ± SE. Statistical evaluation of
cognitive function testing was performed
using univariate analysis, a nonparamet-
ric procedure with power to adjust for
small sample sizes. The final results were
obtained using Wilcoxon's matched-
pairs, signed-ranks test.

RESULTS

Plasma glucose and insulin
Basal plasma glucose levels were 97 ± 2
mg/dl in the experimental study and
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97 ± 2 mg/dl in the control study.
Plasma glucose during the second hour
of the 120-min fixed hypoglycemia
(HYPO 1) in the experimental study was
58 ± 2 mg/dl, whereas the plasma glu-
cose during the corresponding time pe-
riod in the control study was 94 ± 2
mg/dl. As seen in Fig. 1, the target
plasma glucose values in the stepped hy-
poglycemia portion of the experiments
were well matched with mean plasma
glucose for each step in the experimental
and control studies, averaging 94 ± 2
and 90 ± 2 mg/dl; 81 ± 2 and 79 ± 0.1
mg/dl; 72 ± 2 and 72 ± 2 mg/dl;
63 ± 2 and 59 ± 2 mg/dl; and 54 ± 2
and 54 ± 2 mg/dl, respectively (NS for
all pairs). Steady-state plasma insulin
concentrations were similar in the two
studies, averaging 599 ± 39 and
611 ± 62 pM in the experimental and
control studies, respectively (Fig. 1).

The mean glucose infusion rate
during the final 60 min of the recovery
period between HYPO 1 and the step
clamp in the experimental study was
31.6 ± 4.4 |xmol • kg"1 • min"1. The
mean glucose infusion rate during the
corresponding time in the control study
was 51.1 ± 7.2 |xmol • kg"1 • min"1

(P < 0.01).

Counterregulatory hormone
concentrations
As indicated in Figs. 2 and 3, during the
euglycemic period of the control studies,
plasma hormone concentrations were
unchanged, except for the expected di-
urnal decline in plasma cortisol. In ex-
perimental studies, we examined the av-
erage hormone responses during the
final 60 min of the HYPO 1 period. In-
creases in the counterregulatory hor-
mones ranged from 150% to 20-fold
above the corresponding values during
the euglycemic period in the control
study. Subsequently, with restoration of
plasma glucose during the euglycemic
recovery period, plasma hormone con-
centrations returned toward baseline,
pre-clamp levels. Comparing the prehy-
poglycemia periods (baseline and eugly-
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J 4000

the experimental day.

cemic recovery, respectively) on the ex-
perimental day, mean plasma hormone
concentrations were as follows: cortisol
375 ± 30 and 295 ± 50 nM (NS); GH
1.8 ± 0.6 and 4.0 ± 1.8 jxg/L (NS); EPI
164 ± 39 and 327 ± 65 pM (P < 0.05);
NE 0.80 ± 0.14 and 0.83 ± 0.21 ng/L
(NS); and glucagon 115 ± 8 and 97 ± 6
ng/L (NS). Thus, plasma EPI was signif-
icantly higher during euglycemic recov-
ery than during the baseline period that
day. Despite the changes in glycemic
thresholds, the overall responses of the
counterregulatory hormones, in terms of
either absolute magnitudes or maximal
responses, were similar on the two days.

Counterregulatory hormone
glycemic thresholds
As seen in Table 2, no single pattern of
change was observed in the plasma glu-
cose level that triggered counterregula-
tory hormone release after antecedent
hypoglycemia compared with euglyce-
mic studies. The glucose level that stim-
ulated NE release increased after ante-
cedent hypoglycemia, with the higher
value being noted on the control day
(control = 74 ± 2 mg/dl, experimen-
tal = 67 ± 2 mg/dl, respectively,
P < 0.005). This was the only hormone
for which the plasma glucose concentra-

Plasma Noreplnephrlne (nmol/l)

2000

-60 0 60 120 180 240 300 360 420

Time (minutes)

Figure 2—Plasma glucagon, NE, and EPI con-
centrations. (O), Data from control studies; ( • ) ,
data on the experimental day.

tion required to trigger secretion was re-
duced on the day after antecedent hypo-
glycemia. In contrast, for GH, EPI, and
glucagon the opposite pattern was ob-
tained, with significantly lower glucose
concentrations needed to stimulate se-
cretion on the control days (con-
trol = 65 ± 2 mg/dl and experimen-
tal = 72 ± 2 mg/dl for GH, P < 0.01;
control = 68 ± 2 mg/dl and experimen-
tal = 76 ± 2 mg/dl for EPI, P < 0.01;
and control = 63 ± 2 mg/dl and exper-
imental = 70 ± 2 mg/dl for glucagon,
P = 0.009, respectively). The thresholds
for cortisol release were nearly identical
in the two sets of studies (65 and 63 ± 2
mg/dl, control and experimental, respec-
tively, NS).

Symptom scores and cognitive
function tests
No differences were detected between
the two study groups for performance on
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Total Hypoglycemia Symptoms
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Figure 3—Total hypoglycemia symptom
scores and plasma GH and cortisol concentra-
tions. CO), Data from control studies; (•), data
on the experimental day.

the Digit Symbol Substitution test (not
shown). In contrast, significant differ-
ences were found between the control
and experimental studies for the Logical
Memory test. During the first euglycemic
period (80 mg/dl), total scores were sim-
ilar (8.0 ±0 .7 and 8.8 ± 1.2) for the
control and experimental groups, respec-
tively (NS). During the 70 mg/dl step,
the score increased significantly and sim-
ilarly in both groups (13.8 ±1 .4 and
13.5 ± 1.4 for control and experimental
groups, respectively, P < 0.03 compared
with the first values). This difference rep-
resented the practice effect. Finally, at
the 50 mg/dl (hypoglycemic) step, the
logical memory score for the control
study deteriorated, whereas no such ef-
fect occurred in the experimental study
(10.3 ± 0.6 vs. 13.3 ±1 .3 for control
and experimental groups, respectively,

Table 2—Glycemic thresholds for counter-
regulatory hormone plasma response and
for symptoms of hypoglycemia

Glycemic threshold (mg/dl)

Control Experimental
Parameter study study

Glucagon
EPI
NE
GH
Cortisol

63 ± 2
68 ± 2
74 ± 2
65 ± 2
65 ± 2

70 ± 2 *
76 ± 2 *
6 7 ± 2 t
72 ± 2 *
63 ± 2

Data are means ± SE.
*P < 0.01 compared with corresponding control
study.
tP < 0.005 compared with corresponding control
study.

Fig. 4). The difference between scores
during the 70 and 50 mg/dl steps was
significantly greater during the control
study compared with the experimental
study (P < 0.03).

No significant differences were
observed in the increase in total symp-
tom scores during the hypoglycemic
steps in each study. Total symptom
scores increased from baseline levels of
18 ± 2 and 17 ± 1 (control and experi-
mental, respectively) to their highest cor-
responding values at the lowest hypogly-
cemic step of 36 ± 5 and 41 ± 6,
respectively (NS). Total symptom scores
had increased to 30 ± 3 during HYPO 1
(Fig. 4). Autonomic and neuroglyco-
penic symptoms rose similarly (data not
shown).

Plasma FFA
During the baseline period at euglycemic
hyperinsulinemia, plasma FFA concen-
trations averaged 350 ± 88 |xM in the
experimental and 411 ± 97 |xM in con-
trol studies (NS, not shown). The plasma
FFA concentrations then declined to
comparable nadirs (113 ± 24 and
97 ± 20 fxM, experimental and control
studies, respectively) at the 60 mg/dl
plasma glucose step (NS). Only at the
final step (50 mg/dl plasma glucose) was

4.4 mmol/l 3.9 mmol/l 2.8 mmol/l

Plasma Glucose

Figure 4—Logical memory score at three
stages in the study. The increase noted at the 70
mg/dl plasma glucose level was attributable to
practice effect. Deterioration of memory at the
50 mg/dl step occurred after antecedent eugfyce-
mia but not antecedent hypoglycemia.
*P < 0.03.

any increase in plasma FFA levels de-
tected, which rose modestly and compa-
rably to 242 ± 67 and 194 ± 93 |xM in
the experimental and control studies, re-
spectively (NS).

CONCLUSIONS— This study dem-
onstrates that short-term hypoglycemia
resulted in significant alterations of the
glucose concentrations required to trig-
ger counterregulatory hormone release.
After antecedent hypoglycemia, signifi-
cant increments of GH, EPI, and gluca-
gon occurred at a relatively higher glu-
cose concentration than after a period of
euglycemia. In contrast, a lower plasma
glucose was needed to stimulate NE se-
cretion after antecedent hypoglycemia.
The glycemic threshold for plasma corti-
sol was unchanged. Of interest, cognitive
function tests revealed that deterioration
occurred in both motor function and im-
mediate memory during hypoglycemia,
but only the defect in memory was at-
tenuated by a prior hypoglycemic event.

Our hormonal findings during
the control study generally confirm the
results of Mitrakou et al. (25) who exam-
ined the glycemic thresholds for counter-
regulatory hormone responses in healthy
young subjects. Using similar plasma
glucose steps of 45-min duration, they
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reported average glycemic thresholds for
secretion of glucagon, EPI, and GH,
which were nearly identical with our
data. On the other hand, they reported
mean thresholds for cortisol and NE re-
lease that were ~9 mg/dl lower than in
our subjects. This divergence may be
caused by the fact that the thresholds for
these latter hormones are difficult to as-
certain because of the gradual and mod-
est increase in plasma concentrations
during hypoglycemia. Alternatively, be-
cause we exposed our subjects to a pro-
longed period of euglycemic hyperinsu-
linemia, our experimental design may
have influenced the apparent thresholds
for cortisol and NE. Nevertheless, our
overall findings support the observation
by Mitrakou et al. (25) that a less intense
degree of hypoglycemia (higher plasma
glucose) is needed to stimulate the secre-
tion of the major counterregulatory hor-
mones compared to the plasma glucose
level needed to trigger symptoms of hy-
poglycemia. In our study, the total scores
for hypoglycemic symptoms were similar
in the control and experimental studies.
These findings contrast with those of
Heller et al. (3) who found reduced ad-
renergic and neuroglycopenic symptom
scores after repeated hypoglycemia.

Several other laboratories have
presented preliminary data indicating
that hypoglycemia per se, with several
intervening hours of euglycemia, may be
associated with lowering of the plasma
glucose level required to stimulate hor-
mone release in normal and IDDM sub-
jects (15-17). These results and those of
other groups (2-4) suggest that the na-
ture of the effect of recurrent hypoglyce-
mia on counterregulatory hormone se-
cretion may be complex, with factors
such as the duration, severity, and num-
ber of hypoglycemic events being poten-
tially critical to the induction of alter-
ations in the neuroendocrine response.
Our results differ from the changes in
glycemic thresholds for hormones re-
ported by others (3,4,15-17) and may
be caused by a differing experimental
design. We induced hypoglycemia twice

within several hours on the same day,
whereas other studies used more fre-
quent hypoglycemic events, much longer
periods of intervening euglycemia, or hy-
poglycemia on several sequential days
(3,4,15-17). Because our second period
of hypoglycemia followed the first by 90
min, it appears that the time interval
between successive hypoglycemic epi-
sodes or the number of hypoglycemic
events may be important determinants of
the changes in glycemic thresholds.

Other changes occurring imme-
diately after hypoglycemia could have al-
tered hormone responses. We and others
(26-28) have identified a reduction in
insulin sensitivity immediately after hy-
poglycemia. Diminished glucose infusion
rates seen in the experimental group
compared with the control group during
intervening euglycemia supports the oc-
currence of this phenomena in this
study. It is possible that insulin resis-
tance could alter the glycemic thresholds
for GH, EPI, and glucagon seen in the
experimental studies in our subjects. It is
also conceivable that alterations in sub-
strates other than glucose could buffer
the impact of hypoglycemia on the brain
(29). It has been suggested in abstract
form that hyperketonemia attenuates the
hormonal responses to hypoglycemia
(29). Under the conditions of our exper-
imental design however, with prevailing
hyperinsulinemia and low plasma FFA
levels, we would not expect hyperke-
tonemia to have played a major role.
Finally, this experimental design may
have fostered these alterations in appar-
ent glycemic thresholds, because the gly-
cemic recovery period was shorter than
reported previously. It is possible that
the small difference in baseline plasma
EPI concentrations influenced the secre-
tory threshold (though not the peak val-
ues) during the subsequent stepped
clamp.

The significant change in imme-
diate memory but not in motor coordi-
nation suggests that there may be a se-
lective, short-term effect of recurrent
hypoglycemia on cognitive function. The

improvement in the memory score be-
tween the baseline euglycemic measure-
ment and the 70 mg/dl step was related
to a practice effect. However, at the 50
mg/dl step, deterioration in memory was
seen in the control group, confirming
similar work by Pramming et al. (6). On
the other hand, after an episode of hy-
poglycemia in the experimental study,
the changes in memory during the hy-
poglycemic clamp were not as pro-
nounced. This observation argues in fa-
vor of some degree of brain adaptation to
recurrent hypoglycemia. Studies demon-
strating increased glucose transport
across the blood-brain barrier in chron-
ically hypoglycemic rats (30) would sup-
port this possibilty. However, cross-
sectional studies comparing cognitive
function in well-controlled and poorly
controlled IDDM subjects have been un-
able to document a change in cerebral
function with intensive therapy (12,30).
Note that we did not measure the thresh-
olds for cognitive deterioration, though
the lack of decline in memory function
after antecedent hypoglycemia is com-
patible with the direction of the change
in glycemic thresholds for glucagon, EPI,
and GH release.

In conclusion, accumulating evi-
dence now proves that antecedent hypo-
glycemia may influence glucose recovery
during subsequent hypoglycemia, per-
haps by reducing the magnitude of coun-
terregulatory hormones. It remains un-
clear which specific parameters
determining hormone secretion are crit-
ical in the altered hormonal responses.
This study suggests that closely spaced,
mild hypoglycemic events may alter gly-
cemic thresholds differently from hypo-
glycemia that is either more severe
and/or followed by longer periods of eu-
glycemia, at least in a study group con-
sisting chiefly of men. This phenomenon
may relate to adaptive changes to the
reduced substrate (glucose) delivered to
specific regions of the CNS. In addition,
these considerations also have method-
ological implications for future studies
designed to examine the mechanisms of
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hypoglycemia-induced changes in glu-
cose counterregulation. The potential ef-
fect of subtle changes in plasma glucose
occurring in the time frame of a few
hours of such experiments must be taken
into consideration.
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